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Our planet faces formidable sustainability challenges with on the one side the frightening
climatic consequences of global warming from the combustion of fossil fuels and on the
other side the world’s need for energy which will at least double within the next 20 years
while fossil fuels are limited. Great hopes are placed on the use of renewable energies such
as wind, wave, and solar which can generate huge amounts of electricity. However,
because of their intermittency, the use of such energies will require the major develop-
ment of electrical energy storage. Today pumped hydroelectric storage handles 98% of
the 1.5% electricity we are storing; the rest (2%) being handled by various systems among
which batteries. Similarly, batteries are sorely needed to facilitate the development of
electric transportation. Rechargeable Li-ion batteries (LiBs), by having the highest energy
density of any such device, have conquered consumer electronics and emerged as the
technology of choice for powering electric vehicles (EVs), and show great promise for
providing load-leveling for mass storage of renewable energy.

Present LiBs are using Li-based inorganic compounds (e.g., LiCoO,, LiFePOy,
LiMn;QOy), carbon, or Si as the negative and Li-based salts (e.g., LiPFq, LiTESI) as the
electrolyte. Due to the massive deployment of LiBs in portable devices, the battery sector
has become the second largest demander of Li today with a 27% share of the yearly Li
production. It should be recalled that nearly 0.15 kg of Li is necessary to produce
1 kWh of battery that is nearly 4 kg of Li for the 25—30 kWh of batteries needed to
power EVs having 180 km autonomy. Those numbers regarding Li needs become
colossal when considering the foreseen development of EVs, which could reach 50%
of the worldwide multimillion cars fleet by 2050. Such numbers are not expected to
decrease since the upcoming battery technologies alternative to Li-ion (Li-S or Li-O5)
are also using Li-metal. They could even further explode, reaching 400 kt/y in 2050
as compared to 36 kt/y today, if the Li-ion technology is successtful in capturing the
large-volume grid application market.

Such evolutions can occasionally trigger severe concerns about the global reserve of
lithium as dramatically expressed in several newspapers a few years ago. Although some
fears regarding Li-shortage were too alarmist, they had the advantage to raise the com-
munity’s awareness of the need for setting studies toward the development of models
to forecast the worldwide Li reserves under various scenarios, questioning once for
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good the issue of Li-recycling and its associated chemical processes while encouraging
researchers to eventually look for some possible alternatives to Li. Within this context,
there is no better time to bring out this new book entitled Lithium Process Chemistry —
Resources, Extraction, Batteries, and Recycling as it addresses in a clear, pedagogical, and
comprehensive way, through its eight chapters, issues regarding the Li production, its
reserves, and its recycling aspects.

The field of LiB being a lucrative domain because of their foreseen applications in
large-volume markets, venture capitalists like to paint a frightening scenario in which
Li could become as precious as gold for the years to come, with the Andean South
American countries becoming soon the “new Middle East.” Aside from these business
objectives, what is really the truth? Are the Li reserves both limited and geographically
concentrated in a few risky countries? Such questions will find an answer in Chapter 1,
which not only considers global lithium resources but also the economy of their
exploitation.

Recycling strategies being dependent upon whether Li is part of the electrode
material or of the electrolyte, it is important to recall the fundamentals of LiBs so that
the reader can grab the scientific background, including physicochemical and electro-
chemical aspects. This is nicely done in this book as the Chapters 2, 4, and 5 are respec-
tively devoted to the fundamentals of Li batteries (LIBs), the processes in going from a
Li-based electrode and the types of electrolytes used presently or to be used in the future.
All together these 3 chapters establish a sound scientific platform for understanding better
the complexity of recovering Li from Li-based batteries. As scientists, we also owed
explanations to the public regarding the greenness and sustainability aspects of LiBs which
may be questioned from life cycle assessment’s (LCA) results. Moreover, within the
foreseeable production of billions of LiBs per year, recycling will undoubtedly become
more important than ever in the next decades, and this not only for Li but for all energy-
related materials linked to the field of energy production, harvesting, conversion, and
storage. Today’s pyrometallurgy and hydrometallurgy processes to recover Li will have
to be improved and new ones developed to meet the stringent European norms which
can be viewed as incentives to favor recycling. These recovery aspects are comprehen-
sively described through Chapters 3 and 7 related to the Li-production processes and
the LIB recycling, respectively.

Venture capitalists should not be totally blamed since painting catastrophic situations
frequently raises the awareness of scientists and push them to find alternative solutions.
Let us simply recall that it was the 1972 oil crisis which pushed scientists to deviate
from high-temperature synthesis processes and to discover the alternative and less-
consuming “Chimie douce” approach, which is now used worldwide. Equally, five years
ago due to fears of Li-shortage, chemists/electrochemists searched for alternative
solutions to LIB systems. New technologies have emerged such as the use of organic
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electrodes, either in nonaqueous or aqueous electrolytes, are subject to intense studies as
will be reported in Chapter 6.

The importance of sustainable development has rekindled interests for LCA studies.
While LCA is becoming very fashionable these days, most people do not really appreciate
the complexity of such analysis which considers all the steps pertaining to the full-chain
process involved in going from material production to its consumption and its recycling.
LCA analyses for batteries are worrisome as they indicate, for instance, that 380 kWh of
energy is needed to produce 1 kWh of battery with the overall process releasing 80 kg of
COs. At the system levels, LCAs are also used to recommend which of the envisioned
development scenarios is the most valuable, sustainability-wise. Addressing these different
aspects required humungous amounts of data combined with various hypotheses which
can lead, for the same problem, to totally difterent results. Caution must then be exer-
cised as the results of such analyses are dangerously used by our governing institutions
for making decisions. Thus it is essential to inform the community on how such calcu-
lations are made, what are the uncertainties, and this is what Chapter 8 is doing very well.

Wandering through these 8 chapters, the reader will learn and realize that by
combining future brine exploitation with an efficient Li-recycling process involving
the collect of battery elements as urban mines and the development of novel sustainable
chemical recovery processes, the wide deployment of EVs will not put the Li reserves at
risk for many centuries.

In conclusion, we should acknowledge the authors to bring forward all the aspects
dealing with the Li recovery chemistry, the sustainability of Li-based batteries, and their
recycling via diverse chemical processes in a single and well-written book, which is timely,
as recycling has become a burning hot topic nowadays. No doubt that this book will
benefit the battery community, but also the battery users and more so numerous students
and scientists who want to launch and/or switch their research endeavors toward the recy-
cling aspects of energy-related materials for the years to come. Let us hope that it will also
help, by showing the multifaceted aspects of the chemical recovery processes, to revitalize
the image of “recycling chemistry,” too frequently associated with an old and boring
chemistry. Lastly, owing to the foreseen importance of recycling linked to today’s ener-
getic transition, it has become imperative for our university/engineering institutions to
launch masters devoted to the recycling problematic. This book written in a concise
manner could serve as a bible to support such new courses.

Xi



CHAPTER 1

Global Lithium Resources
and Sustainability Issues

Patrice Christmann, Eric Gloaguen, Jean-Francois Labbé, Jérémie Melleton,

Patrice Piantone
BRGM, The French Geological Survey, Orleans, France

1. DATA AND INFORMATION SOURCES, RELATED ISSUES

Lithium has numerous remarkable properties. It has the lightest density of all elements
being solid at room temperature (density = 0.53 at 20 °C), the highest specific heat
capacity of any solid element, the smallest ionic radius of all the alkali metals, as well
as a high electrochemical potential. Its properties, and the properties of its main
compounds, such as a lithium carbonate, chloride, or hydroxide are essential to many
technologies described in the next section, and especially to “green” low-carbon
technologies, especially for the electric vehicles (EVs) batteries, with very important
economic and environmental issues at stake. Lithium-related issues are very emblematic
to issues related to other rare metals, frequently labeled as “critical” and/or “critical”
metals.

There are many information sources on lithium:

+ The British Geological Survey,' USGS,”” SignumBOX' World Mining Data’
provide country level statistics on lithium production;

+  SignumBOX and Roskill” are among the leading commercial providers of detailed
analyses of the lithium market. Avicenne Energy provides comprehensive market
information on the lithium batteries (LIBs) market;

*  Mineral exploration and mining companies listed on Western stock markets
(Australia, Canada, USA essentially) publish data and information on their activities
as well as, quite frequently, market analysis;

e Industrial Minerals (http://www.indmin.com), the industrial minerals industry’s
monthly magazine and a web-based industry intelligence service, regularly publishes
lithium-related news, data, and information.

Lithium markets and production have been covered by a number of recent papers
and reports, such as Baylis,7’8 Labbé and Daw,” COCHILCO," the European
Commission,' ' Evans,'”'* Gruber et al.,"” Kesler et al.,'® Mohr et al.,'” Tahil.'*"”

Despite all this available knowledge, a great deal of uncertainty remains about the data
on resources, reserves, production, and uses. Some important lithium-producing or

Lithium Process Chemistry Copyright © 2015 Elsevier Inc.
ISBN 978-0-12-801417-2, http://dx.doi.org/10.1016/B978-0-12-801417-2.00001-3 All rights reserved.
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Table 1.1 Conversion Factors to Convert Lithium Compounds Grades into Lithium Metal Grades

Formula Li Metal Content

Lithium metal Li 100%
Lithium carbonate Li,CO; 18.79%
Lithium oxide Li,O 46.46%
Lithium hydroxide LiOH 28.98%
Spodumene LiAlSi,Og¢ 3.73%
Petalite LiAlSi4Oq 2.27%
Lepidolite KLi,AlSi;014(OH,F), ~1.92%
Lithium chloride LiCl 16.37%
Lithium bromide LiBr 7.99%
Butyllithium C,HoLi 10.84%

Source: Ref. 9.

lithium-using countries such as China do not publish verifiable data and USGS does not
publish USA production data, due to commercial confidentiality of the data. Many pri-
vately held producers do not disclose their data, or only some of them. Only resources
and reserves data published by mining companies that make their data public in compli-
ance to mandatory reporting codes put in place by major stock markets, such as the
JORC (Australia), NI 43-101 (Canada), SAMREC (South Africa), or PERC (European
Union) reporting codes should be considered as reliable, as well as production data made
available by companies listed on stock markets.

Therefore, despite the care exercised in gathering the data used in this chapter, the
reader should be warned that the figures shown should be considered as best estimates,
with no warranty to their exactness. The trends described here should be considered
more important than the exactness of a specific value, except where data have been
available in compliance with the above mentioned reporting codes.

Unless otherwise stated, all the data in this chapter are expressed in metric tonnes of
contained lithium metal. Published production, resources, and reserves data may be
expressed as tonnes of spodumene concentrate (SC); lithium carbonate, chloride, oxide,
or hydroxide. The conversion factors used to convert common lithium compound ton-
nages into equivalent metallic lithium tonnages are shown in Table 1.1.

2. LITHIUM USES

Due to their physical and chemical properties, lithium and its compounds have a much
diversified industrial applications. These can be grouped into several categories of uses,
described in this section, for which data on their respective market share are published
since 2003 in the Annual Reports by Sociedad Quimica y Minera de Chile (SQM),”"
the world’s second 2013 producer of Li products. The lithium source can either be a
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mineral or a brine (see Section 2.3.2 on lithium deposits). The direct use of lithium
minerals is limited to glassmaking and the production of ceramics.

In 2013, the global sales of LIBs totaled nearly 12 billion US$.”* This market is antic-
ipated to reach about 24 billion US$ by 2020, driven by the growing use of Li-ion
batteries (LiBs) in hybrid electric vehicles (HEVs) and fully electric vehicles (EV) as
well in many other applications.

Compound annual growth rates (CAGRs) for the 10 years from 2003 to 2013°
inclusive have been calculated for each use category on the basis of the global
production and the breakdown per category of uses at global scale published by
SQM, and of the Li production data in Table 1.2.

The respective CAGR value is given in brackets for each category.

* Glass and ceramics industry (2%);

. LIBs (22.8%);

* Lithium greases (3.3%);

e Air treatment (—2.5%);

*  Mold fluxes for continuous casting in the steel industry: the CAGR was not calcu-
lated, due to insufficient data;

* The production of pharmaceutical products and polymers (2.5%);

*  Primary aluminum production (—3.4%);

*  Other uses (5.8%).

Figure 1.1 shows the various Li uses in 2013, while Figures 1.2 and 1.3 respectively
show the change in uses over the 2003—2013 period, expressed in tonnes Li metal equiv-
alent (LME) and in relative percentages. Figure 1.4, derived from a figure originally pub-
lished by COCHILCO,"" provides an overview of the linkages between the natural
lithium sources (brines and minerals); the main derived primary products (lithium
carbonate, hydroxide, chloride, metallic lithium); the secondary, derived, products and
their respective main uses and applications. The SQM data used differ significantly
from the data published by SignumBOX which stresses once more the issues related
to data uncertainty.

The overall CAGR of the lithium production is 7.8% for the 10-year period
2003—2013, one of the highest CAGR observed for any mineral and metal. This is
reflecting the rapidly growing demand for lithium, a trend that is likely to continue
for at least two or three decades, due to Li’s remarkable properties and the very rapidly
growing demand for LIBs, as detailed further below.

In 2012, lithium carbonate was, by far (48% of the lithium products demand in
2011°"), the main lithium compound used, lithium hydroxide being the second material
by order of importance (20% in 2011), while lithium mineral concentrates represented

* With the exception of mold fluxes, for which data are available only since 2008.



Table 1.2 World Lithium Production Estimate 2003—2013, in tonnes Li Metal Contained

2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 (e)

United States (w) 1485 1485 1485 1485 1499 1499 1392 1392 1392 1392 n/a
Argentina 960 1970 1980 2900 3000 3170 2220 2950 2950 2700 3000
Australia 3450 3930 3770 5500 6910 6280 6280 9260 12,500 12,800 13,000
Bolivia - - - - -
Brazil 240 242 242 242 180 160 160 160 320 150 150
Canada 710 707 707 707 707 690 310
Chile 6580 7990 8270 8200 11,100 10,600 5620 10,510 12,900 13,200 13,500
China 2500 2630 2820 2820 3010 3290 3760 3950 4140 4500 4000
Portugal 190 320 320 320 570 700 n/a 800 820 560 570
Russia 2200 2200 2200
Zimbabwe 480 240 260 600 300 500 400 470 470 1060 1100
World total 16,595 21,714 22,054 24,974 27,276 26,889 20,142 29,492 35,492 36,362 35,320

(rounded)

(€) = estimate; (w) = data from World Mining Data,”* as USGS” does not publish US production data.

Data on lithium production were prepared by J. A. Ober up to 2007 (inclusive) and by B. W. Jaskula from 2008 onward.

Source: Refs 2,60.
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Figure 1.1 Main lithium uses in 2013, in relative percentages and tonnes of Li metal equivalent used.
(Ref. 20, for uses, Table 1.2 for production.)
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Figure 1.2 Breakdown, in tonnes Li metal equivalent, of the various uses over the 2003—2013 period
(note: no data on lithium use in metallurgical continuous casting is available prior to 2007, the 2009
reflect the global economic downturn triggered by the U subprime crisis). (Ref. 20 and Table 1.2.)
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Figure 1.3 Breakdown, in relative %, of the various lithium uses over the 2003—2013 period (note: no
data on lithium use in metallurgical continuous casting is available prior to 2007). (Ref. 20 and Table 1.2.)

14% of the 2011 demand and lithium metal only 5%. On the basis of data published by
COCHILCO,'"*® in 2012, the world production of lithium carbonate was about
128,000 t, equivalent to 22,560 t Li metal.

The 2011—2025 CAGR foresights for lithium carbonate and hydroxide respectively
are 10% and 14.5%, on the basis of SignumBOX data in Ref. 21. The use of lithium hy-
droxide is expected to grow rapidly as it is the raw material of choice for the production
of lithium iron phosphate cathode batteries.

2.1 Glass and Ceramics Industries

According to SQM", this was, in tonnage, the main use of Li up to 2005.”" Since this
time this segment is ranked second (estimate for 2013, based on Ref. 2: 4238 t Li),
with a 2% CAGR over the 2003—2013 period. It was the main use of lithium minerals
in 2013. The addition of lithium minerals such as spodumene or petalite, or of lithium
oxide, to a glass melt provides important economic and environmental benefits:

* The decrease of the melting temperature and of the melt viscosity. The temperature
can be reduced by as much as 25 °C, providing a 5—10% reduction of energy use; a
reduction of NOy emissions related to glass manufacturing™ and cost savings in the
production of glasses and ceramics thanks to a less frequent repair of the refractory
materials lining the hot parts of the production equipment;

® Some other sources such as Roskill provide different data for the relative weight of the different Li uses. SQM data
were chosen as they have been publicly available since 2003. These SQM data are used throughout Section 2.2.
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* The production of glass and ceramics with a low thermal expansion factor and high
toughness. Such glass is widely used in kitchenware and for the production of glass
ceramic cooking surfaces, as it can resist rapid changes in temperature, or in tempered
glass for car windshields.

Roskill™ mentions that 0.2—0.7% Li can be used for the production of fiberglass and
0.1—0.25% for packaging and other sorts of glass. Gruber et al.'” note that the Li use in
glass and ceramics could be substituted by potassic and sodic fluxes. The 2014—2025
CAGR for Li use by this industry is foreseen by SignumBOX to be 2.3%.”

Li used in these industries is used up in the production process and cannot be recycled.

2.2 Lithium Batteries

This is the main use of Li since 2005,”” LiBs being an essential component of portable
electric and electronic devices. LiBs also play a key role in the development of fully elec-
tric vehicles, that many see as a key segment of the future automotive industry, with no
use-related emissions, hence a practical solution to improve urban air quality. In tonnage,
in 2013, this use represented the most important application of lithium, with an esti-
mated use of 15,541 t Li and a whopping 22.8% CAGR for the 2003—2013 period.
This very high growth rate is a result of the many convenient properties of LIBs. There
are many types of LIBs. Nonrechargeable primary batteries, requiring metallic lithium,
represent less than 10% of the LIB market (SignumBOX in Ref. 20), a relative market
share likely to further decrease in the coming years, due to the very rapid expansion
of the secondary, rechargeable, LIBs market, which had a 26% CAGR over the
2002—2013 period.”

Compact, lightweight, dependable lithium-ion secondary batteries are essential
components of many electrical and electronic appliances, such as cellular phones,
portable PCs, tablets, power tools as well as of a wide range of other applications, for
instance in aeronautics, defence, or space. In 2013, according to Pillot,”* consumer elec-
tronics represented about 2/3 of the LiB market (26 GWh out of a total Li-ion market of
38 GWh). Lithium-ion secondary batteries in cars are beginning to be used in certain
HEVs, essentially passenger cars, and their use in the car industry is expected to grow
fast as they are the batteries of choice for the expected EV boom, with a 2012—2025
CAGR of battery capacity for the car industry segment, including partially hybrid
electric vehicles (HEV and EVs), that could reach 20%,”" with a major impact on the
demand for lithium. These batteries are also likely to play an important role in grid en-
ergy storage as well, with major projects being planned. In 2013, global grid storage
based on LiBs represented about 164 MW capacity,” a very modest share of the
global grid storage (estimated to be over 100 GW in just the EU). This use of LIBs is
likely to grow rapidly in the future with the growing deployment of intermittent
sources of electrical power, such as photovoltaic cells and wind turbines that need to
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be coupled with grid storage systems to overcome the constraints related to intermittent

power generation.

Lithium carbonate, as well as lithium hydroxide and chloride are used as raw materials
to manufacture secondary (rechargeable) batteries. These are the raw materials from
where the various Li chemistries used in the cathode, the anode, and the electrolyte
are derived. Lithium metal is used for the production of primary (nonrechargeable)
batteries. Lithium production statistics are provided in Table 1.2.

A number of criteria are of high importance in battery design, and hence in the
selection of the best cathode and anode materials and designs, and of the appropriate elec-
trolyte: cell voltage, specific energy (Wh/kg of cathode), power density (W per kg of
cathode), maximum safe operating temperature, number of possible charge/discharge
cycles (for secondary batteries), memory eftect, safety, lifetime, and cost.

In 2013, the most widely used cathode materials in secondary batteries were, by
decreasing order of importance:

* Lithium cobalt oxide (LCO), LiCoO,. This was the cathode chemistry of the first
ever industrially produced Li-ion secondary battery, marketed by Sony and Asahi
Kasei in 1991, and still is the most widely used cathode material in batteries for con-
sumer electronics (32,000 tin 2013, i.e., 36% of the total tonnage of the main cathode
materials™"). Specific energy is rather high, 203 Wh/kg for a Panasonic CGR18650E
cell,” a quite widespread type of cell. Targray, a cathode materials producer, states a
110—190 Wh range.”® This is the highest energy density in commonly available LiBs
chemistries, but safety of this battery type can be issued, in case of battery
overheating/overloading. Several fire/explosion accidents have been reported,
causing concerns that are likely to limit the use of these batteries in electric cars.
The presence of cobalt can be a source of environmental impacts if the battery is
not properly recycled. In addition, cobalt is a costly metal (32,500 $/tonne on
August 01, 2014°”) The predominance of this technology is likely to be
progressively reduced, as the CAGR up to 2025 would be “only” 7.6%, much less
as competing lithium iron phosphate (LFP) and lithium nickel, manganese, cobalt
oxide (NMC) technologies.

e Lithium nickel, manganese, cobalt oxide (NMC) Li(Nip 33 Mng 33 Cog33) O>.
One of the several cathode chemistries used to manufacture batteries for electrical
vehicles, essentially cars (EVs), electric scooters, and bikes. In 2013, it represented
33%, or 30,000t, of the cathode materials plroduced.24 Its specific energy,
95—130 Wh/kg™ is lower than LCO batteries. Safety can be of concern too. The
CAGR up to 2025 is expected to be 12.6%";

* Lithium manganese spinel (LMO), LiMn,O4. One of the several cathode chem-
istries used to manufacture batteries for plug-in hybrid electric vehicles (PHEVS). In
2013, it represented 20%, or 18,000 t, of the cathode materials pmducecl.24 Its specific
energy, 110—120 Wh/kg™® is lower than LCO batteries, but the safety of LMO
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batteries is much better and their production costs are lower, due to the fact that they
do not contain any cobalt. The absence of cobalt is also a plus from the environmental
perspective. The CAGR up to 2025 is expected to be 6.9%;
e Lithium iron phosphate (LFP), LiFePOy4. One of the several cathode chemistries
used to manufacture batteries for electrical vehicles, essentially cars. In 2013, it repre-
sented 9%, or 8000 t, of the cathode materials produced.24 With 108 \X/h/kg27 or
95—140 Wh/kg,” specific energy is less than conventional LCO batteries, but it
offers the highest safety level among the lithium cathode chemistries listed here, lower
production costs due to the absence of cobalt in its composition, as well as a limited
environment footprint. This mix of characteristics could make it the fastest-growing
cathode chemistry, with a CAGR of 20% up to 2025.”"
As shown in Table 1.3, the average Li, or Li carbonate, content in batteries is subject

N ~ 5,31—34,3¢
to differing evaluations by several authors,” Y

ranging from 100 to 375 g Li per
kilowatt hour specific battery capacity.

This is due to the difficulty of evaluating the average Li content of batteries, which
depends on the composition of the cathodes, anodes, and electrolytes. Moreover, to
determine how much Li would have to be found and then mined to meet the demand
for Li and its compounds, the recovery rate of Li contained in its geological deposits
would have to be known, as well as the quantity of Li possibly lost due to inefficiencies
all along the supply chains ending with the production of a specific battery type.

The development of new technologies for the production of LIBs is one of the most
dynamic research domains in modern materials science. The increase of specific energy,
the reduction of the Wh cost, battery miniaturization, safety, environmental impacts, and
resource efficiency are all important criteria guiding the research efforts. The German
Electromobility National Platform™ foresees that Li-S batteries with a 400 Wh specific
energy and Li-air batteries with 850 Wh could become economically important from
2025 onward. This, the applications they make possible, and the rapid decline of the price
of LiB cells make are driving the very dynamic and rapidly growing LiB battery market.

Table 1.3 Estimation by Different Authors of the Li Metal/Carbonate Amount (in Grams) Necessary
Per Kilowatt Hour of Specific Battery Capacity

Tahil, 2010
with 100%  Mediema Kushnir Speirs SignumBOX
Processing etal. et al. Gruber etal. (2014) for
Source Yield 2013 2012 etal. 2014 Car Batteries
References 28 29 30 15 31 5
Li per kWh 320 178 200 114 190-280 165
Li carbonate 1703 949 1064 607 10112022 | 880

per kWh
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According to Pillot,”* between 2005 and the last quarter of 2012 the average watt hour of
specific capacity price declined from 0.32 to 0.18 US$ for cylindrical cells (the most
widespread cell design) and from 0.85 to 0.34 US$ for laminate cells, the type of cells
found in mobile phones and in smartphones.

2.3 Lithium Greases

In 2013, in tonnage, this segment represented the third use of lithium’: 3885 t Li, rep-
resenting about 11% of the total Li uses. About 65% of all lubricating greases are Li
greases.” The use of Li in the production of specialty greases has decreased over the
2003—2013 period, with a 3.3% CAGR.

Lithium greases are very stable, not breaking down at high temperatures nor solidi-
fying at low temperatures, and have an excellent lubricating power, making them a
good choice for the lubrication of sealed mechanical systems such as ball gears.

The greases consist of a lubricating mineral oil, additives (such as antioxidants to
extend the grease’s lifetime and extreme pressure resistant additives against scratching),
and one or several thickeners. The most frequent composition of the grease is
70—95% lubricating oil, 3—20% thickeners, and 0—20% additives.” The thickener is a
“metallic” soap, mostly a lithium soap (calcium, sodium, potassium, magnesium, or
aluminum are used too).

The addition of lithium, as lithium hydroxide, to one (simple greases) or several
(complex greases) fatty acids, essentially stearic or oleic acid is the basis for the production
of lithium soap. Complex greases offer an enhanced thermal stability.

A simple grease may contain 0.2% Li and a complex grease about 0.3%.

The growth of this segment is seen with a modest 1—2% CAGR up to 2025.

2.4 Mold Fluxes for Continuous Casting in the Steel Industry

In tonnage, in 2013, this use represented the fourth most important application of
lithium, with an estimated use of 706 t Li. The CAGR, was not calculated as data, is
only available since 2007.

Continuous casting is the most widely spread casting technology used in the steel
industry, providing for the production of high-quality steel billets and slabs. As 90%
of the world steel production is now continuously cast’’, mold flux powders physico-
chemical properties are playing a critical role in the cast quality control. The inclusion
of up to 5% lithium oxide equivalent entails an important reduction of the mold viscosity
and of the temperature at which steel crystallization begins. It also replaces the need to use
calcium fluoride (CaFy), a source of emissions of gaseous fluor components in the casting
off-gas emissions, a major source of negative impacts on the workers’ health, on equip-
ment and on the environment. Lithium is added as carbonate or minerals (spodumene or
petalite).”
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This use of lithium is likely to grow in line with the global steel production. Over the
1982—2010 the CAGR for the global steel production was 2.9%, on the basis of the
historical steel production data published by USGS,” an average growth rate that is
expected to continue in the future.

2.5 Air Treatment

In tonnage, in 2013, this use represented the fifth most important application of lithium,
with an estimated use of about 1413 t Li. Over the 2003—2013 period the CAGR is
negative (—2.5%).

Lithium is used in several different air treatment-related applications:

*  Cooling;
* Drying;
*  COj capture.

Lithium bromide solutions are used as coolant in industrial air cooling systems
working by absorption, not by air compression like the more widespread
compressor-based air cooling systems. In these absorption systems water from moist
warm air under low pressure is absorbed by a concentrated solution of lithium bro-
mide, which becomes diluted in the process. The diluted solution is then concentrated
again in a heat exchanger, where the water will be vaporized, moving to a condenser
where it will cool down and be collected. The concentrated lithium bromide solution
is regenerated, ready for a new cycle. The heat is being provided by a gas burner or
from waste industrial heat, as this kind of cooling process is widely used in industrial
plants. Lithium serves also in air drying systems, based on lithium bromide or chloride
(LiBr or LiCl).

Lithium hydroxide is used in COj scrubbers aboard the space vessels and submarines.

2.6 The Production of Pharmaceutical Products and Polymers

In tonnage, in 2013, this use consumed about 2100 t Li, split about equally between
pharmaceuticals and polymers production. Over the 2003—2013 period the CAGR is
2.5%.

In medicine, lithium, mostly as high-purity lithium carbonate, is used for the production
of mood stabilizers and to treat bipolar disorders (manic depressive illness), depressions, and
other nervous problems. In the USA,” lithium compounds are used in 17% of the medical
prescriptions in case of bipolar disorder. It is also used in dermatological ointments and as a
catalyst in drugs for weight reduction, AIDS, and cancer treatment.’

Butyllithium is used as a catalyst for the production of several types of synthetic
rubber: styrene-butadiene elastomers and polybutadiene rubber, both being widely
used in car tire manufacturing. It is also used in a similar way for the production of
styrenic block copolymers, used in pipes, kitchenware, and acrylic paint.
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2.6.1 Primary Aluminum Production

In tonnage, in 2013, this represented one of the smallest lithium uses, with an estimated
use of about 700 t Li (2% of the Li production). Over the 2003—2013 period the CAGR
is negative (—3.4%).

Metallic aluminum production is done by electrolysis of molten alumina (Al,O3),
a process known as the Hall-Héroult process. This process is very energy intensive
due to the high melting point of alumina (2072 °C). Therefore, alumina is added
to the cryolite (NaF;) bath, to which various additives are added to lower the
melting point and reduce the melts viscosity. Lithium carbonate, or sometimes
chloride, is added to the melt, where it reacts with aluminum fluoride to form
lithium fluoride (LiF). 2% to 3% of LiF in the melt provide a number of important
advantages:

* A reduction of the process temperature by 12—18 °C;
* Enhanced electrical conductivity with a reduction of electricity consumption by

2—4%;

* Reduction of the cathode carbon consumption from 1% to 2%;
* Reduction of environmentally harmful fluor emissions by 40—50%.

The lithium use 1s nevertheless reduced to avoid the contamination of aluminum
by lithium. In 2007, about 12% of the global aluminum production was from
lithium-using plants, essentially located in the EU and US.” Li use per tonne
aluminum produced would be 0.32 kg Li, if 2% LiF is added to 60 kg cryolite. The
rapid expansion of aluminum smelters outside of the EU and the US, in countries where
smelters do not use lithium as an additive in the smelting process, explains the negative
growth rate of this use. However, the progressive shift toward resource efficient and low
emissions technologies could lead to a future growth of Li use by the aluminum
industry.

Another growth perspective is the production of Al-Li alloys, especially of the new
lightweight Al-Cu-Li alloys developed by Constellium, forming its Airware group of
products. While, back in the 1970s, the initial alloys contained 2—3%, third generation
Li-Cu-Al alloy produced by Constellium (Airware trademark) provides enhanced prop-
erties with about half of the lithium™® with high benefits in terms of weight reduction,
strength, and fatigue resistance. The new products made of Al-Li-Cu alloy by Constel-
lium and Alcoa could partly substitute composites in modern aeronautics, and are already
used for the production of Airbus A-350 (about 40.4 t Al-Cu-Li alloy, i.e., about 400 kg
of Li per aircraft”) and A-380 (about 13.4 t Al-Li and 22.7 t for the A-380 F) as well as by
the Bombardier C Series, F-16, and Eurofighter jetfighters. There could be an impact on
future Li demand if the use of Li-Cu-Al for the manufacture of larger parts of the aircraft
generalizes. This impact will not happen before a decade or more, as new aircraft gener-
ations need to be planned in order to see a large integration of Al-Cu-Li alloy in aircraft
design.
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2.7 Other Uses

In tonnage, in 2013, this represented an estimated use of about 6711 t Li. Over the
2003—2013 period the CAGR is 5.8%.
Lithium is used:

* In electronics: lithium niobate and tantalate are used for their electro-optical, acoustic,
piezoelectric, and pyroelectric properties in the production of surface wave filters in
the mobile telecommunications sector and in consumer electronics;

* For nuclear fusion: the Li-6 isotope is used to produce tritium:

°Li + 'n — *He + °H + 4786 Mev.

This reaction is used to produce tritium (*H), used in thermonuclear bombs and in
experimental controlled fusion reactors (including in the ITER project), which could
become a major source of energy during the later part of this century. Owing to its
short period (12.32 years), tritium barely exists in nature. Natural lithium contains
about 7.5% lithium-6. The industrial development of controlled fusion reactors for
the production of energy would result in an important growth of the Li demand.
In 1976, Locke Bogart?’g estimated that from 1880 to 20,750t of Li would be
required to produce 270 GW electricity by 2030. The upper part of this estimate
represents nearly 60% of the 2013 Li production.

* For the production of some cements, where Li is used as an additive to accelerate
hardening;

*  Water treatment: Li hypochlorite (LiCIO) is used for swimming pool water cleaning;

e Lithium acetate (LiC,H30;) and hydroxide (LiOH) are used as additives in some
textile and polymer dying processes;

e Lithium nitrate (LiINO3) is used in fireworks, to generate the red color.

3. LITHIUM SUPPLY
3.1 Lithium Geochemistry and Minerals

Lithium is the third element of the Mendeleev’s periodic table (IA Group, monovalent
elements). Its atomic mass is 6.941 and its nucleus contains three protons and three to
four neutrons. Lithium belongs to the family of alkali metals, but differs from sodium,
potassium, rubidium, and cesium by its much smaller ionic radius. With an ionic radius
of 0.76 A, lithium cannot substitute the much larger alkali ions [sodium (7', 1.02 A, VI),
potassium (', 1.38 A, VI), rubidium (*', 1.52 A, VI), or cesium ("', 1.67 A, VI)] in
rock-forming minerals, but it can partly substitute Fe, Al, and especially Mg in some
minerals during the late phases of magmatic crystallization, but this replacement occurs
only under special conditions. In medium to high temperature geological environments,
it tends to bond preferentially with silicates rather than sulfides or metals.
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In nature, lithium is found exclusively in the univalent free ionic form [Li*]."* The
impossibility for lithium to widely enter into the grid of common rock-forming minerals,
except to a certain degree in Mg-bearing minerals such as biotite, explains why it
becomes progressively enriched in the residual melt during the process of magmatic
differentiation and cooling, with economically important concentrations occurring in
highly differentiated granites and their related pegmatites.”” For the same reasons, it is
also relatively enriched in highly differentiated volcanic rocks such as rhyolites and
alkaline volcanic rocks like rhyolite, phonolite, and trachyte.

The compilation of data on the Li content in the terrestrial materials shows the low
abundance of this element but always present at different levels”"": in ultramafic rocks
from 1 to 15 ppm (parts per million, equivalent to grams per tonne), in mafic rocks
from 5.5 to 17 ppm. Higher contents are observed in more felsic (acidic) rock types,
such as granite, rhyolite, and phonolite from 30 to 70 ppm. Sandstone, a sedimentary
rock, can contain a wide range of Li from 0.5 to 216 ppm, argillaceous marine sediments
and marine shale have by far the highest Li content, with a maximum reported value of
2100 ppm”” for a mean value of 57 ppm. Li concentrations in carbonate rocks are usually
low (~5 ppm), this being attributed to the loss of Li during diagenesis."' The average
abundance in the Earth’s crust is 17 ppm,* which makes lithium almost twice as abundant
as lead (10 ppm), but significantly rarer than copper (68 ppm). Li is always present in
hydrothermal fluids and is generally enriched in the alteration halos related to hydrother-
mal vents by trapping in silicates, frequently clay minerals (hectorite, stevensite) and
giving typical geochemical anomalies.”” " Lithium can be present in economically
significant quantities in geothermal brines or oil field brines, as documented in Section
2.3.2, describing the various categories of lithium deposits.

The abundance of Li in soil is extremely variable from 1.3 ppm in light organic soil to
56 ppm in calcareous soil. In arid climates like easily soluble salts, Li follows an upward
movement in the soil profile: it may precipitate in the surface horizons along with
chloride, sulfate, and borate.” Because of the low solubility of its fluoride, carbonate,
and phosphate compounds, concentrations in natural water, except for geothermal
brines, are quite low (between 1 and 10 ppb). But Li is the 14th most abundant element
in sea water, averaging 170 ppb.*°

There are about 130 known lithium minerals. With the exception of 14 of them that
are very rare carbonates or fluorides (e.g., griceite [LiF], zabuyelite [LiCO3], cryolithion-
ite [NaszLizAlxF15]), lithium carriers are mostly silicates, phosphates, or borates.

Among the silicates of deep origin, 10 have a potential economic value:

e Eucryptite [LiAlSiOy4], 12% of LiOy;

* Triphylite [Li(Fe,Mn)POy], 9.5% of LiOy;

» Lithiophilite [Li(Mn,Fe)POy], 9.5% of LiOy;

*  Spodumene [LiAl(SiO3),] with an average grade of 8.02% of LiOp;
* Amblygonite [LiAI(F,OH)POy], 7.4% of LiOy;
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* Lepidolite, a Li-rich mica [K(Li,Al)3(S1,Al)4O10(F,OH),], with an average grade of
7.70% and 4% of LiO»;

* Petalite [LiAl(S1,05)2], 4.5% of LiOy;

e Zinnwaldite, an iron rich Li-bearing mica [KLiFe** Al(AISiz)O(F,OH)] with an
average grade of 3.42% of LiO,.

* Hectorite, Nag3(Mg,Li)3S14010(OH),, a silicate, is a secondary Li carrier, a near-
surface developed smectite clay with an average grade of 1.17% of LiO5. It is the result
of the alteration of felsic volcanic ash and tuff with a high glass content, which are the
original Li carriers;

° jadarite [LiNaSiB307(OH) or NazoLiQO(SiOQ)g(B203)3H20], 7.3% of LiOQ, a
borate, is a near-surface developed, secondary, Li carrier developed in lacustrine
evaporites in Serbia.

Cookeite, a lithium-rich chlorite [LiAl4(Si3Al)O10(OH)s], should be mentioned here
too although it is not of deep, but of metamorphic origin.

To complete this list, it is worth to mention zabuyelite [Li;COs3] deposited on the
playa of the Zhabuye lithium-rich salt lake (China), where it is embedded in halite;
tosudite [Nag 5(ALLMg)(S1,Al)sO13(OH)12], a common lithium-bearing clay originating
from hydrothermal alteration of tufts, andesites, granites, and the rhassoul a lithium-
bearing stevensite [(Nag 25K 20)(Mgs.04Alo 37Fe0 2080.21)5.61 (Si7.76Al0.24)8020(OH)4)],
which is an aluminum-rich clay mineral from lacustrine sediments resulting from the
alteration of volcanic tuffs. Rhassoul, which is well known in Morocco, has many
similarities with hectorite.

3.2 Lithium Deposits, Resources, and Reserves

Economic deposits belong to several types:

¢ Lithium brines;

* Sediment-hosted deposits: hectorite and jadarite deposits;
* Pegmatites and highly differentiated granites.

Geological key controlling factors of the formation of Li deposits are the lithium con-
tent of magmatic rocks, the history of magmatic events and of magmatic differentiation,
the tectonic history, fluid—rock interactions related to hydrothermalism and/or weath-
ering, and ultimately the climate. Lithium brines of economic interest are of Quaternary
age (Bradley et al., 2013),"” whereas rare elements pegmatites and granites are known in
Precambrian as well as Phanerozoic orogenic belts. Labbé and Daw (Ref. 9, in French)
and Kesler et al.'” provide a comprehensive introduction to the geology of lithium
deposits.

© Note that stenvensite, like hectorite are end members of the trioctahedral smectites group.
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3.2.1 Lithium Resources and Reserves

Global lithium resources and reserves data from 88 deposits in 22 countries have been
compiled in Table 1.4 with preference given to data from exploration and mining
companies that publish their data in compliance with resources and reserves reporting
standards mandatory to companies that are publicly listed on some important stock mar-
kets, such as the Australian Securities Exchange (JORC reporting code) or the Canadian
stock markets (NI 43-101).

The Committee for Mineral Reserves International R eporting Standards, CRIRSCO,*
provides an introduction and access to all the existing standards. Data published according
these standards can be considered as having the highest degree of reliability and traceability.
Company reports produced according to such standards provide detailed explanations on
data collection, verification, processing, and modeling procedures. Preliminary economic
assessments, prefeasibility of feasibility studies produced on the basis of these standards are a
major source of technical and economic data and information on lithium production
projects.

Companies self-financing their projects or funded by private equity are not bound by
similar reporting obligations. Furthermore, countries such as China or Russia do not yet
impose similar transparency obligations to companies operating on their territories.

Table 1.5 is a compilation per Li deposit type of the data in Table 1.4.

It shows that only 27% of the resources and 16% of the reserves tonnage data have
been produced by companies reporting their resources and reserves in compliance
with one of the standards recognized by CRIRSCO. All other data need to be consid-
ered with some caution, even if published in peer-reviewed journals or books. The pro-
cedures applied to obtain resources and reserves can significantly vary from one deposit to
another one, and it is mostly impossible to assess the reliability of such data.

Recent work by Labbé and Daw,” Kesler,'® Vickstrom,*” and Wallace™” provides a
detailed insight in the difficulties related to the calculation of lithium resources and
reserves, especially in salt lakes as well as references to a number of other articles on
this important topic. Only 16% of the reserves reported in Table 1.4 are from deposits
for which a JORC or NI 43-101 compliant reserve calculation is publicly available,
thus providing a good traceability of the resources/reserves calculation. The use of
different literature sources and/or different calculation methods by different authors
leads to significant differences in published resources and reserves data figures, as shown
in Table 1.6.

It needs to be stressed that the 12.3 Mt Li reserves assessed in Table 1.5 represent
335 years of production at the production rate reported for 2012, the record production
year reported so far (Table 1.2). However, if the 7.8% CAGR of the global lithium

i . .
¢ Website: http://www.crirsco.com.
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Table 1.4 Estimate of the Global Lithium Resources and Reserves, on the Basis of Published Data

Published NI
43-101/JORC
Resources Reserves Compliant
(in kilo metric  (in kilo metric  Resources/
Deposit Deposit tonnes Li Metal tonnes Li Metal Reserves Data Development Operator
Country Name Type Equivalent) Equivalent) Calculation? Source Status® Name
Afghanistan Drumgal Pegmatite 117 n/a No [ EXP. Unknown
Jamanak Pegmatite 136 n/a No [] EXP. Unknown
Pasghushta Pegmatite 487 n/a No [] EXP. Unknown
Pasghushta lower Pegmatite 58 n/a No [ EXP. Unknown
Pashgi Pegmatite 59 n/a No 1] EXP. Unknown
Salt lakes Brine (salt lake) 350 n/a No [ EXP. Unknown
Taghawlor Pegmatite 679 n/a No [] EXP. Unknown
Tsamgal Pegmatite 87 n/a No [] EXP. Unknown
Yaryhgul Pegmatite 60 n/a No [] EXP. Unknown
Argentina Cauchari-Olaroz Brine (salt lake) 2226 514 Yes () PP. Lithium Americas Corp.
Sal de Vida Brine (salt lake) 1359 214 Yes (a) FUN. Galaxy Resources Ltd.
Salar de Cauchari Brine (salt lake) 88 n/a Yes (a) EXP. Orocobre Limited
Salar de Diablillos Brine (salt lake) 930 n/a Yes (a) FEA. Rodinia Lithium Inc.
Salar de Olaroz Brine (salt lake) 1203 n/a Yes (a) PP. Orocobre Limited
Salar de Salinas Grandes | Brine (salt lake) 45 n/a Yes (a) EXP. Orocobre Limited
Salar del Hombre Brine (salt lake) 795 n/a No 15 PRO. FMC Lithium
Muerto
Salar del Rincon Brine (salt lake) 1400 1403 No (b) PRO. ADY Resources (Enirgi
Group)
Australia Greenbushes Pegmatite 1338 801 Yes (a) PRO. Talison Lithium Ltd
Lithium
Mount Marion Pegmatite 89 n/a Yes (a) PP. Reed Industrial Minerals
Mt Cattlin Creek Pegmatite 92 52 Yes (a) HOL. Galaxy Resources Limited
Pilgangoora Pegmatite 144 n/a Yes () EXP. Altura Mining Limited
Austria Wolfsberg/Koralpe Pegmatite 122 n/a Yes (a) EXP. Global Strategic Metals
NL
Bolivia Salar de Uyuni Brine (salt lake) 10,200 n/a No 15 FEA. Comibol
Brasil Araguai Pegmatite 11 n/a No ] PRO. Companhia Brasileira de
Litio
Itinga Pegmatite 6446 n/a No [] PRO. Arqueana de Minérios e
Metais
Volte Grande/Nazareno | Pegmatite 50 n/a Yes (a) PRO. AMG Advanced

Metallurgical Group
NV



Canada

Chile

China

Authier
Buckton Zone
Rose

Fox Creek
Georgia Lake
Godslith
James Bay
Moblan
Pakeagama Lake
Quebec Lithium
LaCorne
Root Lake

Separation Rapids

Thompson Bros (former
Violet)

Valleyview

‘Whabouchi
Zoro 1

Laguna Verde Salar
Maricunga
Salar de Atacama

Salar de Pedernales
Qaidam basin (Lakes
Xitai, Dongtai—
includes East and
‘West Taijinair—and
Chaerhan)
Damxung salt lake,
Tibet
Dangxiongcuo

Pegmatite
Black shales
Pegmatite

Brine (oil field)
Pegmatite
Pegmatite
Pegmatite
Pegmatite
Pegmatite
Pegmatite

Pegmatite

Pegmatite
Pegmatite

Brine (oil field)

Pegmatite
Pegmatite

Brine (salt lake)
Brine (salt lake)
Brine (salt lake)

Brine (salt lake)
Brine (salt lake)

Brine (salt lake)

Brine (salt lake)

35

163

362
46
47
132
93
50
261

47
26

385

229

96

118

n/a

20
2020

n/a

169

n/a

37

n/a

n/a

141

n/a
n/a
6300

940

170

@)

@)
(@)

EXP.
EXP.
FEA.

EXP.
EXP.
EXP.
FEA.
EXP.
EXP.

PRO.

EXP.

EXP.
EXP.

EXP.

FUN.
EXP.

EXP.
EXP.

PRO.

EXP.

PRO.

UNK.

EXP.

Glen Eagle Resources Inc.

DNI Metals Inc.

Critical Elements
Corporation

Channel Resources

Rock Tech Lithium Inc.

First Lithium Resources

Galaxy Resources Limited

Zhongjin Lingnan

Houston Lake Mining Inc.

RB Energy Inc.

Landore Resources
Limited

Avalon Rare Metals Inc.

Rhodinia Lithium

Lithium Exploration
Group

Nemaska Lithium Inc.

Force Minerals
Corporation

First Potash Corporation

Li 3 Energy, Inc.

Sociedad Quimica y
Minera de Chile S.A.

CODELCO

Qinghai Salt Lake Industry
Group Co Ltd.

Beijing Mianping Salt
Lake Research Institute

Continued



Table 1.4 Estimate of the Global Lithium Resources and Reserves, on the Basis of Published Data—cont'd

Published NI
Resources Reserves 43-101/JORC
(in kilo metric (in kilo metric Compliant
tonnes Li tonnes Li Resources/
Deposit Deposit Metal Metal Reserves Data Development Operator
Country Name Type Equivalent) Equivalent) Calculation?  Source Status® Name
Daoxian Pegmatite 181 n/a No Sterling Group EXP.
Ventures
report (2006)
Gajika Pegmatite 587 480 No 15 PRO. CITIC Group
Corporation
Jiajika Pegmatite 204 n/a No 15 PRO. Sichuan Mineral Industry
Co., Ltd.
Maerkang Pegmatite 224 n/a No (c) EXP. Maerkang Jinxin Mines
Co., Ltd
Zhabuye Brine (salt lake) 1530 462 No (d) PRO. Tibet Mineral
Development Co., Ltd
Yichun Pegmatite 325 n/a No 15 PRO. Jiangxi Special Electric
Motor Co., Ltd.
D. R. Congo Manono/Kitotolo Pegmatite 1145 n/a No 15 EXP.
Finland Lantta Pegmatite 7 4 Yes (a) FEA. Keliber Oy
Emmes Pegmatite 7 n/a No (a) EXP. Keliber Oy
Outovesi Pegmatite 2 2 Yes () FEA. Keliber Oy
Syvajarvi Pegmatite 9 7 Yes (a) FEA. Keliber Oy
France Echassieres Greisen/Aplite 130 n/a No 9 PRO. Imerys
Tréguennec Greisen/Aplite 31 n/a No 9 HOL. None
Ireland Blackstairs Pegmatite 4 n/a No (e) EXP. Ganfeng Lithium Co.,
Ltd.
Mexico El Sauz & Fleur Clay (Hectorite, 378 n/a Yes (a) EXP. Bacanora Minerals Ltd.
Polylithionite)
La Ventana Clay (Hectorite, 239 n/a Yes (a) EXP. Bacanora Minerals Ltd.
Polylithionite)
Mongolia Enkh area Brine (salt lake) 45 n/a No (a) UNK. Tsagaan Shonkhor
Delgerekh area Brine (salt lake) 228 n/a No (a) UNK. Tsagaan Shonkhor
Chuluut area Brine (salt lake) 133 n/a No (a) UNK. Tsagaan Shonkhor
Portugal Barroso-Alvao Pegmatite 10 n/a No 1] PRO. n/a




Russia

Serbia

Spain
USA

Uzbekistan

Zimbabwe
TOTAL

Kolmozerskoye
Polmostundrovskoye
Alakhinskoye
Ulug-Tanzek
Tastygskoye
Goltsovoye
Belorechenskoye
Urikskoye

Zavitino

Kosterskoye
Jadar

Doade-Presqueiras
Brawley

Foote Mine
Hallman-Beam
Kings Valley

Kings Mountain/North
Carolina pegmatite
belt

Salton Sea

Clayton Valley (Silver
Peak)

Smackover Formation

Naukinskoe

Shavazsai

Bikita

Pegmatite
Pegmatite
Pegmatite
Pegmatite
Pegmatite
Pegmatite
Pegmatite
Pegmatite
Pegmatite

Pegmatite

Lacustrine sediment
hosted

Pegmatite

Brine (geothermal)

Pegmatite

Pegmatite

Clay (Hectorite)

Pegmatite

Brine (salt lake)
Brine (salt lake)

Brine (oil field)
Pegmatite
Pegmatite
Pegmatite

372
163
93
209
279
186
74
167
93

465
1047

42
1000
97
n/a
727

319

316
300

750

2

123

57
45,202

n/a
n/a
202
288
107

n/a

n/a
n/a

n/a
n/a
n/a
n/a
12,199

UNK.
UNK.
UNK.
UNK.
UNK.
UNK.
UNK.
UNK.
UNK.

UNK.

PRE.

EXP.
PP.
CLO.
CLO.
PP.

HOL.

EXP.

PRO.

EXP.
EXP.
HOL.
PRO.

n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a

Transbaikalia Ore
Dressing and
Processing Enterprise
(2abGOK JSC)

Rio Tinto

Iberian Minerals

Simbol Materials

Rockwood Holdings, Inc.

FMC lithium

Western Lithium USA
Corporation

n/a

Rockwood Holdings, Inc.
Rockwood Holdings, Inc.

None?

Republic of Uzbekistan
Republic of Uzbekistan
Bikita Minerals Ltd

n/a, not available; (a) Company documentation, (b) Admiralty Resources ASX Announcement, 07/2007, (c) Sterling Group Ventures report (2006), (d) China Ministry of Land and Resources
http://chinatibet.people.com.cn/7265213.html, (e) International Lithium Corp. Announcement 07/2014, (f) North Arrow Minerals Announcement, 10/2009, (g) Uzbekistan government report
www.ite-uzbekistan.uz/ITE- ADVERT/List_depositsEng.pdf.
*Development Status, legend: EXP., exploration; PRE., preliminary economic assessment or Prefeasibility reports in preparation; FEA., feasibility reports in preparation; FUN., funding gathering in
view of mine construction; PP., preparatory stage (mine construction, development) in preparation for production; PRO., producing mine (production may be reduced during ramp-up stage);

HOL.,, on hold or dormant; UNK., unknown.


http://chinatibet.people.com.cn/7265213.html
http://www.ite-uzbekistan.uz/ITE-%20ADVERT/List_depositsEng.pdf
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Table 1.5 Resources and Reserves of the Different Deposits Types

Resources in Reserves in
thousands Resources in  thousands Reserves in
metric % of the metric % of the
tonnes Total tonnes Total
GLOBAL TOTAL 45,202 100% 12,199 100%
* of which brines (salt lakes) 23,572 52.15% 10,003 82%
* of which brines (oil fields) 1497 3.31% n/a n/a
* of which brines (geothermal) | 1000 2.21% n/a n/a
¢ of which pegmatites 16,574 36.67% 2089 17%
* of which greisen/aplite 161 0.36% n/a n/a
» of which black shales 6 0.01% n/a n/a
* of which clay (hectorite/ 1344 2.97% 107 1%
polylithionite)
* of which lacustrine sediment | 1047 2.32% n/a n/a
hosted
* of which JORC or NI 12,332 1954
43-101 compliant (tonnes)
* of which JORC or NI 27% 16%
43-101 compliant (% of total)

Table 1.6 Compilation of Global Li Resources and Reserves Data Published in
Recent Literature (in Million Metric tonnes Lithium Metal Contained)

Resources Reserves Source

45.2 12.2 This book. Table 1.4
59.8 29.4 Yaksic & Tilton (2008)*
40.1 n/a Evans (2014)""

38.8 n/a Gruber et al. (2011)"
39.5 13 Jaskula, USGS (2014)”
36.7 n/a COCHILCO (2013)"
39.9 20.8 Roskill (2013)°

38.8 n/a Daw and Labbé (2012)”
65 15 Vickstrom (2013)"
50.2 23 Mohr et al. (2010)"’

production observed for the 10-year period from 2003 to 2013 included would continue
throughout the century, the total 2012—2100 LME cumulative demand would be
58.9 Mt Li, considerably more than the current reserves (12.2 Mt) and even more

than the currently known resources (52.2 Mt). In 2100, the annual Li production would
reach about 2.9 Mt, 80 times the 2012 production. The demand/supply balance 1s further

discussed in Section 2.4.
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The difference between resources and reserves needs to be stressed, as it is of major
importance to assess the availability of lithium, or of any other mineral. Resources are
that part of the overall unknown geological stock that has been identified with various
degrees of certainty further to exploration work such as drilling, trenching, or sampling.
Depending on the intensity of the exploration work, qualifiers are affixed to
“resources”: inferred, indicated, and measured resources.” Reserves are that part of
the resources that have been demonstrated as economically and, hence, technically
recoverable. The conversion of resources in reserves requires important investments,
mostly of millions dollars, to specify the exploitation and raw materials process flow
sheet for the production of one or several products, as well as the capital expenditure
(“CAPEX”) needed to start production and the operating expenditure (“OPEX”)
necessary to produce one tonne of a commercial product, mostly technical grade or bat-
tery grade lithium carbonate, in the case of lithium.

In the process, only a part of the resource, which varies from one deposit to another,
will be converted to economically recoverable reserves. In the case of lithium, Yaksic and
Tilton™ estimate that, in average, 45% of the Li contained in brines and 50% of the L1
contained in pegmatites, hectorite, or jadarite deposits are actually recoverable. In their
recent paper, Houston et al.”' discuss in detail the intricacies of evaluating the recoverable
fraction of a salt lake Li resource, stating the following: “Once well inefficiency, draw-
down limitations, possible barren inflows and economics are entered into the equation,
extraction of more than 33% is only possible under exceptional circumstances.” When
counting for further losses occurring in the production of the high-purity lithium
carbonate or hydroxide needed by the Li-ion, this figure may drop to about 25% of
the resources. In the case of the Cauchari-Olaroz salt lakes in Argentina, the NI
43-101 feasibility study®” states, “Comparison of Reserve and Resource Estimates
illustrates that between one fifth and one quarter of the brine present in the subsurface
is recoverable by pumping.”

3.2.2 Brine Deposits

Lithium-bearing brines are known from three geological different environments: brines
from contemporaneous endorheic salt lakes draining differentiated felsic volcanics or
intrusives (granites), geothermal brines, and oil field brines.

The estimate of global resources and reserves (Table 1.4) shows that this is, by far, the
economically most important lithium deposit type, representing a resource of about
26.1 Mt LME, about 58% of the global resources identified in Table 1.4. Within this
category, salt lake brines are of overwhelming importance (about 52% of the total global
Li resources), oil field and geothermal brines representing respectively 3% and 2% of the
global total. Argentina, Bolivia, and Chile are homes to the economically most important

¢ see the CRIRSCO Web site for more information on these definitions.
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Li-bearing salt lakes, named “salars” in Spanish. They hold 78% of the lithium resources

known in salt lake brines. China and the USA are also Li producers from salt lake brines,

with Afghanistan,73 Iran, Mexico, Mongolia, and other countries, especially form Central

Asia and, possibly, North Africa having more or less well document potential to become

producers at later stage.

The genesis of lithium brines has been described by Bradley et al."” Salt lake brine
deposits are, in average, much larger resources than pegmatites, the second economi-
cally most important lithium deposit type: the average salt lake brine Li resource is
1.4 Mt Li (on the basis of 23 deposits) against 0.3 Mt Li, in average, for pegmatites
(58 cases). This makes salt lake brines the resource of choice for a long-term, stable sup-
ply of lithium.

Lithium-bearing salt lake brines are encountered in some endorheic basins located in
arid regions. There, lithium is concentrated as a dissolved element in interstitial saline
brine at the subsurface of the salt lakes or of their playas. Typical concentrations of
lithium-rich brines in the case of economic deposits are at a range of 200—4000 mg/L
Li'>'® and may contain other valuable elements (coproducts) like boron, iodine, and
potassium. They are the only source of commercial iodine production.

A number of conditions need to be met for the development of Li-rich salt lakes:

* There must be a source of Li, such as felsic volcanic rocks and their derived pyroclastic
products (ashes, cinders), or granites in their drainage basin. Their weathering and/or
the circulation of hydrothermal fluids releases Li that can be transported to the salt
lake by surface runoff during rainfalls. Alternatively, groundwater circulation can
leach Li out of these rocks and transfer it to the salt lake;

* The existence of a deep heat source (magmatic/volcanic source), as hot groundwater
can dissolve much more minerals as cold one;

* Salt lakes with a thick salt crust, where Li can accumulate in larger quantities in the
interstitial brine form only in tectonically active regions, with extensional tectonics
allowing for the creation of intramountainous depressions (graben) with progressively
subsiding bottoms, where thick salt crusts can accumulate. Volcanic activity and
related geothermal brines are quite frequently associated to these types of tectonics,
especially in Latin America;

* Rainfall and groundwater intake need to be less than the evaporation rate, otherwise
lithium brines will become diluted beyond economically recoverable levels or even
washed away.

These conditions must prevail for sufficiently long time to allow for economically
significant Li concentrations.

The lack of lithium in most of fossil rock salt (evaporite) deposits is due to the
immiscibility of lithium in the crystal structure of the other alkali metals chlorides that crys-
tallize first further to brine concentration resulting from high evaporation rates: sodium
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chloride then potassium chloride. High Mg content in the residual brine is making the
Li recovery difficult.

Geothermal Li brines have been described in active hydrothermal systems circulating
through felsic Li-enriched rock formations such as granites or volcanites, whereby
lithium is leached from the host rock through higher temperature water—rock interac-
tion. High-temperature fluids, geothermal water, can dissolve much more minerals
than conventional low-temperature groundwater. So far, there is only one geothermal
Li resource ongoing a significant development, the Salton Sea geothermal brine resource
in California (USA), in development by Simbol Materials Inc. Evans'' assesses the
resource to be 1 Mt Li. Gallup™ reports 194—219 ppm Li from Salton Sea Li geothermal
brines, a much higher grade than what is known from other districts.

Brines with lithium concentrations are also known in some deep oil reservoirs. The best
known case so far is the oil field brine from the Smackover Formation in the Gulf Coast
region of the USA. Mohr et al.'” reports 370 ppm Li in these brines, a value quite close
to the 450 ppm reported for the salt lake brine of the Salar de Uyuni, in Bolivia (450 ppm).

3.2.3 Related Sediment-Hosted Deposits: Hectorite and Jadarite Deposits

These deposits share some common geological features with salt lake brine deposits, as
they are secondary lithium deposits, depending on the existence of a primary Li source
related to active felsic magmatism (in the case of hectorite deposits at least, the geological
genesis of jadarite deposits not being fully documented so far), to Li-bearing fluid
circulations and on the concentration of Li in very specific lacustrine reservoirs.

Hectorite deposits: With a total of 1.3 Mt of Li in the known resources, nearly 3%
of the global Li resources estimated in Table 1.4, hectorite deposits form the third group
of economically important Li deposits, after salt lakes and pegmatites.

There currently are two major hectorite deposits in development, Western Lithium’s
Kings Valley project on the western edge of the McDermitt caldera in Nevada (USA),
discovered in the early 1980s”” and the Sonora Lithium Project in Mexico, a group of
10 contiguous mineral concessions in the northeastern part of the Sonora State in

1.>" In both cases there has been extensive felsic volcanic

Mexico, discovered in 201
activity, with the development of felsic pyroclastics (ashes, pumices, ignimbrites), the
primary Li sources related to the development of a large caldera in the case of Kings
Valley. The original pyroclastic ill-consolidated material can have been eroded, washed
away, and redeposited as tuff layers in lakes formed further to the development of exten-
sional structures (“graben”) in the case of the Sonora Lithium Deposit or as lacustrine
volcano-sedimentary rocks in a lake that developed within the caldera (Kings Valley).
The genesis of hectorite involves the weathering of the original pyroclastic material
with its progressive transformation into hectorite, whereby parts of the Li contained
may have been inherited form the original pyroclastic materials and part may be adsorbed
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as the altered sediment settles in lacustrine environments enriched in Li further to
geothermal brines flowing into the lakes from active fault systems.

At the global scale, such deposits may exist in a number of places with similar geolog-
ical settings.

Jadarite deposits: So far only one deposit is known, near Jadar (Serbia), owned by
Rio Tinto Minerals. It is a resource of 1 Mt Li, i.e., 2% of the global Li resources
estimated in Table 1.5.

The Jadar Li deposit was only discovered in 2004. It is the only yet known deposit of
jadarite, a lithium boron silicate. It occurs as massive aggregates with a thickness of several
meters or millimetric nodular aggregates within fine-grained carbonate and mica-rich
host in a lacustrine evaporitic sedimentary sequence with intercalated tuff layers, indi-
cating volcanic activity. Jadarite-bearing sediments accumulated in tectonically
controlled intramountain basins that developed during the Neogene period. Mechanisms
at the origin of the mineralization are still poorly understood, but cyclic variation of
paleoclimates, from hot and humid to arid conditions, and circulations of brines along
faults crosscutting the host stratification are believed to be the main processes.
Kilpatrick™> provides a detailed account of the geological setting.

3.2.4 Pegmatites and Highly Differentiated Granites, Aplites, and Greisen

In terms of contained Li resource, pegmatites are the second most important Li resource.
The deposits listed in Table 1.5 represent a 16.6 Mt Li resource, about 32% of the total
resource assessed.

Granites are very common intrusive rocks, with a large diversity of geochemistries, lead-
ing to distinct associated metal patterns (review in Cerny etal.,”” and Linnen and Cuney”’).
In these groups, only high-phosphorus rare metal granites (P,Os > 1 wt%’’) and
lithium—cesium—tantalum (LCT) pegmatites of the rare element class (Cerny and Ercit™®)
host lithium deposits. These granites, aplites, and pegmatites are intrusions related to
extremely fractionated and peraluminous [1 < Al/(Na 4 K) > 1.15] crustal-type melts,
principally encountered in thickened crusts of continent—continent collisions (Himalaya
type). LCT pegmatites are rare, forming about 0.1% of all pegmatites, and lithium-rich
pegmatites are even rarer.”” They are also the only known sources of cesium and rubidium
and an important source of tantalum. Kesler et al. provide an overview of the main
Li-bearing pegmatites geology and mineralizations.'®

Greisen are the highly altered part of granitic cupolas of these specific granites,
whereby the alteration process is not related to surface weathering but to the cooling pro-
cess of these peculiar granites, whereby volatile gases and elements that are immiscible in
granitic melts, such as Li, concentrate in the greisen or the associate vein type intrusions
(fine-grained aplites and, much more frequently, their coarse-grained pegmatite
equivalents).
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Mineralized granites and pegmatites are very rare intrusions clustered in some
restricted parts of collision orogens (e.g., <10 rare metal granites in the Variscan belt
where they seem to be controlled by distinct peculiar processes since they are not
encountered together). These granites and pegmatites are extremely depleted in rare
earth elements (close to chondritic values), Th, Y, Zr, Hf, Sc, Pb, Mg, Ti, and transition
elements. Conversely they are enriched in P, F, Li, Sn, Ta, Nb, Rb, Cs, Be, and w.'°
Since most of rare elements reach saturation level during melt crystallization, they crys-
tallize as specific minerals (Li-aluminosilicates or phosphates, Sn-Ta-Nb oxides...)
disseminated throughout the intrusion in case of granites or in specific parts of related
pegmatite bodies.

Li-enriched pegmatites, the main hard rock lithium source, belong to a specific class
of pegmatites, the LCT pegmatites of the rare element class. Only some parts of the larger
zoned pegmatites reach economic grades but these zones may contain several valuable
coproducts like tantalum (e.g., Greenbushes pegmatite, Western Australia), cesium
(Tanco pegmatite, Canada; Bikita pegmatite, Zimbabwe), rubidium (Separation Rapids
pegmatite, Canada). LCT Pegmatite vein swarms can form large scale ensembles, such as
the North Carolina pegmatite belt in the USA, which extends over 50 km with a width
from 0.5 to 3km.'® The main Li minerals extracted from LCT pegmatites are
spodumene and lepidolite, more rarely petalite.

Up to a few years ago, LCT rare metals pegmatites were essentially mined and the ore
simply processed for the production of technical grade SCs used as fluxing agents in the
glass and ceramics industry. Low-iron, technical grade SCs are produced to customer
specifications, with minimum LiO; contents varying from 5% (SC-5 grade spodumene
concentrate) to 7.5% (SC-7.5 grade, 95% pure spodumene, the balance being mainly
quartz). Spodumene from pegmatite is also becoming an important raw material for
the production of Li hydroxide and carbonate as further detailed in the next session.

3.3 Lithium Production and Prices

Table 1.2 provides an estimate of the global lithium production from 2003 to 2013,
inclusive. In average, over this period, 46% of the production came from salt lake brines.
This underlines once more the particular economic importance of this category of Li
deposits.

Due to the diverse and remarkable properties of lithium and the numerous uses they
entail, described in Section 2.2, the Li production CAGR for the 2003—2013 period is
7.8%, one of the highest production growth rates of all metals for which production
statistics are available. There is much scope for further discoveries of Li deposits, including
salt lakes in Central Asia and Northern Africa and yet little explored lithium-bearing
clays (hectorite, polylithionite) or Li silicate minerals concentrations such as cookeite, a
Li chlorite known, for instance, in alpine metasediments.”’
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Lithium carbonate is recovered from salt lakes by a multistep process that involves a
first stage of Li brine concentration to more than 4%, from an initial grade that ranges
from 230 g/t Li brine (or 0.023%) to 1500 g/t Li (0.15%, Salar de Atacama in Chile).
At this stage some of the Ca, Mg, Na, K impurities are removed. This stage requires
much space, as succession of solar evaporation ponds are required as well as time, as it
takes 12—24 months'” to reach the desired concentration. In a second stage the resulting
concentrated brine is further purified in specific plants, with sodium carbonate being
added to the pure Li brine to precipitate lithium carbonate. POSCO, a Korean
company, developed a new process to accelerate the second stage of the process by
use of liquid—liquid solvent extraction. This process is planned to be used for the
production of Li carbonate from the Salar de Maricunga in Chile,"” and is expected to
yield a 70% Li recovery rate, much higher than what is known so far for lithium from
salt lake brines.

Brine chemistry and climate are very important parameters of salt lake brine
operations. Rainfall during the pond concentration stage will dilute the brine and
negatively impact on the economics of the operations. Therefore Li recovery from
salt lake brines can profitably be done only in arid, sunny climates, whereby the
“Lithium Triangle” region of Latin America appears to offer better conditions than
China.'*

A general description of the processes used to produce lithium carbonate from salt
lake brines are available in Refs 10,14. NI 43-101 studies provide much more detailed
insights about the process applied to a given deposit, such as Lithium Americas’
Cauchari-Olaroz salt lakes, in Argentina.””

Concerning lithium extraction from Li-bearing silicates or phosphates, apart from
limited amounts of easily recoverable exchangeable Li, the release of Li trapped in their
mineral structures requires the destruction of the mineral network by roasting, alkali
attack, or strong acid leaching.

Lithium carbonate production from spodumene (pegmatite class of Li deposits)
involves several stages:

* Crushing, grinding, sorting of the spodumene ore;

* Dense media separation of spodumene;

* Flotation, to obtain a chemical grade SC, with a LiO; content of 6—7%;

* Spodumene conversion: the dried concentrate comprises 75—85% o-spodumene, the
natural crystalline structure of spodumene. This needs to be heated to about 1050 °C
to convert its crystalline structure to B-spodumene, as the latter structure reacts much
better with the sulfuric acid used in the next stage;

* The B-spodumene concentrate is then sprinkled with sulfuric acid, leading to the
production of lithium sulfate and aluminum silicates;

* Concentrate washing, to dissolve the lithium sulfate;

*  Successive stages of purification of the solution (Fe, Al removal);
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* Production of battery grade lithium hydroxide by electromembrane electrolysis of the
purified Li sulfate solution (process selected by Nemaska Lithium for the production
of Li hydroxide from the Whabouchi pegmatite, Quebec, Canadazl), or of lithium
carbonate by precipitation from the lithium sulfate solution by addition of sodium
carbonate.

An alternative to this process is to replace the sulfuric acid lixiviation stage by mixing
the B-spodumene concentrate with a saturated Na carbonate solution under pressure.
Solid state Li carbonate forms, which needs to be converted into soluble Li bicarbonate
by CO; injection. Pure Li carbonate can then be precipitated from the solution. This
alternative process route is considered for the production of battery grade Li carbonate
from the spodumene contained in the Rose Ta-Li deposit, Quebec, Canada.””

The production costs, known in technical reports as “operating expenditures”
(OPEX) are made public by only few companies, generally as part of the NI 43-101
or JORC reports they publish to attract investors to their projects. Three estimated
OPEX figures for the production of Li carbonate from salt lake brine deposits were
available in August 2014, ranging from 1591 to 2280 US$/t (average 1916 US$/t).
Four OPEX figures for the production of Li carbonate from pegmatite deposits were
also available, ranging from 2900 to 4500 US$/t (average 3611 US$/t), while the
OPEX for the production from Western Lithium’s Kings Valley hectorite deposit is
3011—3291 US$/t Li carbonate, depending on the production rate."” Although all
these figures only represent forecasts in preparatory technical and economical assessments,
not current production costs, it is obvious that the production of battery grade lithium
carbonate from spodumene in pegmatites is more costly than the same production
from salt lake brines due to a technically more complex, energy intensive process (spod-
umene conversion, in some processes sulfuric acid generation, use of sodium carbonate all
require important energy inputs).

Finally, it should be noted that the real production costs of each single Li production
facility can be much less than the cost of Li carbonate production due to the frequent
existence of by-products, such as potash and/or boron compounds in the case of salt
lake brines; feldspar and/or tantalum in the case of pegmatites. Such by-products can
generate additional revenue for their producers. Production costs net of any such
by-product credits can be significantly less than the Li carbonate only production costs.
In the case of Lithium Americas’ Cauchari-Olaroz Salars project, the revenue generated
from potash production would reduce the operating cost, net of by-product credits, to
1332 US$/t Li carbonate produced, to be compared with an operating cost of
2375 US$/t if only Li carbonate would be produced. This significantly enhances the
attractiveness of the projects.

fCase 1: 13,000 t/year of Li carbonate, case 2: 26,000 t/year from production year 4 onward, allowing for some
economies of scale.
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Lithium and its compounds are not traded via a trading center such as the London
Metals Exchange, and therefore there are no published daily prices of Li metal or of its
compounds. These are traded within the frameworks of long-term supply contracts be-
tween producers and industrial buyers, of which the terms and conditions are kept confi-
dential. The most widely traded Li products are Li carbonate and SCs. Their average
prices are available from producing companies’ reports, from Industrial Minerals and
from specialized analysts such as SignumBOX or Roskill. With the exception of public
company reports, Li pricing data are only available on a subscription basis. The reference
price is the Li carbonate price.

In 2010—2011,” lithium carbonate prices were within a 5100—5300 US$/t range,
increasing slightly early 2012 to the 5500—5600 US$/t level. In 2013, the price range
averaged 6350—7450 US$/t, while in 2014 the prices, up to early September 2014, aver-
aged 6250—6880 US$/t, a decline from 2013 despite the continuous growth of Li de-
mand. This situation appears related to fears of a global economic downturn and of
relative oversupply. In February 2014, SignumBOX stated that for the coming years,
“prices should remain at around 6000 — US$ 6500/t as the increase on demand s satisfied
with the new production capacity that is going to be added.” However, delays in the
rated production start of these new projects could, however, drive Li compound prices
to higher levels, while a further cooldown of the global economy amidst geopolitical
tensions could have the opposite effect.

For the 2012—2014 period, the average price of technical grade SC containing 7%
LiO, (SC-7) is 780 US$/t free on board India, from Australian sources, according to
Indian customs statistics.”

3.4 Recycling

The recycling rate of lithium from end-of-life products such as batteries is extremely low:
less than 1% according to the International Resources Panel.”” Several categories of
lithium uses are of a dispersive nature,”” or lead to Li grades in the final product too
low to make Li recycling economically attractive’* and/or to materials from where Li
cannot be recycled using current technologies. Only Li in batteries and Al-Li alloys
can be recycled with current technologies. In 2013, on the basis of the data represented
in Figure 2.1, lithium in potentially recyclable batteries represented 44% of the lithium
consumption, with further and rapid growth foreseen in the coming years,” and two
more percentage are in recyclable Al-Li alloys, which means that over half of the Li pro-
duction goes to dispersive uses, from where Li cannot be recycled. The development of
economically feasible routine Li recycling from LIBs is a necessity, given the rapidly
growing demand for Li (trend over the 2003—2013 period: 4-22.8%), a trend that could

& https://www.zauba.com/import-SPODUMENE+CONCENTRATE+SC7-hs-code.html, Indian imports and
exports data portal 27.
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continue well into this century, as substitutes to LIBs are not likely to represent an impor-

tant market share before, possibly, the middle of the century. However, the progress of

recycling would only postpone for some years the need for primary supply at the given

CAGR, even if a highly theoretical 100% recycling rate is achieved. The continuation of

this trend would exceed the currently available reserves, listed in Table 1.4, in 2038 and,

worse, the currently known resources only 7 years later, in 2044 (Figure 1.5, “B” sce-
nario), which would not be possible as not all resources would be physically convertible
into reserves, even if the Li price would reach much higher levels than nowadays.

Figure 1.5 shows two projections:

» Scenario “B” built using the 2003—2013 CAGR of the different Li uses mentioned in
Section 2.2;

* Scenario “A” built using these CAGRs with the exception of the CAGR for Li used
in batteries which would be reduced from 22.8% to 13%, thanks to a combination of
Li-efficient battery design, Li recycling from batteries.

‘While additional resources and reserves will be identified before the theoretical dead-
lines of Scenario “B,” the need to develop recycling but also batteries design allowing
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Figure 1.5 Long-term lithium availability scenarios according to two levels of Li demand (Scenario A:
on the basis of the CAGRs observed from the 2003—2013 period, except for batteries reduced to 13%
from 22.8% CAGR, thanks to improved design and recycling; Scenario B: on the basis of the
2003—2013 CAGRs).
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the same, or improved, battery performances with less lithium is very apparent, if

the 2014—2050 Li CAGRs were to be reduced to sustainable levels (below the “A”

scenario), including a significant reduction of energy consumptions from spodumene-

based lithium carbonate production, as well as of the environmental impacts related to
mining and production of lithium compounds.

As noted earlier, Li use in aeronautics could make a breakthrough in the coming
years, impacting on the overall demand for lithium. Constellium, the leading producer
of this alloy (Constellium Airware) states that it is a 100% recyclable alloy. However
such material would become available for recycling after only 30—40 years, the average
life span of modern jet aircraft, especially if they are made with highly corrosion-resistant
Al-Li alloy.

Pyrometallurgical and hydrometallurgical processes are available for recycling Li
from LIBs.'"°° Umicore, one of the global industrial leaders in metals recycling, has
launched the world’s first industrial LIBs recycling plant at Hoboken (Belgium), but
due to its low relative value, Li is not recovered, the focus being on the recovery of
the higher value cobalt content. Retriev Technologies (former TOXCO) operates an
industrial facility in the USA. As long as Li prices remain at the level observed in the
recent years it is doubtful that Li will effectively be recovered at a significant rate
from batteries. Early September 2014, the cobalt London Metal Exchange price was
33 $/kg and the spot price of Li carbonate provided by Industrial Minerals an average
of 6.39 $/kg. On this basis the value of the metals contained in one metric tonne of
end-of-life LiCoO», by far the most widespread cathode LiB cathode material (see
Section 2.2) would be about 2120 $/tonne for the contained lithium (9% of the
material value) and about 23,000 $/tonne for the contained cobalt. LMO or LFP
cathode chemistries are unattractive to recyclers as they have no valuable cobalt or
nickel contents.

In an undated, but recent, article Kumar,”® a Frost & Sullivan automotive and
transportation industry analyst, states, “Recycled lithium is as much as five times the
cost of lithium produced from the least costly brine based process. It is not competitive
for recycling companies to extract lithium from slag, or competitive for the OEM:s to buy
at higher price points from recycling companies.”

There are a number of hurdles to overcome before recycled Li can make a significant
contribution to the demand/supply balance””*":

* End-of-life battery collection needs to be further improved,;

» Security of collection schemes needs to be guaranteed as the presence of LIBs in a
plant designed for lead-acid battery recycling can lead to fire and explosions
(accidents have already been reported); conversely the presence of lead-acid or
NiMH batteries among a batch of end-of-life LiBs would be detrimental to the
recycling plant, resulting in low process efficiencies and low purity of the recycled
lithium, making it unsuitable for further battery manufacturing;
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* The already wide range of LiB chemistries, bound for further diversification, would
require specific, reliable, labeling and sorting of individual batteries according to their
chemistry.

*  Process development will have to be fostered to develop individual recycling
processes attuned to each chemistry, if Li recycling is to be fostered.

4. CONCLUSIONS: MULTIPLE FACTORS WILL DRIVE THE FUTURE
AVAILABILITY OF LITHIUM

Many factors will determine the future availability of lithium, and there are many known
unknowns that will determine the future demand/supply balance. Among these known
unknowns are:

e Liand key Li compounds prices;

e The discovery rate of new, economically exploitable, Li deposits and the investments
made in their development;

e The development of Li recycling;

* Changes in the geography of the Li industry: So far the production of high value-
added Li-containing products is located in developed countries while Li and Li
compounds production is widely located in developing and intermediate economies,
who may seek to develop value-adding activities on their territories;

e The substitution of Li use by the use of other elements in some key applications, such
as batteries. By 2030, there is a possibility, for instance, that solid state batteries, NaS,
or zinc-air batteries substitute at least a part of the Li-based chemistries in battery
production. However, regarding natural resources availability this could fuel a strong
demand for other rare resources, such as Ag or I, two rare elements being investigated
for the development of solid-state batteries;

*  Progress in battery design, leading to less Li per watt hour of specific energy, in other
terms achieving higher energy densities with less Li;

* Progress in Li recycling from end-of-life products.

How may the lithium demand/supply balance evolve in the future, knowing all these
uncertainties?

On the supply side, the 12.2 million tonnes Li in reserves reported in Table 1.4
would suffice for 335 years of production at current (2013) rates, but only up to 2038
if the CAGRs of the different Li uses calculated for the 2003—2013 period prevail for
the time up to 2050 (Figure 1.6).

Li exploration is very active and there are good perspectives for significant further
discoveries and additions to reserves and resources. Exploration would even be further
stimulated if Li prices increase.

From a geological perspective there are still important possibilities of discoveries of
new large Li deposits such as Li brines in salt lakes, for instance, in salt lakes in Central
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Figure 1.6 Tentative demand/supply scenario for the 2013—2020 period, in metric tonnes of lithium
contained, on the basis of a 7.8% CAGR of the demand and of new productions that have been
recently launched (RB Energy’s La Corne pegmatite mine, production started in 2014) or are at the
commissioning stage (Orocobre’s Salar de Olaroz). Three other projects are awaiting financing of
their productive capacities, therefore no date for the effective launch of the production was publicly
available early September 2014 and the reality may differ from this scenario.

Asia and the Middle East (Iran), of hectorite and jadarite deposits. Some clay-rich forma-
tions (shales, argillites) and even bauxites could be possible low-grade, large tonnage
future sources of lithium. Tourtelot and Brenner-Tourtelot”” report Li contents of up
to 55,100 ppm in one sample of Pennsylvanian age flint clay from Missouri and lower
values from similar clays from Pennsylvania (up to 2100 ppm) and Kentucky (up to
890 ppm). In France, Henry et al.”" report up to 858 ppm Li from Aalenian shales of
the Dauphinois facies, in the French Alps and of 165 ppm in an argillite from the Paris
basin. In the case of both the Pennsylvanian age flint clays from the USA and of the
French Dauphinois shales, the presence of cookeite, a Li-bearing chlorite, [(AlLi)
Al>(AlSi3010)(OH)] has been reported. This mineral is an indicator of low-grade
metamorphism and may have concentrated the lithium dispersed in the clay minerals.
This could be of significance for later recovery of Li from such rocks. Furthermore, Li
in shales points at possible Li-enriched volcanic materials having contributed to these
sedimentary sequences.

Lithium has also been reported from some bauxites.”"”’” In small French Alps bauxite
lenses, Li grades from 460 to 1620 ppm have been reported,”” while Wang et al.”' report
up to 2691 ppm Li from the Dazhuyuan bauxite deposit in China’s northern Guizhou
province.

The exploitation of several new Li deposits has been recently launched, or is at the
commissioning stage or awaiting financing to build the production facility and start
producing. Table 1.7 lists the five projects that are either already producing or at the



Table 1.7 2015—2020 Lithium Production Estimate, Accounting for New Recently Started, Starting, or Near Production Sites

Deposit
Company Deposit Country Type Stage 2015 2016 2017 2018 2019 2020
RB Energy | Quebec Canada Pegmatite | In production/ 3760 3760 3760 3760 3760 3760
Lithium Ramp-up phase
LaCorne
Orocobre Salar de Argentina | Salt lake Commissioning - 3290 3290 3290 3290 3290
Olaroz brine
Nemaska Whabouchi | Canada Pegmatite | Financing - - - 5270 5270 5270
Lithium
Galaxy Sal de Vida | Argentina | Salt lake Financing - - - 4700 4700 4700
brine
Lithium Salar de Argentina | Salt lake Financing - - - 3760 3760 3760
Americas Cauchari brine
3760 7050 7050 20,780 20,780 20,780

Potential accrued production
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commissioning stage (two projects) or awaiting the financing necessary to set up the pro-
duction facility and start producing (three projects). All these projects will produce bat-
tery grade lithium carbonate with the exception of Nemaska Lithium’s Whabouchi mine
who would also feed lithium hydroxide production. For the three projects awaiting the
financing needed to build the production facilities and to start the operations, the year
shown for the start of the production is an assumption as there are no company
announced schedule for the production start. Therefore the figures shown in the table
are merely indicative and are a possible scenario, not a forecast. As a significant oversupply
of lithium would arise (Figure 1.6) from this scenario, postponement of some of the pro-
jects awaiting financing may occur. In other terms, there is no risk of a short-term
shortage of Li. However tensions are likely to materialize if the current CAGR of Li
use for battery making persists beyond 2025—2030.

On the demand side, for the coming 10—20 years the demand for lithium is likely
to continue to grow more or less at the rates discussed here, unless there would be a
serious global economic recession. Beyond 2025—2030, other battery chemistries,
such as Na-S, zinc-air, vanadium flow batteries could partly substitute lithium. Solid-
state batteries and fuel cells using no lithium could play a role too, but their industrial-
scale deployment would put a strong pressure on some other rare mineral raw materials
such as 1odine, platinum group metals or silver. Many research teams worldwide are
active in designing the ideal battery of the future, with a very high specific capacity,
able to operate during thousands of charge/discharge cycles, safe to use, cheap to pro-
duce, and, hopefully, easy to recycle at a low cost. The development of nanotechnologies
in battery design is also much likely to enhance performance while using less raw
materials.

The demand/supply balance should not be a cause of concern before 2025—2030.
This leaves time for further research and flanking policy measures to foster economically
competitive recycling of LIBs which, together with Li-efficient battery design, appears as
a necessity to cope with the rapid growth of lithium demand. Active exploration for new
deposits, resource recovery efficiency gains thanks to innovation in lithium deposits
exploitation and processing technologies will also continue to play an important role
in keeping this balance.
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CHAPTER 2

Fundamentals in Electrochemistry
and Hydrometallurgy
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PSL Research University, Chimie ParisTech — CNRS, Institut de Recherche de Chimie Paris, Paris, France;
Reéseau sur le Stockage Electrochimique de I’Energie (RS2E), FR CNRS 3459, France

1. FUNDAMENTALS IN LITHIUM-ION BATTERIES
1.1 Principle and Definition

A battery contains several electrochemical cells that reversibly convert chemical energy
into electrical energy from a spontaneous redox reaction in which electron transfer is
forced to take place through a wire (Figure 2.1).

An electrochemical cell contains four main components: cathode, anode, electrolyte,
and separator. Ions move between the anode and the cathode at which an oxidation re-
action (electrons transfer from the electrode to the electrolyte) and a reduction reaction
(electrons transfer from the electrolyte to the electrode) occur, respectively.

More specifically, a lithium-ion battery (LiB) is a rechargeable battery that contains
several cells in which lithium ions move between the anode and the cathode. The cath-
ode is commonly a lithium metal oxide material, which emits lithium ions to the anode
during charging and receives lithium ions during discharging, whereas the anode, i.e.,
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Figure 2.1 Charge-discharge in rechargeable batteries.
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Figure 2.2 Charge-discharge in lithium-ion batteries.

graphite in most LiBs, receives lithium ions from the cathode during charging and emits

lithium ions during discharging (Figure 2.2).

The electrolyte contains a high-grade lithium salt (LiPF¢, LiBFy, etc.) dissolved in a
dipolar aprotic organic solvent such as a mixture of alkyl carbonates (for instance,
ethylene carbonate and dimethyl carbonate). The separator is a microporous polymer
membrane allowing lithium ions to pass through the pores and prevents short-circuits
between the cathode and the anode. More information about the electrodes, the elec-
trolytes, and the separator used in LiBs will be given in the next chapters.

The electrochemical cell is then an element of the battery, which delivers between 3
and 4 V depending on the lithium-ion technology. These cells are plugged together in
parallel to make a block, which delivers the same voltage but higher capacity than the
electrochemical cells. The blocks can be plugged in series to make a battery, which de-
livers higher voltage (typically, 12 V in the case of LiBs) and the batteries can be plugged
together in series and/or parallel to make a pack of batteries that exhibits higher voltage
and energy than that delivered by the block.

Four quantities are used to define the performance of a battery:

* Specific energy density (by weight or by volume in Wh/kg or Wh/L, respectively),
which represents the amount of energy stored in the battery by unit of mass or
volume.

* Power to weight ratio in W/kg, which represents the electrical energy provided by
one kilogram of battery per second.

* Capacity in ampere-hour (Ah) is the amount of current provided by a battery before
its complete discharge. The capacity is denoted C, or C/n with n the number of
hours for a complete discharge of the battery.

*  Cycling ability, which represents the number of charge—discharge cycles that can be
achieved without any loss of performance (drop of capacity).
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The nature of the electrolyte and the electrodes material has a strong influence on
both energy density and cycling ability as explained below. In particular, it is crucial to
maintain as low as possible the internal resistance in a LiB throughout its life, especially
if the battery is dedicated to applications requiring a high charge rate like it is the case for
electric vehicles.

The electric power P is equal to the product of the voltage by the current delivered by
the battery (P = VI). Therefore, the electric power is all the greater as the voltage is high,
i.e., the battery resistance is low as shown in the following equation:

V = Voo — Ryl 2.1)

where V. denotes the open-circuit voltage (which only depends on the electrodes
material) and Ry, 1s the internal battery resistance.
The internal battery resistance (Ry,) can be expressed as follows:

Ry = Ry + Rin(N) + Ry (P) + R (N) + R(P) (2.2)

where Ry, Ri(P), Rjy(N), R (P), and R (N) denote the electrical resistance, the
interfacial resistance at positive (P) and negative (N) electrodes, and the resistance of
the current collector at positive (P) and negative electrodes (N), respectively.

The electrical resistance depends on the width between the positive and the negative
electrodes (L), the geometric area of the electrodes (A), and the ionic conductivity of the
electrolyte (k):

Ry = L/(kA) (2.3)

Equation (2.3) shows that the electrical resistance can be lowered by decreasing the
width between the electrodes and by increasing the ionic conductivity of the electrolyte
and the geometric area of the electrodes.

Nevertheless, the area of the electrodes should not be too large as the inter-
facial resistance (Rj,) is proportional to A/Ag,, where Ay, denotes the interfacial area
at the electrode/electrolyte interface (which can be assimilated to the specific surface
of the electrode). On the other side, the interfacial resistance can be lowered by
increasing the specific surface of the electrode, i.e., by using porous electrodes with
nanoparticles provided that a good electrical contact occurs between the
nanoparticles.

The resistance of the collector (R.) mainly depends on the conductivity of the ma-
terial used as current collector, the electrodes material, and the geometric surface of
the collector. The latter must be as high as possible and the width of the electrode
must be as thin as possible:

l 1

R. =
¢ Ao, do,

(2.4)
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where [ is the mean free path of an electron through the electrode width, ¢, is the
electrical conductivity of the collector, o, is the electronic conductivity of the
electrode, and d is an empirical parameter.

Then, the internal resistance of a battery can be decreased by optimizing the geometry
of the battery, by using porous electrodes, and by increasing the ionic conductivity of the
electrolyte. Nevertheless, the performances of LiBs do not only depend on the internal
battery resistance. For instance, the longevity and the charge rate of a battery are
governed by the nature of the electrode materials (diffusion coefficient of lithium ions
into the host material, resistance of the material against large volume variation, etc.)
and the electrode/electrolyte interface that results from the reactivity of the electrode
material toward the electrolyte. The optimization of the electrolyte properties, the
investigation of the electrochemical phenomena that takes place at the electrode, and
the electrode/electrolyte interface require fundamental knowledge in solution
chemistry and electrochemistry. These prerequisites are given in the following part of
this chapter and will be useful all along this book.

1.2 Physicochemistry

1.2.1 Viscosity

The viscosity of a fluid is a measure of its resistance to a gradual deformation by shear
stress or tensile stress. The Poiseuille’s law defines the relationship in absence of turbu-
lence between the resistance and the viscosity for uniform fluids, i.e., Newtonian fluids.
In the case of a laminar flow into a cylinder, the velocity of flow varies from zero at the
walls to a maximum along the centerline of the cylinder. If the fluid is split into thin layers
that slide smoothly over each over, the resistance to the flow between the surfaces of the
layers represents the viscosity. Therefore, it is obvious that the bigger the molecules or the
stronger the intermolecular interactions are, the higher the viscosity is.

Intermolecular interactions are generally referred to van der Waals interactions
(dipole—dipole interactions, hydrogen bonding, London dispersion forces). These
attractions are not as strong as the intramolecular attractions that hold atoms together
in compounds but they are strong enough to control physical properties such as viscosity,
boiling point, vapor pressure, etc. The addition of salt in a liquid is responsible for an in-
crease or a decrease of its viscosity due to structuration or destructuration of the liquid
organization depending on the nature of the salt.

The variation of the viscosity versus the salt concentration follows the Jones—Dole
equation':

n, = n/My = 1+ AC'? +BC + DC? (2.5)
r 0

In this equation, M and m, are the viscosities of the solution and the pure solvent,

respectively and A, B, and D are coefficients. This first term, in C'?, on the right-hand
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side of Eqn (2.5), is linked to the interaction of a reference ion with its ionic environment
and may be calculated by using the Falkenhagen theory but, usually, this term is vanished in
organic solvents when the salt concentration is above C = 0.05 M.

The BC term is predominant at C > 0.05 M and has been attributed to ion—solvent
interactions as well as to volume effects. These interactions can induce an increase of the
viscosity due to the solvation of the ions or the effect of the electric field generated by the
ions on the solvent molecules. These interactions can be also responsible for a decrease of
the viscosity of structured media such as water or alcohols due to the destructuration of
the solvent in the presence of big ions such as K or Cs*. In the case of the electrolytes for
LiBs, the ion—solvent interactions are always responsible for an increase of the viscosity
and the value of B is then always positive.

The third term in C?, appears at the highest concentrations in salt (0.5—2 M or more),
1.e., when the mean interionic distance decreases and becomes of the order of magnitude
of a few solvent molecules diameters. It is mainly related to ion—ion and/or ion—solvent
interactions as it does not appear in the case of weak electrolytes. The values of D are
always positive in LiBs electrolytes. The wvalidity of Eqn (2.5) was confirmed in
y-butyrolactone, oxazolidinone, dimethyl carbonate, and propylene carbonate in the
presence of lithium salts.” "

Usually, the electrolytes for the LiBs are mixtures of two or three solvents
(ethylene carbonate-dimethylcarbonate or propylene carbonate-ethylene carbonate-
dimethylcarbonate) and lithium salts. The physicochemical properties of the mixtures
of dipolar aprotic solvents cannot be described by regular laws due to the deviation
from nonideality and it is necessary to define excess thermodynamic functions.’

The variation of the viscosity as a function of the temperature was developed by
Eyring in his theory, which considers the viscosity as an activated process:

n = hN,/V,, exp(— AS™/R)-exp(AH” /RT) (2.6)

where h is the Planck’s constant, V,, the molar volume of solvent, AS™ the activation
entropy, and AH” the activation enthalpy, generally identified to the activation
energy of the viscous flow E, ;.

Nonassociated solvents and nonglass-forming ionic and molecular liquids, usually
verify this equation. A linear relation between the activation energy for the viscous
flow E, y; and the salt concentration C has been proposed”:

E,n = E) + VinESC 2.7)

where EO am and ESQ% are respectively, the energy of activation for the pure solvent and the
contribution of the salt (per mole of the solute) to the activation energy for the transport
process.
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1.2.2 lonic Conductivity

Mass transport in liquids occurs by convection due to mechanical stirring or thermal
agitation, diffusion in the presence of a chemical potential gradient, and migration in
the presence of an electrochemical potential gradient (for ionic species). An electric cur-
rent is defined by positive charges flux between two equipotential surfaces V4 and Vp:

Va— Vg = Rla_p (2.8)

where V and Vp are the potentials of metal conductors A and B, respectively, R is the
resistance and I — g the current from A to B.
Likewise, a relationship for ionic conductors is defined for each ionic species:

Ji = giE 2.9)

where E is the electric field and g; = 4;C; is the ionic conductivity (Q*1 /m or S/m) with
i (S/mol ecm?) the molar ionic conductivity and Cj the molarity of i.

In the case of an electrolyte with several ionic species such as C, A,_ =
v, C"" U AT

J = —0E witho = oy +0_ (2.10)

The molar conductivity of the electrolyte is defined as the ratio between the conduc-

tivity and the concentration:
g o4 + 0j V04 V_0_
A = = = + = U+A+ + U,A, (211)
" Caale Caale Cy C-

More generally, A,, = > vk
The molar conductivity of an electrolyte varies with the concentration and reaches a

limiting value A% => vi/\io called limiting molar conductivity when the concentration
in solution tends to zero. At infinite dilution, the ion—ion interaction can be neglected
and the ionic molar conductivity also reaches a limiting value )L? called limiting molar
ionic conductivity.

The Debye—Huckel—Onsager theory can be used to calculate quantitatively the
dependence of the molar ionic conductivity (A = k/C with k the specific conductivity)
on concentration.” For a completely dissociated 1:1 electrolyte:

A = A —«C!/? 2.12)

where C is the electrolyte concentration and K is a constant, which can be calculated by
using the Debye—Huckel theory.

Nevertheless, this relationship can only be used in very diluted electrolytic solutions
(C < 0.001 M) due to the limitation of the Debye—Huckel theory for the evaluation
of the nonideality behaviors in electrolytes. The Debye—Huckel theory was modified
by adding empirical terms for the calculation of the activity coefficients at higher
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concentration or other theories were developed such as the specific interaction theory or
the Pitzer theory but too few data are available in the literature concerning lithium salts
dissolved in the dipolar aprotic solvents used in LiBs.

Another approach was provided by the pseudolattice theory adapted for the conductiv-
ity. This theory assumes that, the ions are placed in the nodes of a pseudolattice, (Figure 2.3)
and that even at moderate to high concentrations, the classical Debye—Huckel random
picture of ionic solutions can be preserved if Debye’s length is replaced by the average dis-
tance between ions of opposite charge. The conductance of electrolyte solutions thus fol-
lows a linear C'”? law instead of the Debye—Hiickel—Onsager C'’? one, reflecting the
underlying pseudolattice structure. This model was tested successfully by Chagnes
et al.” " in electrolytic solutions containing a lithium salt dissolved in a dipolar aprotic
solvent such as LiPFg, LiAsFg, LiBFy4, LiClOy4, or LiTFSI (lithium bis(trifluoromethan-
esulfonyl)imide) dissolved in <y—butyrolactone, carbonate propylene, or 3-methyl-
2-oxazolidinone. When the concentration in salt is raised, the number of charge carriers
increases but, at the same time, the viscosity increases and the competition between the
increase in number of charges and the decrease of their mobilities lead to a maximum in
the conductivity-concentration curve.”

Conductance also depends strongly on the temperature as described by the Eyring
theory that leads to the following relationship:

A = Aexp(E,o)/RT (2.13)

where E, A, A, R, and T represent the activation energy for the conductivity, a constant,
the ideal gas constant, and T the absolute temperature, respectively.
Chagnes et al. used the quasilattice theory to write a new relationship between the
activation energy for the conductivity (E, ) and the salt concentration”:
4/3 o
N e MVin /3

40, 21/3 * Eia (214

Eia = ES,A +

v

solvant

CFC

Figure 2.3 Representation of the pseudolattice.

47



48

Lithium Process Chemistry

where Eg A 18 the activation energy for the conductivity at infinitesimal dilution and is close
to the activation energy for the viscosity of the pure solvent and E;q is the ion-dipole energy.
M is a Madelung-like constant (the value M = 1.74, corresponding to fcc lattice, is often
used), N, the Avogadro number, e = 1.6 X 107" C, &, the static dielectric constant of
the solvent, gy = 8.82 X 107 2SI, and Z is the number of ions in a unit cell of the
anion or cation sublattice (Z=4 in a fcc lattice). In Eqn (2.14), only ion—ion
interactions were hitherto taken into account. The experimental E, o values follow
effectively a C*? dependency on the salt concentration (Ean = Eg ATtD ct 3), but the
slope value (b) has been found to differ significantly from the calculated values. This has
been attributed to the fact that the interaction energy between ions and solvent dipoles
has been neglected as confirmed by a mathematical algorithm that permits to calculate the
value of Ej4 in the quasilattice framework. By accounting the ion—dipole interaction, the
quasilattice model successfully describes the variation of the activation energy for the
conductivity versus the salt concentration.”

Later, Varela et al.'"""

used a statistical mechanical framework based on the quasi-
lattice theory to model satisfactorily experimental values of ionic conductivity versus
salt concentration in conventional aqueous electrolytes. In this approach, the ion distri-
bution is treated in a mean-field Bragg—Williams-like fashion, and the ionic motion is
assumed to take place through hops between cells of two different types separated by
nonrandom-energy barriers of different heights depending on the cell type. Assuming
noncorrelated ion transport, this model permits to observe the maximum of conductiv-
ity of K = f(C). This model could be likely extended to the electrolytes used in LiBs and
provide another theoretical background that confirms the validity of the quasilattice
theory.

1.2.3 Thermodynamics of Surfaces and Interfaces

In high surface systems where surface effects may be quite significant, the thermodynamic
laws must take into account the surface tension, which appears due to the fact that the
molecules at the surface do not have other like molecules on all sides of them and conse-
quently cohere more strongly to those directly associated with them on the surface. In
such systems, the Gibbs energy (G) is defined as:

dG = —SdT + VdP + Y _ pydn; + ydA (2.15)

where S, V, P, A, W;, nj, and ¥ denote the entropy, the volume, the pressure, the surface
area, the chemical potential of the species 1, the number of mole of i in the system, and
the surface tension, respectively.

The surface tension of a liquid () is a relevant parameter to investigate the behavior of
liquids onto solids surface. Surface tension can be defined as (1) the force (F) per unit length



Fundamentals in Electrochemistry and Hydrometallurgy

Figure 2.4 Drop of liquid deposited on a solid substrate.

(I) on the surface that opposes the extension of the surface area (Eqn (2.16), v in N/m), and
(2) the surface energy, i.e., the work (W) to increase the area of an interface by a tiny
amount dA (Eqn (2.17), v in J/m?):

Y = F/(2) (2.16)
y = dW/dA (2.17)

The other relevant parameter to investigate the solid/liquid interface is the contact
angle, which gives some information about the wettability of a liquid on a solid, 1.e.,
how a liquid deposited on a solid substrate spreads out (Figure 2.4). The contact angle
() is defined as follows:

The contact angle can be deduced from the Young’s equation:
Ys = Y16Cos(8) + vsp + Tee (2.18)

where 7T, = Ys—7Ysc. Thus, the reduction in the value of the ideal surface free energy of a
solid (ys) due to the adsorption of liquid vapor onto the solid surface can be measured as a
function of ..

However, for low energy, homogeneous, smooth surfaces, the approximation that
the term T, is not significant is a reasonable one. On a low energy surface T, is usually
negligible if the contact angle is larger than 10°. Therefore, the designations “yrg” and
“vsG” instead of the simpler vy and vyg are superfluous and misleading and thus are best
avoided. In the light of above statements, Young’s equation can then be rewritten in a
simpler form as:

Cos() = 18— ¥st (2.19)

Yo
where vs, Ysi, and v represent the free surface energy of the solid (also called surface
tension of solids), the solid—liquid interfacial energy (also called solid—liquid interfacial
tension), and the liquid—gas interfacial energy (also called surface tension of liquids),
respectively.
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The liquids can be divided into the following categories as a function of the contact
angle value (0):

* If0 =0, total wetting occurs and the liquid spreads completely in order to lower its
surface energy. Condition favorable is a high value of yg (high energy surfaces like
glass, clean silicon) and a lower value of vy (ethanol, toluene).

* If0 < 0 < 180, the liquid does not spread but, instead, forms at equilibrium a spher-
ical cap resting on the substrate with a contact angle 6. A liquid is said to be “mostly
wetting” when 8 < 90°, and “mostly nonwetting” when 8 > 90°.

* If 6 > 180°, nonwetting of the liquid on the solid occurs.

It is obvious that the electrolytes used in LiBs must wet perfectly the separators and
the electrodes, especially when the temperature decreases. The determination of the
surface tension of electrolytes (yp) and the surface free energy of separators and
electrodes bring useful information about the phenomena responsible for good or bad
wettability of the electrolytes on separators and electrodes.

The method of the surface-energy components allows calculating indirectly the free
surface energy. '~

In this method, the total free surface energy ys is obtained as a sum of its dispersive
(Yg) and polar (YY) components:

Ys = Yo+ 78 (2.20)

YL =Y+ 2:21)

YL(1 + cos(8)) = 2[\/Y§Yﬁ+ \/YEYE] (2.22)

The superscripts d and p are related to the dispersive and polar components of the sur-
face free energy, respectively. To use Eqn (2.22), the dispersive and polar components of
the surface 'yg and y§ must be known. For that, a set of two liquids, one dispersive liquid
(Y2 = 0), and one polar liquid (Y§ = 0), is employed and the interfacial free energy be-
tween the solid and liquid (ysp) phases is calculated by using the Young’s Eqn (2.19). For
instance, values of yg, Y% and y‘si for Celgard® 2325 have been recently determined by
Lemordant et al.'” with the method of the surface-energy components. Diodomethane
(D) was used as nonpolar liquid and formamide (F) as polar liquid. Contact angle measure-
ments showed that diodomethane and formamide on Celgard® 2325 give a contact angle
equal to Op = 52.2° and O = 81.4°, respectively. By using Eqn (2.22) with Yy} = 0 for
diodomethane and y; = ycLi = 50.8 mJ/m?, we can deduce that the dispersive compo-
nent of the free surface energy of Celgard® 2325, vd = 33 mJ/m?. Likewise, it is possible
to calculate the polar component of ys by using the following surface tension data reported
in the literature: and Eqns (2.21) and (2.22): yp = 58 mJ/m’, yf = 39 mJ/m?, and
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y!' = 19 mJ/m?. Thus, the dispersive component of the free surface energy of Celgard®
2325, v¢ = 0.3 mJ/m?. Therefore, the total free surface energy of Celgard is equal to
¥s = 33.3 mJ/m” according to Eqn (2.20).

1.3 Electrochemistry

1.3.1 Voltammetry

The most common type of electrochemical techniques for characterizing materials used
in LiBs is voltammetry (cyclic and linear sweep voltammetry).

1.3.1.1 Cyclic Voltammetry
Cyclic voltammetry consists of cycling the potential of an electrode, which is immersed
in an unstirred solution, and measuring the resulting current. The potential of this work-
ing electrode (for instance graphite or LiCoO; electrodes in the field of LiBs) is
controlled versus a reference electrode, which is commonly lithium metal in LiB
investigations. A counter current electrode made of lithium metal is usually used as well.

This technique consists of a linear sweep which is then reversed in direction, so that the
products of the forward sweep react in the reverse sweep. Anodic peak potentials (Ep,) and
anodic peak currents (ip,) for the negative to positive sweep correspond to analyte oxida-
tion, whereas cathodic peak potentials (E,) and cathodic peak currents (i) for the positive
to negative sweep are associated to analyte reduction. Figure 2.5 shows a typical cyclic
voltammogram for a fast, thermodynamically reversible, reaction:

The potential is changed at constant rate while the current is measured. The rate at
which the potential changes is called the scan rate (u). Currents are graphed on the

Red > Ox + ne-

Current

Ox + ne- > Red

Voltage
Figure 2.5 Typical cyclic voltammogram.
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y-axis with currents due to reduction assigned negative values and currents due to oxida-
tion appear as positive values.

The sweep is begun at a potential where no reaction occurs. If this potential is not
known, the scan could be started at the negative end of the potential window for an
oxidation or the positive end of the window for a reduction. Initially, there will be a
slight increase in current due to background and/or capacitive current (related to the
double-layer organization). As the potential approaches a value where the half-
reaction of the analyte begins to occur, the current will substantially increase. It will
continue to increase until all the analyte at the surface of the electrode has reacted. Since
analyte must now diffuse to electrode to react, the surface concentration and therefore
the current, decreases somewhat. When the analyte has been depleted from the volume
around the electrode, the concentration of reacting analyte will depend solely on diffu-
sion and the current will reach a constant value.

Figure 2.6 shows a typical cyclic voltammogram of graphite electrode in 50:50
ethylene carbonate:diglyme mixture in the presence of 1 mol/L lithium perchlorate
(LiClOy).

The sweeping rate is sufficiently low (0.1 mV/s) to observe lithium intercalation in
graphite. During the first cycle, a large cathodic peak is observed between 0.9 and

E/Vvs. Li

1.0—1.2 1.4

Figure 2.6 Electrochemical intercalation of Li in a composite graphite electrode. Scan speed: 0.1 mV/s.
First (1), second (2), and third (3) cycles. (Reproduced with permission from J Power Sources (Ref. 35).)
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0.2 V versus Li*/Li. This peak corresponds to the formation of a passivative layer onto
graphite due to electrolyte reduction. This broad peak is followed by Li intercalation
stages in the layered structure of the graphite between 0.5 and 0.02 V and Li deinterca-
lation on the reverse sweep. Such a voltammogram shows that lithium insertion-
deinsertion into and from graphite can successfully occur thanks to the formation of a
good and stable passivative layer onto graphite electrodes.

1.3.1.2 Linear Sweep Voltammetry at a Rotating Disk Electrode
or Hydrodynamic Voltammetry

In linear sweep voltammetry, the solution is stirred by rotating the working electrode at
a constant rate. The voltammogram is basically the same as with unstirred solutions (see
above). There is a constant background current until the sweep reaches a potential
where the reduction (or oxidation) begins to occur. The current sharply increases until
the reaction reaches a maximum rate. Unlike the quiescent solution, however, the
solution around the electrode is constantly being replenished by the stirring of the so-
lution so the current does not decrease and reach a maximum called limiting current
(Figure 2.7).

Linear sweep voltammetry is used in the field of LiBs to determine the
electrochemical window stability of the electrolytes. Two typical linear sweep
voltammograms at graphite and LiCoO; electrodes are displayed in Figure 2.8.

Figure 2.8(a) shows the linear sweep voltammetry of ethyl propyl carbonate mixed
with ethylene carbonate in the presence of LiPFg at graphite electrode. The first peak,
near 0.8 V (vs Li*/Li), corresponds to the formation of the passive layer on the graphite

Current

Limiting current

Ox + ne- > Red

Voltage
Figure 2.7 Typical linear sweep voltamperogram.
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Figure 2.8 Linear sweep voltammetry of ethyl propyl carbonate mixed with ethylene carbonate in the
presence of LiPF6 (1 M) at (a) a graphite electrode (50 uV/s) and (b) a LiCoO, composite electrode
(10 nV/s). (Reproduced with permission from J Power Sources (Ref. 35).)
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electrode. The following reduction peaks are attributed to lithium intercalation into the
graphite, according to the following reaction:

xLit + Cg + xe~ — LiCg (2.23)

The electrochemical behavior at a LiCO; electrode in the same electrolyte is re-
ported in Figure 2.8(b). Three successive oxidation peaks are observed on the voltam-
mogram. The first peak is associated to the deintercalation of the Liions according to:

LiCoOs— Lij_xCoOs + xLi™ + xe~ (2.24)

The two following peaks, between 4.2 and 4.8 V are attributed to phase transition
occurring in the electrode material. Solvent oxidation on the LiCoO; electrode occurs
at 5.1 V.

Therefore, voltammograms give useful information about the electrochemical
mechanisms that take place at the electrode like passivative layer formation at graphite
electrodes or lithium insertion-deinsertion into and from host materials as well as the
oxidation potential (or more generally the electrochemical window) of electrolytes
onto electrode surfaces. The Faraday’s law can also be used to determine the revers-
ibility of an electrochemical reaction (for instance, lithium insertion-deinsertion during
charge—discharge cycles) by calculating the area under the anodic and cathodic peaks
versus cycle number.

1.3.2 Galvanostatic Cycling

Characterization of Li-ion cells and batteries usually involves galvanostatic charge and
discharge versus cycles. During galvanostatic cycling of batteries, the charge and discharge
current are often expressed as a C-rate, calculated from the battery capacity. The C-rate is
ameasure of the rate at which a battery is charged or discharged relatively to its maximum
capacity. For instance, a C-rate of 1 C means that the necessary current is applied to
completely charge or discharge the battery or the investigated material in 1 h. Likewise,
0.1 C or C/10 means that charge and discharge last 10 h.

Figure 2.9 presents the first cycle (potential versus capacity) of graphite electrode at
C/20 (charge and discharge in 20 h) between 2V and 10 mV versus Li*/Li and
LiCoO; electrodes at C/50 (charge and discharge in 50 h) between 3 and 4.2 V versus
Li*/Li in ethyl propyl carbonate mixed with ethylene carbonate in the presence of
LiPFg.

These curves were plotted by measuring the voltage versus time at constant current
(galvanostatic mode) in half-cell containing graphite or LiCoO, as working electrode and
lithium metal as pseudoreference electrode (the time was converted into capacity by us-
ing the Faraday’s, law). A Celgard separator soaked with electrolyte was placed between
the working electrode (graphite or LiCoO5) and the pseudoreference electrode (lithium
metal). A negative current and a positive current are conventionally applied successively
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Figure 2.9 Galvanostatic cycling at (a) a graphite electrode (C/20) and (b) a LiCoO, composite elec-
trode (C/50) for the first intercalation—deintercalation cycle in ethyl propyl carbonate mixed with
ethylene carbonate in the presence of LiPFs (1 M). (Reproduced with permission from J Power
Sources (Ref. 35).)

to insert lithium into the host material and to deinsert lithium from the host material,
respectively.

Therefore, in Figure 2.9(a), lithium is first inserted into graphite by applying a nega-
tive current until the cell voltage reaches 10 mV (region 2 in Figure 2.9(a)), i.e., the
voltage after which the last lithium insertion stage has occurred as shown in Figure 2.10.
A positive current is then applied until the cell voltage rises up to 2 V (region 3) in order
to deinsert totally and reversibly lithium from graphite. Likewise, in Figure 2.9(b), a pos-
itive current is applied to deinsert lithium from LiCoQO; until the cell voltage reaches
4.2 V. Above 4.2 V, a negative current is applied until 3 V in order to reinsert lithium
into LiCoO, (Figure 2.9(b)).

The current applied to charge and discharge electrode materials depends on the
choice of the C-rate and the capacity of the electrode. For instance, the current required
to cycle graphite at C/20 can be calculated as below.

The theoretical capacity of graphite is calculated by using the Faraday’s law as well as
the lithium insertion-deinsertion reaction reported in Eqn (2.23). The number of mole of
electrons required for inserting lithium into 1 g of graphite is:

n.. = nc/6 = 1/(6M.) = 1/(6 x 12) = 0.014 mol

where n, is the number of mole of carbon in 1 g of graphite electrode and M, is the
atomic weight of carbon in g/mol.
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Figure 2.10 Lithium insertion stages in graphite.

The number of mole of electrons can be converted in A.s by using the following
definitions:

1 mole of electrons =1 Faraday = 96,485 coulombs, 1 coulomb (C)=1As
(Q = It, Faraday’s law) and 1 A.h = 3600 C.

Therefore, the theoretical capacity of 1 g of graphite is equal to 96,485 x 0.014/
3600 = 0.372 A.h/g or 372 mAh/g.

Unfortunately, the real graphite capacity is slightly lower than the theoretical one
because all the grapheme layers are not available for lithium insertion. For instance,
the Saft graphite electrodes have a capacity of 280 mAh/g.

In order to cycle such a graphite electrode at C/20, the current applied to the half-cell
(graphite as working electrode and lithium as pseudoreference) can be calculated by using
the Faraday’s law:

C = It/m (2.25)

where C, I, t, and m denote the electrode capacity, the current to apply, the time of
charge of discharge, and the weight of the electrode.
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Therefore, for a negative electrode on which 14 mg of graphite is deposited onto the
copper current collector, the current value required to perform charge-discharge at C/20
is equal to:

I = Cm/t = 280 x (14/1000)/20 = 0.196 mA

Thus, —196 pA should be applied until the cell voltage reaches 10 mV to insert
lithium into graphite and 4196 pA should be applied until the cell voltage reaches
2V to deinsert lithium from graphite.

Such a procedure was used to plot the curves reported in Figure 2.9. In Figure 2.9(a),
region (1) corresponds to the formation of the passivative layer onto the graphite surface
due to the electrolyte reduction as observed by voltamperometry in Figure 2.9(a).
Region (2) shows the presence of plateaus, which are attributed to lithium insertion
into grapheme layers as illustrated in Figure 2.10. The same plateaus corresponding to
reversible lithium deinsertion are observed in region (3) during the discharge.

The curves reported in Figure 2.9 allow calculating the reversible capacity and the
irreversible capacity, which traduce the amount of electricity stored in 1 g of material
and the amount of electricity per gram of material used to achieve other side reactions
such as the formation of the passivative layer. Actually, the reversible capacity is consid-
ered as the amount of electricity needed to deinsert the totality of lithium ions previously
inserted (Figure 2.9(a)).

The irreversible capacity can be calculated from the total capacity and the reversible
capacity (Figure 2.9(a) and (b)):

Cirrev - Ctotal - Crev (226)

In Figure 2.9(a), the reversible capacity is 275 mAh/g while the irreversible capacity loss
reached 64 mAh/g. On the other side, for LiCoO,, Figure 2.9(b) permits to deduce that
the reversible capacity is equal to 146 mAh/g and the irreversible capacity is 3 mAh/g. It is
possible to have a good idea of the cycling ability of a material in an electrolyte by plotting
the variation of reversible capacity and the irreversible capacity as a function of the number
of cycles. The fading, which must be as low as possible, can be then deduced by calculating
the loss of capacity per cycle.

2. FUNDAMENTALS IN HYDROMETALLURGY

Two routes are usually implemented to recover valuable metals from ores or spent ma-
terials at the industrial scale: pyrometallurgy and hydrometallurgy. In recent past, the
metallurgical industry has been searching for hydrometallurgical processes as an alterna-
tive to pyrometallurgical treatments due to some inherent advantages associated with hy-
drometallurgical processing, such as the possibility of treating low-grade resources, easier
control of wastes, and lower energy consumption. Both pyrometallurgical and
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hydrometallurgical processes for lithium production and recycling LiBs are introduced
in Chapter 7. The present chapter is only devoted to bring fundamental skills in
hydrometallurgy since hydrometallurgical processes will likely be more and more
implemented in LiBs recycling.

Hydrometallurgical processes are based on physical separation, leaching, purification,
precipitation, and in some cases electrowinning. For instance, hydrometallurgical routes
for recycling LiBs may consist in (1) dismantling the batteries after a deep discharge of the
cathode to avoid violent reaction of the charged cathode with air, (2) removing the
electrolyte and the salt by vacuum distillation, (3) dissolving the binder at 60 °C with
adequate reactive (dimethylacetamide, N-methylpyrolidinone or acetone) to separate the
copper and aluminum collectors from the electrode materials, (4) grinding the electrode
materials, (5) implementing physical separation processes, (6) leaching, (7) purifying the
leaching solution to recover valuable metals, and (8) producing the final product by pre-
cipitation, crystallization, or electrowinning.'* The different flow sheets that use these
stages will be described in Chapter 7. The efficiency of the comminution step (physical sep-
aration after grinding) depends strongly on the technology. Conversely, leaching efficiency
does not depend only on the technology, but on the nature of the reactives and the oper-
ating conditions (temperature, solid/liquid ratio) as well. On the other side, the purification
stage is very complex since the challenge is to recover valuable metals at low level of con-
centration from a highly concentrated acidic aqueous solution containing many metals. It
means that the purification process must be robust, efficient, and very selective. Purification
can be performed by solvent extraction, resin ion exchange, and precipitation. This chapter
will focus on the fundamental aspects in solvent extraction for hydrometallurgical processes
(applied to primary and secondary resources), since this technology is mature and permits to
achieve high extraction efficiency at low operating costs.

Generally, the hydrometallurgical solvent extraction processes can be decomposed
into the following steps (Figure 2.11):

A leaching step extracts the metal from ore (primary resources) or spent material (sec-
ondary resources), producing the leachate solution (generally known as the pregnant
leach solution (PLS)). This solution feeds the liquid—liquid extraction stage where the
metal is extracted into the organic phase. The loaded extraction solvent is fed into the
stripping step where the metal is backextracted by a stripping solution. In certain cases,
other valuable metals and/or impurities can be coextracted and scrubbed and/or selective
stripping may be necessary to separate the metals from the impurities and/or one valuable
metal from the others. In all cases, the resulting solutions are sent to the metal recuper-
ation step, which could be an electrowinning operation or another operation such as
crystallization or precipitation.

The solvent extraction and stripping steps are frequently carried out at the industrial
scale with mixer-settlers. As the name suggests, this equipment includes a mixer to
disperse one phase into the other to provide interfacial contact for mass transfer, followed
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Figure 2.11 General flow sheet of the liquid—liquid extraction stage.

by a settler to allow the phases to coalesce and separate. Although solvent extraction
seems to be easy to implement in hydrometallurgical processes, its implementation can
be difficult and costly, for instance when the extraction solvent is not adequate and/or
when the solvent extraction process is not optimized. During the operation of a plant,
the evolution of the composition of the ores or the deformulation of the extraction sol-
vent due to chemical degradation, cruds formation, or solubility losses can lead to a dra-
matic drop of the performance of the process and the quality of the product as well.
Therefore, it is of great interest to improve the chemistry of the process as well as to opti-
mize its operation. The next part of this chapter will bring to the readers the skills
required to understand the physicochemistry involved in solvent extraction and the
main parameters to optimize the formulation of an extraction solvent.

2.1 Thermodynamics of Solvent Extraction

2.1.1 Definition

The physicochemistry and thermodynamics involved in liquid—liquid extraction systems
are very complex due to the presence of two phases and an interface, which plays an
important role as the interfacial reactions and the interfacial absorption govern the
kinetics of extraction (Figure 2.12).
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Figure 2.12 Main reactions involved in the liquid—liquid extractions of metals.

In the aqueous phase, many reactions occur such as complexation, hydrolysis, redox,
precipitation, acidic dissociation. The high concentration in typical aqueous solutions
resulting from hydrometallurgical processes and the diversity of the metals present in so-
lution increase dramatically the difficulties to describe such media. The speciation in the
organic phase is quite complicated as well since reactions involved in liquid—liquid
extraction lead to the formation of chelates, solvates, mixed complexes, ion-pairs, dimers,
trimers, and supramolecular structures such as reverse micelles.”

Liquid—liquid extraction is based on the difference of solubility of a solute be-
tween two nonmiscible media. At the equilibrium, the chemical potentials of the so-
lute in the aqueous and organic phases are equal and the following ratio can then be

written:
Saq_)sorg
(o) [1u96a) ~ nPor)] _ o -
as(aq) RT DS '
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where S, ag, ug), R, and T denote the solute, the activity of the solute, the standard
chemical potential of the solute S, the gas constant (R = 8.31 J/K mol), and T the
temperature (in kelvin). “org” and “aq” mean that the solute is in organic and
aqueous phases, respectively.

The thermodynamic distribution constant (K]Ols) can be rewritten as a function of the
activity coefficients of the solute S:

o vslorg) Cs(org) _ vs(org)
b Ys(aq) Cs(aq) Ys(aq)

where yg(org) and ys(aq) represents the activity coefficient of S in the organic and

Kp.s (2.28)

aqueous phases, respectively, and Kpg is the apparent distribution constant of the
solute between the aqueous and organic phase:

Cg(or
Kps — s(org)
Cs(aq)

where Cg(org) and Cg(aq) denote the solute concentration in the organic and aqueous

(2.29)

phases, respectively.

The distribution constant is valid only for a single species since this function is defined
from the chemical potentials of a single species. In hydrometallurgy, it is more usual to
use the distribution ratio (or distribution coefficient) to describe the physicochemistry
involved at the liquid—liquid interface. The distribution ratio derived from the distribu-
tion constant is defined as follows:

b — Csalorg)
CS,t(“l)

Where Cg (org) and Cs((aq) represent the total concentration of the solute in

(2.30)

the organic and aqueous phases, respectively, i.e., the sum of the concentrations of
the solute S in various differently complexed forms in the given phase (the subscript
t indicates total).

The distribution ratio is particularly important in solvent extraction as it quantifies
the ability of an extraction solvent to extract a solute from the aqueous phase into
the organic phase simply by contacting both phases. The extraction efficiency of S
(%Eg) can be calculated from the distribution coefficient by using the following
relation:

Dgv
%Es = 100 ———— (2.31)
14+ Ds\/
where v represents the phase volume ratio v = (volume of the organic phase)/(volume of
the aqueous phase).
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The selectivity of an extraction solvent to extract one solute (S;) from another one (S)
is also a very important criterion to investigate the extraction properties of a molecule. It is
evaluated by calculating the selectivity coefficient, which is defined as:

Ssi/s2 = Ds1/Ds2 (2.32)

where Dg and Dg; are the distribution ratio of Sy and S, between an aqueous phase and
an organic phase under the same operating conditions, respectively.

2.1.2 Thermodynamics of Solvent Extraction

Extraction of metals from aqueous phase by solvent extraction can take place at the
liquid—liquid interface by means of three types of mechanisms involving three types
of extractants:

2.1.2.1 Acidic Extractants or Cationic Exchangers
Acidic extractants operate by the cation exchange of hydrogen ions for the selected cat-
ions. A general equation for the reaction of an acidic extractant with a metal follows:

M 4+ nHL = ML, + nH™ (2.33)

This reaction can also be written by using the dimeric form of HL instead of its mono-
meric form:

Mot gm = ML, + nH" (2.34)
where M"" is the metal ion of interest, HL is the acidic extractant molecule, and the bar
over the top denotes organic phase species. Here m provides the number of protons
exchanged between phases and the stoichiometry of the extracted molecule.

In the case of cationic exchange reactions, HL can also act as a solvate when the
extractant is present in excess:

n-+m

M 4 — (HL), = ML,(HL), +nH" (2.35)

For instance, in this case, the geometry of ML, (HL), is as follows (formation of an
8-membered pseudochelate):
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For a thermodynamic point of view, the extraction equilibrium reported in
Eqn (2.35) leads to the following expression of the thermodynamic extraction constant
where a; denotes the activity of the species i:

0 (aHJr)naM_Ln
Ky = V35— (2.36)
(aﬁ) 3M+
and the apparent extraction constant:
Hr]" [MLH]
Koy = —5—— (2.37)

LT

Kex 15 a constant when the temperature, the pressure, and the ionic strength remain
constants (activity coefficient = constant).

For instance, cobalt(Il) and nickel(II) can be extracted by Cyanex 272 from acidic sul-
fate media by means of reactions (2.33) or (2.34) depending on the concentration ratio of
Cyanex 272 over metals concentration. The following extraction reaction occurs during
the extraction of 0.043 M cobalt(Il) from chloride-sulfate aqueous solution (1 < pH < 4)
by 0.1 M Cyanex 272'°:

Co®* + (HL), = ColL, 4 2H" (2.38)

HL represents Cyanex 272, which forms dimers in low dielectric constant media such
as kerosene.

2

The following apparent extraction constant is deduced from Eqn (2.38):
1] [Gors
© [(HL),][Co?]

Speciation calculations show that cobalt(Il) in chloride-sulfate acidic media (1 < pH < 4)
is present mainly as Co” ", CoSOy4 and as CoCI" to a minor extent. Therefore, the previous
equation can be rewritten by taking into account the following formation constants:

~ [CoCI"]
M= feolor]
Bso, = [CoSOy4]

[Co] [soﬂ
and the mass-balance equation:
[Coli = [Co*"] 4 [CoCI'] 4 [CoSO4]

= [Co*] (1 + Ba[Cl™] + Bso, [SOZ])
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Thus, the following new expression of the apparent extraction constant can be

deduced:

K = @ (1+ Ba[ClI7] + Bso, [SOT7]) (2.39)
=~ [(HL),] [Col e

By using the definition of the distribution ratio Eqn (2.30), Eqn (2.39) can be
rewritten as follows:

Log(Dco) = Log(K.,) + Log([(HL),]) + 2pH — Log(1 + B [CI™]
+ Bso, [SOi7]) (2.40)

where D¢, represents the cobalt(Il) distribution ratio between the aqueous and organic

(Dc0 = [CO—Lz} / [Co]mm)

Equation (2.40) can be rewritten as a function of the cobalt extraction

phases

efficiency (pco):

Log(1 EC;C ) = Log(K.,) + 2 Log([HL]) 4 Log(v) — Log(1 4 B¢ [C1™]

+ Bso, [SO77]) + 2pH (2.41)

Therefore, if the plot Log[pco/(1-pco)] versus pH (the logarithm here is a decimal
logarithm) has a slope equal to 2, Eqn (2.38) is valid and Cyanex 272 extracts Co>", while
a slope equal to unity means that Cyanex 272 extracts CoCl™. If the slope is comprised
between 1 and 2, cobalt is extracted as both CoCl™ and Co”*. Figure 2.13 confirms that
cobalt(Il) is extracted as Co” " according to Eqn (2.38) as the slope of Log[pco/(1-pco)]
versus pH is equal to 2.

Figure 2.14 shows the variation of the extraction efficiency of cobalt (II) and nickel(II)
from chloride-sulfate acidic media by Cyanex 272 and the fit calculated by using the
following equation deduced from Eqn (2.39) and the definition of pHi,» (pH value at
which the extraction efficiency is equal to 50%):

= ! 2.42
P 10 (ere) e+

This Figure shows that the separation of cobalt(I) over nickel(II) can be achieved by
working at pH close to pHjy 5.
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Log [p/(1-p)]-Log(v)

Figure 2.13
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Extraction isotherms of cobalt(ll) and nickel(ll) from chloride-sulfate acidic media by
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2.1.2.2 Solvating Agents

In general, a solvating agent operates by carrying a neutral salt into the organic phase.
Metal salts with monodentate monovalent anions such as CI™ or NOj are strongly hy-
drated in the aqueous phase and require a strong basic extractant to transfer them from the
aqueous phase into the organic phase according to the following equation:

M™" 4+ nX~ + bB = MX,By, (2.43)

where M™7 is the metal ion of interest, X is the inorganic complexing anion, B is the
solvating agent molecule, and the bar denotes organic phase species.
The distribution ratio of M"* can be written as follows:

{MXUB} n [MXHBZ] ot {WB}D]

M 4 MXED] o [MX] [fol‘;’m)’}

B [X ] Y0 Kex [MX“] [B]
1+ XY

Each species reported in the previous equation are defined by the following

(2.44)

equilibria:
In aqueous phase:

Mx(nfl)*F}
Mn+ X* ‘__\ Mx(n71)+ — [
* B ]
(n—2)+
MX
M 4ox- = MxPTIT B, = 7[ - J
M ][X]
MX,]
M™ 40X~ = MX, B, = [7%
(M ][X]
Mz
M +mX™ = Mt(lil_m)_ Bn = ———m
M ][X7]
In organic phase:
B [MXHB}
MX, +B=MX,B Kej = -
[MX,] [B]
{MXHBZ}

MX, 4+ 2B = MX,;; By Keep = >
[MX,] [B]

67



68

Lithium Process Chemistry

I VX, |
MXn + bB : MXan chb == 7_})
[MX,][B]

The solvation number b can be determined from the dependence of Dy on [B] while
[L7] is kept constant by the slope analysis method based on Eqn (2.44).

2.1.2.3 Basic Extractants or Anionic Exchangers

A third type of extractant for solvent extraction systems is an ion-pairing extractant, also
called anionic exchanger. This class of extractants is made of bulky ionic molecules, most
commonly alkylamine salts. These cations can be quaternary, tertiary, secondary or pri-
mary amines. A general reaction for this type of extraction, for instance in the case of a
tertiary amine, is:

MXP™ + pRGNHYY ™ = (RGNH)ETMXE™ +pY ™ (2.45)

where M" ™ is the metal ion of interest, X~ is the complexing anion, Y is the ion-pairing
extractant anion, and the bar again denotes organic phase species. The mechanism of this
extraction is similar to that of anion exchange resins, in which the associated anion in the
organic phase readily exchanges for negatively charged metal coordination complexes
formed in the aqueous phase. Due to their polar properties, ion-pairing extractants
tend to form reverse micelles in most organic solutions.

The apparent extraction constant and the distribution ratio are defined from
Eqn (2.45):

[(RaNH)P " MXET] [y~

Kex = (2.46)

[MXﬁ_} [RNW] ’

_ q°F
[(R3NH)p+ MXh] By [X‘]P [R3NH+Y]
DM - . ; = Kex 1 (247)
o M) S B

The aggregate number p can be determined by the slope analysis method based on
Eqn (2.47) by plotting Dy as a function of [RsNH'Y ™| while [X ] is kept constant.

2.1.2.4 Synergistic Systems

Metal ions in aqueous phase are solvated by water molecules. Therefore, the mass transfer
of metal ions from the aqueous phase into the organic phase requires increasing the sol-
ubility in organic phase, i.e., the hydrophobicity around the metal. This can be done by
using hydrophobic molecules (extractants) that will complex the metal ions and replace
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the water molecules located in the metal solvation shell. However, one or several water
molecule(s) may remain in the solvation shell of the metal extracted in the organic phase
and a second extractant, can be used to remove them in order to increase more the
hydrophobility around the metal ion, and then, to increase the metal distribution ratio
(synergistic effect). Conversely, in certain cases, the use of two extractants can lead to
antagonism phenomena, i.e., a decrease of the metal distribution ratio. In such cases,
the interactions between extractant molecules are too strong, and therefore, less mole-
cules are available to extract metal ions and the distribution ratio dramatically decreases.

For instance, the use of a cationic exchanger with a solvating agent can lead to syn-
ergistic effect as it was observed by using bis-2-ethylhexyl phosphoric acid (D2EHPA)
with tri-n-octylphosphine oxide (TOPO) or bis(1,3-dibutyloxypropan-2-yl) phosphoric
acid (BiDiBOPP) and di-n-hexyl-octyl-methoxy phosphine (Di-n-HMOPO) and their
analogs for the recovery of uranium from concentrated phosphoric acid.'’ ™'

Usually, the synergistic or antagonist effects are measured by using the synergistic co-
efficient SC defined as follows:

SC = 10gD12/(D1 + Dg) (2.48)

where D1, denotes the distribution ratio of the species for the binary mixture of extractants
1 and 2, Dy and D, represent the individual distribution ratio of the species for the single
extractants 1 and 2 (the total concentration of extractants in organic is the same in the
mixture as in single extraction solvent). In the case of synergistic effect, SC is greater
than unity while, in the case of antagonist effect, SC is lower than unity.

2.2 Formulation of Extraction Solvents

Solvent extraction processes can be implemented at the industrial scale provided that they
are robust, efficient and not expensive. The choice of the extraction solvent is difficult as
the extraction solvent must fit the following specifications:

* High extraction capacity and high distribution ratio for the targeted metals.

* High selectivity for the targeted metals toward the non-valuable metals.

* High extraction rate during the mass transfer at the liquid—liquid interface.

*  Low solubility of the extraction solvent into the aqueous solution resulting from the
leaching stage (few ppm to few tens ppm) in order to avoid costly treatments for
removing extraction solvent solubilized in the aqueous phase.

*  Good chemical stability

* Adequate physical properties to achieve low mixing and low settlement times (low
viscosity, low or moderate interfacial tensions, density sufficiently different to aqueous
phase, etc.).

* High flashpoint, low flammability, low vapor pressure, low corrosive properties.

* Good availability of the extraction solvent.

69



70

Lithium Process Chemistry

Unfortunately, all of these specifications cannot be achieved with only one com-
pound. Usually, an extraction solvent contains a diluent, one or two extractants and,
in certain cases, a phase modifier.

2.2.1 Diluents

Extractants are not used alone in extraction solvent because they have high viscosity, they
can form micro-emulsion with water, they are expensive, etc. They are dissolved in
diluent in the presence or not of modifier. Diluents must exhibit mutual miscibility
with extractant and modifier (see below), low volatility and high flash point, be insoluble
in aqueous phase, have a low surface tension and be cheap as well as readily available.”
Furthermore, the diluent must have a density much lower than the aqueous phase to
minimize settlement issues. Aliphatic kerosenes are preferred to aromatic kerosenes
because aromatic compounds are CMR.

The nature of the diluent influences more or less the extraction properties of the
extraction solvent. Indeed, the speciation of the extractant molecules in organic phase
can be quite different depending on the nature of the diluent. In the case of organophos-
phate extractants, mono-basic acids can be polymerized. The degree of polymerization of
these extractant molecules has obviously a direct influence on their availability, and
therefore on the metal extraction. For instance, in the case of extractants dimerization
in the diluent, the following extraction equilibrium may occur:

M"* +n(HL), = M(L.HL), +nH"

Conversely, in the case where the monomer is the predominant species in the organic
phase, the following extraction equilibrium may occur:

M"" 4+ nHL = ML, +nH™"

Therefore, it is clear that both previous equilibria lead to different extraction capac-
ities of the metal M™" and that the nature of the diluent influences the extraction prop-
erties of an extraction solvent. However, the influence of the diluent on the extraction
properties is not well known and it is always necessary to perform a screening to identify
the best diluents.

2.2.2 Extractants

Extractants are used to assist the transfer of the desired metal selectively at the liquid—
liquid interface (extraction) and must be able to release the extracted metal during the
stripping stage. The mass transfer must be achieved efficiently in terms of rates and
extraction of operation and the extractant must exhibit high stability toward degrada-
tion. Table 2.1 gives a survey of current commercial extractants (cationic exchangers,
anionic exchangers and solvating agents) even if the availability of these extractants is
continuously changing depending on the markets.



Table 2.1 List of Available Commercial Extractants
Name of the Extractant (Company)

Composition

Targeted Metals/Comments

Oximes
LIX (BASF) LiX63 Alkyl-o-hydroxime Ge, Cu, U-Mo separation from H,SO,
LIX84-] Ketoxime-based reagent without Cu from dilute H,SOy,, nitrate,
modifier ammoniacal leach solutions
Pd from acidic chloride solutions
LIX 84-INS Ketoxime-based reagent without Ni from ammoniacal solutions
modifier followed by acid stripping
LIX 84-IT Ketoxime-based reagent + ester

Acorga (Cytec)

LIX 860N-I; LIX 860-I

LIX 7820

Acorga M5640, M5774,
M5970

Acorga M5850, M5050

Acorga NR10, NR20

Acorga OR15, OR25
Acorga OPT

Acorga PT5050,
PT5050MD

modifier

Aldoxime-based reagents (based
on 5-nonylsalicylaldoxime for
LIX 860-1 and
5-dodecylsalicylaldoxime for
LIX860N-I

Mixture of a weak organic acid
with a quaternary amine

Aldoxime + modifier

Aldoxime + modifier
Aldoxime + modifier

Oxime
Mixture of aldoxime and

ketoxime + modifier
Modified aldoxime

Cu extraction

Au extraction from cyanide solution,
thiosulfate solution and cyanide
recovery

Cu (mainly from Chile)

Cu

Cu (extraction solvent resistant toward
nitration)

Cu (extraction solvent resistant toward
oxidation)

Cu (mainly from Africa)

Cu (where plants are located at high
altitude where temperature reaches

5 °C like in Chile)

Continued
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Table 2.1 List of Available Commercial Extractants—cont'd

Name of the Extractant (Company) Composition Targeted Metals/Comments
Amines
Alamine and Aliquat Alamine 308 Iso-octyl highly branched chains Co-Ni separation from chloride
(BASF) Zn recovery from spent electrolyte
solution
Alamine 336 Mixed octyl and decyl straight Recovery of U, Mo from acidic sulfate
chains leach liquors
Recovery of V(V), W from acidic
leach liquors
Separation of Mo and Rh
Recovery of Au from acidic
thiocyanate leach liquor
Recovery of Ga from acidic chloride
solution
Alamine 304 Dodecyl straight chains Recovery of Mo from acidic sulfate
leach liquor
Aliquat 336 Mixture of tri-n-octyl and tri-n- Recovery of Mo, V(V), rare earth from
decyl methyl ammonium acidic sulfate leach liquor
chloride Removal of arsenic
Organophosphorus Compounds
Cyanex (Cytec) Cyanex 272 bis(2,4,4-trimethylpentyl) Separation of cobalt and nickel from
phosphinic acid sulfate and chloride media
Cyanex 301 bis(2,4,4-trimethylpentyl) Extraction of heavy metals versus earth-

dithiophosphinic acid

Cyanex 921 Mixture of four trialkylphosphine
oxides, alkyl = normal, C6, C8)

alkali metals

Extraction of Zn at low pH
Uranium from wet phosphoric acid,

Nb-Ta separation from HF/H,SO,

solution

Extraction of Rh, As, Cs; Li, Cd and

more than 30 other metals by playing

on the redox and the medium

(chloride or sulfate).

L
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Daihachi and Lanxess TBP Tri-n-butylphosphate Separation of U and Pt from spent
nuclear fuel
Separation of rare earth
Extraction of As, Cr, Pt, PGM

Daihachi PC88A 2-ethylhexyl-2ethylhexyl Cobalt extraction from sulfate acidic

phosphonic acid media

Extraction and separation of rare
earth
Extraction of In, Mo and other
metals

Lanxess D2EHPA Bis(2-ethylhexyl)-phosphoric acid | Extraction of U, Zn, Fe, Ca, Be, Co,
Mo

Dialkylsulfite

Lanxess SFI-6, SFI-6R Dihexylsulfite Separation of Pd from Pt

Extraction of chloride complex ions
of Au, Ag, Cu, Hg, and others
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Despite many studies concerning the development of new extractants for the recov-
ery of valuable metals from PLS, only few extractants are on the market (Oximes,
Amines, alkylphosphorus compounds and dialkylsulfites). Table 2.1 gathers the main ap-
plications of these extractants but many studies mention the possibility to use these mol-
ecules and to develop new flow sheets based on these molecules for extracting other
metals from PLS.

2.2.3 Phase Modifiers

High metal and/or mineral acid loading in the extraction solvent can be responsible for
22—2

the splitting of the organic phase into light and heavy layers.”” *® The light layer contains
most of the diluent and little concentration of extractant and metals. The heavier layer,
which is called the third phase, contains a high concentration of extractant and metal with
little diluent. Osseo-Asare was the first one to link the third-phase formation with supra-
molecular interactions by stating that “The solvent extraction third phase corresponds to
the middle phase in microemulsion fluid system.””"*

After contacting the extraction solvent and the aqueous phase, the extractant mole-
cules can self-assemble into small aggregates composed of a core, which is surrounded by
an aliphatic shell constituted of extractant molecules where diluent molecules can pene-
trate more or less. These aggregates of reverse micelles-type interact with each other (Van
der Waals interactions between the solubilized water cores and steric interactions be-
tween the hydrophobic chains). If these interactions are sufficiently attractive, these ag-
gregates can collapse resulting in the splitting of the organic phase, i.e., the third-phase
formation. The addition of phase modifiers such as phosphoric esters (tri-n-butylphos-
phate), alcohols with long alkyl chains like nonyl-4-phenol, 1-tridecanol, isodecanol
and other alcohols recently synthesized and studied by Chagnes et al.,”” usually avoids
the third-phase formation by increasing the repulsive steric interactions between the ag-

gregates (Figure 2.15).

2.2.4 Solvent Extraction Losses

During the operation of a plant, the extraction solvent undergoes losses due to:

* Solubility of the extraction solvent in the aqueous phase: the operating conditions
such as aqueous and organic phases composition, pH and temperature, influence
the solubility of the extraction solvent into the aqueous phase. The use of hydropho-
bic molecules in extraction solvents permits to lower the solubility losses without pre-
venting them.

* Mechanical entrainment due to the formation of fines that cannot easily coalesce. The
use of adequate and optimized mixing equipment permit to prevent mechanical
entrainment.
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Collapsed micelles

Separated micelles

Figure 2.15 Collapsed micelles leading to the third-phase formation and noncollapsed micelles
thanks to the presence of the phase modifier that favors steric repulsion.

e Evaporation: the use of high boiling point diluents and airtight mixers-settlers as well
as the implementation of low stirring speed for mixing organic and aqueous phases,
lower considerably evaporation.

*  Degradation and cruds formation usually occur in solvent extraction processes due to
changes in ore composition or operating conditions, chemical reactions, etc.
Chemical degradation of tertiary amine in solvent extraction processes leading to a

dramatic drop of extraction efficiency and cruds formation is a good example of solvent

extraction losses in industry. Since the mid-1970s, there have been a few episodes where
the tertiary amine has been quickly and severely degraded under certain conditions.

For instance, Feather et al.”’ mentioned the chemical degradation of Alamine® 336

(a mixture of 95% trioctylamine/tridecylamine and 5% secondary amines) in kerosene

modified with isodecanol during the recovery of uranium from South African ores

due to the presence of nitrate from residual amounts of blasting agent. The leach liquor,
which contains nitrate in addition to uranyl sulfate, is passed through an ion exchange
column to recover uranium. In this process, both the uranium and the nitrate are
collected by the ion exchange column. The column is then stripped with strong sulfuric
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acid that removes both the uranium and the nitrate. The uranium is then extracted from
the ion exchange eluate with Alamine® 336 in a solvent extraction process. Due to the
recycling of the organic solution, the nitrate concentration builds up in the system to a
point where attack on the amine occurs resulting in the formation of nitrosoamines
and other degradation products.

In Cominak, the production of uranium was roughly decreased due to the chemical
degradation of the extraction solvent constituted of Alamine® 336 diluted in kerosene
modified by isotridecanol. It is inferred that the degradation of the Alamine® 336 in
Cominak is caused by the presence of V(V) in the uranium liquor which can be extracted
by Alamine®336 if the redox potential and the pH of the aqueous phase are not rigor-
ously controlled during the process. Indeed, the presence of extracted vanadium(V),
likely polyvanadates, and the presence of molecular oxygen can involve the chemical
degradation of the extraction solvent via two simultaneous routes” ~: (i) the oxidation
of the phase modifier by vanadium (V) leads to the formation of aldehyde and generates
radicals which degrade tri-n-octylamine into di-n-octylamine; (ii) vanadium (V) and
molecular oxygen dissolved in the extraction solvent catalyses the oxidation of
tri-n-octylamine into an oxygenated amine which degrades into di-n-octylamine for
which the uranium extraction efficiency is lower than tri-n-octylamine. Furthermore,
the presence of di-n-octylamine in the extraction solvent is responsible for the formation
of cruds as those displayed in Figure 2.16.

These cruds can cause significant process disturbances such as the deformulation of the
extraction solvent as the cruds can act as sponges that may absorb the diluent, the extrac-
tant and the phase modifier, and therefore, contribute to extraction solvent losses. Several
solutions to delay the degradation and minimize cruds formation were proposed such as
the use of an antioxidant additive, the implementation of series-parallel flow sheets
instead of mixers-settlers in series, the use of more resistant phase modifiers or the search

. . 31—34
of more resistant extraction solvent.

2.3 Mixers-Settlers and Columns

Mixers-settlers and liquid—liquid extraction columns are the most common contactors

used in solvent extraction processes for the recovery of metals from leach solutions.

The choice of the type of liquid—liquid extraction contactor must take into account

the following criteria:

* Physicochemical properties of the liquids (density, viscosity, surface tension, etc.).

*  Mass-transfer thermodynamics (low rate and concentrations in the aqueous and
organic phases, etc.).

e Mass-transfer kinetics (residence times, interfacial area, etc.).

e Industrial constraints (extrapolation, materials, operating and expenditure capital
costs, flexibility, etc.).
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Figure 2.16 Typical cruds from solvent extraction process.

Figure 2.17 displays an example of a mixer-settler and a liquid—liquid extraction
column:

Mixers-settlers contain a mixing chamber and a settling chamber as depicted in
Figure 2.17(a). The organic and aqueous phases usually go in counter-current through
each stage of mixers-settlers implemented in series. A pump-mix turbine is used to
draw the two non-miscible liquids from the settlers of the adjacent stages, to mix
them, and to transfer this emulsion to the associated settler. The emulsion overflows
the mixing chamber and flows into the settler. The two liquids are then separated by
gravity with the help of a perforated grid to improve the coalescence of the liquid drop-
lets (heavier liquid and light liquid at the bottom part and the upper part of the settler,
respectively). Mixers-settlers have the advantages to be flexible (various configurations
can be implemented), easy to operate and highly efficient but considerable capital costs
may be needed for pumps and pipings and the size of the facilities is bigger than other
technologies such as extraction columns.

Extraction columns can be used in liquid—liquid or solid—liquid extraction processes.
There are two basic types of columns employed industrially: packed columns and pulse
columns with plates or trays (Figure 2.17(b)). To increase the efficiency of a column, trays
or perforated plates can be used and mechanical energy is applied to force the dispersed
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(a) MIXING CHAMBER ~ SETTLING CHAMBER

Impeller

Light phase outlet

Heavy phase outlet

Light phase inlet L Heavy phase inlet

b Vent
(b) i

— Organic phase out

Agueous phase in

Perforated plate

Organic phase in

Aqueous phase out

Figure 2.17 (a) Mixer-settler and (b) pulsed column.

phase into smaller droplets, improving mass transfer. In a pulse column, liquids are
continuously fed to the column and flow counter-currently, as is done with a packed col-
umn, but mechanical energy is applied to pulse the liquids in the column up and down.
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CHAPTER 3

Lithium Production Processes

Tam Tran, Van T. Luong

Department of Energy & Resources Engineering, Chonnam National University, Gwangju, Korea

1. INTRODUCTION

The production of lithium has increased rapidly over recent years due to its high demand
in the manufacture of lithium-ion batteries (LiBs) used for portable electronic devices,
electric tools, electric vehicles, and grid storage applications.’ Lithium and its chemicals
have been produced on an industrial scale around the world using brines and ores as prin-
cipal feedstock. Up to now, high-grade lithium compounds have been mostly processed
from salar brines due to low operation costs. Sociedad Quimica y Minera de Chile
(SQM), FMC Corporation, and Chemetall SCL (now traded under Rockwood Lithium)
are currently the world’s leading producers of lithium from brines while Talison Lithium
Ltd from Australia operates one of the largest mines processing lithium-containing min-
eral concentrates.””

Over 70% of the world’s lithium resources are found within the “Lithium Triangle,” a
region of the Andes Mountains including parts of Argentina, Chile, and Bolivia." Brines at
Salar de Atacama (Chile) and Salar de Hombre Muerto (Argentina) located within this
region have been processed to produce more than 60% of the high-grade lithium salts for
the global market. Meanwhile, the Salar de Uyuni brine (Bolivia) has not been commercially
exploited for lithium production although being the largest deposit of lithium in the world.”

Talison Lithium Ltd owning the Greenbushes mine in Western Australia, the world’s
largest source of lithium minerals, accounted for 70% of the global production of lithium
from hard rocks in 2012.° Bikita Minerals (Pvt) Ltd from Zimbabwe and companies from
China are currently other major producers of lithtum minerals, sharing 10—15% of the
market’s supply.'” Unlike brines, some lithium ores mined have not been refined for
making lithium metal or lithium compounds, but directly sold for glass and ceramic
manufacturing instead.

There have been many studies on lithium recovery from lithium-bearing hard rocks
and natural brines conducted since its discovery in 1817. This chapter therefore aims to
review technologies used for producing lithium metal and lithium chemicals from brines,
seawater, geothermal water, and ores, which have been studied, commercialized, or are
being developed. The processes reviewed in this chapter focus on the treatment of min-
erals and brines from different sources. In addition, a brief discussion is also given on the
economics of processing lithium from brines and ores.

Lithium Process Chemistry Copyright © 2015 Elsevier Inc.
ISBN 978-0-12-801417-2, http://dx.doi.org/10.1016/B978-0-12-801417-2.00003-7 All rights reserved.
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2. LITHIUM PRODUCTION PROCESSES
2.1 Processes for Extraction of Lithium from Lithium-Bearing Ores

Table 3.1 lists major lithium-containing ores, their chemical formula, and lithium grade.
The processing of these ores initially involves comminution of raw materials, followed by
beneficiation using techniques such as flotation, magnetic separation, optical sorting, or
heavy media separation to produce concentrates containing 4—6% Li>O.’” ' These con-
centrates can afterward be fed to roasting and leaching to extract lithium into solution.
Metal hydroxides, salts, or acids are added with the concentrates during thermal treat-
ment to yield leachable compounds of lithium sulfate, carbonate, or chloride. Purifica-
tion mainly via precipitation is then carried out to remove major impurities such as
Ca, Mg, Al, and Fe, followed by concentration of Li values using ion exchange or mainly
evaporation. Crystallization, carbonation, or electrodialysis is finally conducted to pro-
duce lithium compounds (Li,CO3, LiCl, LIOH) of chemical or battery grade or lithium
metal from these precursors. A general flow sheet for processing of lithium ores is
exhibited in Figure 3.1.

2.1.1 Processing of Spodumene

Among lithium-bearing ores, spodumene is the most common mineral that has been
commercially mined and processed to produce lithium compounds around the world.
Refining processes of spodumene ores to obtain lithium chemicals are summarized in
Table 3.2 The largest operations manufacturing lithium products from spodumene (con-
centrates/refined compounds) are presently owned by Talison Lithium Ltd (Australia)

28,29 .
At Greenbushes mines owned

and Sichuan Tianqi Lithium Industries Inc. (China).
by Talison Lithium Ltd, beneficiation of spodumene ores (2.8—4.2% Li,O) using gravity,
heavy media, flotation, and magnetic separation processes has been applied to produce
technical-grade lithium concentrates or chemical-grade lithium concentrates depending
on market demand.”” Prior to December 2013, Galaxy Resources Ltd (Australia) pro-

duced spodumene concentrates (~6% LiyO) from its Mt Cattlin deposit as feedstock

Table 3.1 Lithium Ores Processed to Produce Lithium Products

Lithium Source Formula Li (%)
Spodumene LiAlSi, O 3.73
Lepidolite K(Li,Al)5(S1,Al) ,O4(F,OH), 3.58
Zinnwaldite KLiFeAl(AlSiz)O10(F,OH), 1.59
Amblygonite (Li,Na)Al(PO,)(F,OH) 3.44
Petalite LiAlSi40]() 2.09
Clays Hectorite Na()’3(Mg,Li)3Si401()(OH>2 0.54

Montmorillonite | (Na,Ca), 3(Al,Mg),Si1401((OH),.n(H,O) Not specified

Data extracted from Ref. 11.
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Figure 3.1 General flow sheet for production of lithium compounds from mineral sources. Few steps
such as electrodialysis have only been tested in feasibility studies.

for its lithium carbonate production plant in Jiangsu, China.”” In this plant, a calcine con-
taining B-spodumene is first produced from the decrepitation (at 1070—1090 °C) of the
feed concentrate (a-spodumene) before being subsequently roasted with sulfuric acid (at
250 °C)."”"” Water leaching at 90 °C is then conducted to extract lithium into solution.
Impurities such as Fe, Al, Mg, Ca, etc., are removed as hydroxides at pH 12 by adding
NaOH. The purified leach liquor is afterward treated using ion exchange to concentrate
lithium. Carbonation of the lithium-rich solution is thereafter applied to precipitate
lithium carbonate. Both battery-grade (99.5%) Li,CO3 and NaySOy4 as a by-product
are produced from this process. Such an acid-roast process was also used in a commercial
plant operated by Lithium Corporation of America (acquired by FMC Corporation in
1995) to produce lithium carbonate between 1956 and 1998.” Nemaska Lithium Inc.
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Table 3.2 Experimental Profiles and Results of Several Studies on Processing of Spodumene

Roasting Leaching/Pressure Leaching Max. Li
Decrepitation Recovery
°Q) Additive Temp. (°C) Extractant Temp. (°C) (%) Final product—Purity® References
1050-1090 | Conc. H,SO, 200-250 | H,O 90 >90 Li,COs, LIOH-H,O | 12-14
>99.5%
900-1000 H,O + NaOH/Na,SiO3/ 70-130 (NH,),CO3 0-40 93 Li,CO3—>98% 15
2Na,0.B,03/Na,S solution
~1038 (NH,)»SO,4/NH4HSO, 150-370 NH,OH Unstated Unstated | Not included 16
~ 1100 NaCOOH + Na,CO; ~290 H,O Unstated 98—-100 Not included 17
1040 Cl, + CO 1000 Not included® ~90 Not included 18
900-1100 Limestone + CaCl, + sand 11001200 | Not included” 90-95 LiCl 19
1050 Not included H,0 + Na,CO; 225 ~96 Li,CO3—99.6% 20
1100 Not included 7% HF solution 75 >90 Li,CO3—98.3% 21
1100-1150 Not included Lime milk 100-205 >90 Li,CO3—97.8% 22
1010-1065 Not included H,O + NaOH/ 100-200 Unstated | Li,CO;3 23
N32CO3 + CaO/
Ca(OH),
Not included | Lime 1030-1040 | H,O Unstated Unstated | LiOH, LiOH-H,O 2
Limestone + gypsum ~1100 CaCl, solution Unstated 85-90 LiCl 24
Muriate of potash (KCI) + 1000 HCI solution 85 100 Li,CO3—97.5% 25
sylvinite (KCl-NaCl)
Conc. H,SOy4 250—400 H,O 95 96 Not included 26
Limestone 1000-1230 | H,O 100-205 ~ 80 Not included 22
Tachyhydrite ~1150 H,O ~100 87 Not included 27

(CaMgZCI(). 1 2H20)

Note: Temp., Temperature; Max., Maximum; Conc., Concentrated.

*Final products were produced after further treatment including purification and product recovery (precipitation, crystallization, etc.) stages.

Li was extracted as gas.
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(Canada) has recently reported a new acid-roast process for simultaneously producing
LiOH-H,0 and Li,CO3 using spodumene from the Whabouchi deposit (Canada)."*
In this process, an electrodialysis module is to be included to produce a LiOH solution
from purified LiSOy4 solution obtained after impurities are removed by precipitation
and ion exchange. The LiOH solution generated is then heated to concentrate Li
values and a crystallization stage is finally conducted to yield LIOH-H,O. High purity
Li,CO3 and LiOH-H,0 of >99.9% grade can be produced from this process.

Another scheme based on pressure leaching of B-spodumene using sodium carbonate
was also tested.' " After digestion, the slurry containing Li,COj3 was cooled and sparged
with CO; under pressure to form soluble LIHCOj3. The solution separated from the solid
residue after filtration was heated to ~90 °C to release CO; for the reprecipitation of
Li;CO3. The process treating spodumene by this soda ash pressure-leaching route could
also produce battery-grade (99.5% purity) LioCOs.

Trials using NaOH or KOH as an additive to recover lithium from spodumene ores

23,31,32
were also conducted.”™

A caustic pressure leaching process patented by Chubb™
involved the leaching of B-spodumene obtained from the decrepitation of a spodumene
concentrate (2—6% LiyO) at temperatures of 100—200 °C using NaOH (or Nay,CO3)
and CaO (or Ca(OH);) under pressures varying from 14.7 to 250 psi. Lithium and cal-
cium were then precipitated by sparging CO; into the leach liquor. After solid—liquid
separation, the precipitates of LiCO3 and CaCO3 were redissolved in water from which
Li,COj3 was selectively recovered. Meanwhile, the filtrate containing Na,COj3 and resid-
ual Li was causticised by CaO/Ca(OH), to generate a solution containing LiOH and
NaOH for recycling as leachant in the previous digestion stage. Other compounds of so-
dium such as sodium silicates, sodium borates, and sodium sulfides were also claimed as
useful additives to extract lithium during pressure leaching of spodumene ores."”
Extraction of lithium from spodumene using acid was also studied. Recently, Rosales
etal.”" used 7% HEF solution to extract >90% lithium from B-spodumene (7.03% Li,O)
at 75 °C using a solid pulp density of 1.82% (w/v). Robinson ® directly digested
a-spodumene ores (1.48—1.98% Li,O) in 93% concentrated H,SOy4 at temperatures
of 250—400 °C under pressures of 50—500 psi for 0.5—4 h to liberate lithium.
A maximum of 96% Li recovery was claimed in his patent. Earlier in 1957, Dwyer'®
roasted B-spodumene with (NH4)>SO4/NH4HSOy at temperatures of 150—370 °C
and leached the calcines in aqueous ammonia to produce lithium sulfate liquors.
Lime, slaked lime, and limestone have been used as common reagents mixed with
either o or B-spodumene for roasting.'””**"*’ During the period from 1950 to 1984,
Foote Mineral Company (now Chemetall, Germany) operated a plant using a lime-
roast process to produce lithium hydroxide from spodumene.” In this process, spodu-
mene was mixed with lime for calcination at 1030—1040 °C. The clinker yielded was
cooled, finely ground, and leached in water to dissolve soluble lithium compounds. After

filtration, the leach liquor was fed to a vacuum crystallization stage to generate lithium

85



86

Lithium Process Chemistry

hydroxide monohydrate. The residual sodium hydroxide liquor was then discarded,
while the produced slurry of LIOH-H>O was either steam dried to obtain lithium hy-
droxide monohydrate or vacuum dried to produce anhydrous lithium hydroxide. Previ-
ously, two processes using a spodumene ore (2—6% Li,O) and limestone to extract
lithium were patented by Nicholson.” In the first scheme, the ore was decrepitated at
1100—1150 °C to vyield B-spodumene, which was then mixed with lime milk and
leached at temperatures of 100—205 °C under pressures of 15—250 psi for 2 h to obtain
LiOH-containing solutions. Over 90% lithium contained in the ore was recovered from
this route. Meanwhile, direct roasting of the a-spodumene and limestone at
1000—1230 °C, followed by leaching of the calcines at 100—205 °C would extract
only ~80% lithium from the ore.

Other added ingredients such as CaCl,, gypsum (CaSOy4-2H,0), and sand were also
utilized together with limestone to recover lithium from spodumene.'”*" In 1950, Hayes
and Williams™* patented a method in which spodumene (5.4% Li>O) was blended with
limestone and gypsum for roasting. The calcine obtained was then leached with a solu-
tion of CaClj, to release Li as well as lowering the amounts of COj3 and SOy existing in
the leach liquor. Further, treatment of the leach liquor to remove the remaining metal
impurities would produce a purified LiCl solution. Evaporation in a vacuum dryer
yielded a pure LiCl product and 85—90% Li was recovered from the raw spodumene
during this process.

At the end of the 1950s, methods using organic salts of sodium and potassium to
extract lithium from spodumene were additionally patented.'””* However, fundamental
steps involving first decrepitation of a-spodumene at ~ 1100 °C and roasting of mixtures
of obtained B-spodumene with these additives at ~300 °C, followed by water leaching
were also used. High yields of Li (>90%) were disclosed in these patents.

Natural minerals containing chlorides of sodium, potassium, calcium, and magne-
sium were also used as additives to recover lithium present in spodumene. In 1959,
Peterson and Gloss”” patented a scheme using muriate of potash (KCI) and sylvinite
(KCl-NaCl) mixed with a-spodumene containing 2.41% LiO to extract lithium. Pellet-
izing such a mixture at a muriate/sylvinite/spodumene mass ratio of 1.1:1.1:1, followed
by roasting at 1000 °C for 20 min and then leaching the calcine with a dilute solution of
HCI at 85°C for 30 min extracted almost all available lithium. NHj gas was then
bubbled into the leach liquor and the pH was adjusted to ~pH 9 to precipitate Al and
Fe impurities. After filtration to discard solids, the filtrate was heated and subsequently
cooled to crystallize a large quantity of K and Na and a minor amount of Li as chloride salts.
Carbonation of the purified leach liquor at 90—100 °C using Na,CO3, followed by hot
filtering and drying at 110 °C produced 97.5% purity Li;COj3. Similarly, tachyhydrite
(CaMg,Cly- 12H,0) was used by Medina and El-Naggar™’ to extract lithium from
6.8% LipO-bearing spodumene and approximately 87% lithium was recovered in
their study.
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The formation of gaseous lithium compounds during thermal treatment of spodu-
mene in the presence of additives was also disclosed in several patents. Cunningham'”
roasted a mixture of P-spodumene, CaCl, solution, CaCOs, and sand at
1100—1200 °C, resulting in a combination of products including chloride gases and
dust. The gaseous mixture separated from the dust was then scrubbed to form a solution
of chlorides. KCI and NaCl were then removed from the solution through evaporation
and cooling steps. A final purified liquor containing 40% of LiCl was formed and the res-
idue (like Portland cement clinker) remained from roasting was collected as a by-product.
Besides, Cl gas was also directly passed through B-spodumene during roasting to extract
>90% lithium in the form of LiCl gas as described in recent studies by Dunn and Jahnke'®
and Barbosa et al.”

2.1.2 Processing of Lepidolite

Extraction of lithium from lepidolite has been investigated although published studies in
this area are not as intensive as with spodumene. Normally, lepidolite concentrates are
first yielded via beneficiation before chemical processing is conducted.”* ™ Unlike spod-
umene, pretreatment of lepidolite via decrepitation is unnecessary in most routes and
one-step roasting of lepidolite and additives at high temperature is preferred. Processes
for extracting lithium from lepidolite and producing high-grade lithium compounds
are summarized and given in Table 3.3.

Lately, a two-stage scheme via sulfate roasting and water leaching to extract lithium
from lepidolite was proposed in which the role of SO,/SOj3 gases generated from the
decomposition of FeSO4-7H,O was emphasized as a key factor controlling the extrac-
tion of lithium."* Water leaching of the calcines obtained from closed-system roasting at
the optimal conditions using a liquid—solid ratio of 1:1 yielded lithium extractions of
~93% and leach solutions containing ~ 8.7 g/L Li. Such a high concentration of lithium
is a notable result compared to those achieved in other recent studies.”* Moreover, the
addition of CaO as a secondary additive during calcination aiming to lower the liberation
of HF gas was also clarified. The use of SOj3 for extracting lithium from lepidolite was
earlier dealt with in a patent by Frevel and Kressley.** In tests using a stream of SOj3 car-
ried by helium gas or SO3 formed in situ from the reaction of SO, and O, ~90%
lithium was released from lepidolite during a gas—solid interaction at temperatures of
800—900 °C. Water leaching of the produced calcines yielded high recoveries of lithium
from the ore.

Processes used for recovering lithium via thermal treatment of lepidolite and NaySO4
as a main additive with/without other ingredients such as K,SO4, CaO, and CaCl, were

,45,48

lately revealed."’ The presence of potassium as one of constituent elements of lepid-

olite compared to its absence in spodumene results in the formation of LiIKSOy in roasted
products, which requires high temperature leaching to achieve maximum recoveries of

8,52

lithium. Such a compound was also found during sulfate treatment of zinnwaldite.
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Table 3.3 Experimental Profiles and Results of Several Studies on Processing of Lepidolite

Roasting Leaching/Pressure Leaching . .
Max. Li Final
Additive Temp. (°C) Extractant Temp. (°C)  Recovery (%) Product—Purity * Reference
H,O steam 860 Lime milk 150 ~99 Li,CO3—99.9% 39
Na,SO, + CaCl, 880 H,O Ambient ~95 Li,CO5;—>99.5% 40
Conc. H>,SO4 120-340 H,O Unstated ~94 Li,CO3 41
72% H,SOy solution 165 H,O Unstated ~92 Li,CO; 42
Limestone 900 H,O Unstated ~ 80 Li,COj 43
FeSO,4-7H,0 4 CaO 850 H,O Ambient ~93 Not included 44
Na,SO4 + K>SO, + CaO 850 H,O Ambient ~92 45
SO; 800-900 H,O Unstated ~90 46
CaCl, ~843 H,O Unstated 88 47
Na,SOy4 1000 H,O 85 ~90 48
NaCl + CaCl, 880 H,O 60 ~93 49
Air 1000 Resin + H,O 100 87.5 50
HCI gas 910 Not included” 95 51

Note: Temp, Temperature; Max., Maximum; Conc., Concentrated.
*Final products were produced after further treatment including purification and product recovery (precipitation, crystallization, etc.) stages.

Li was extracted as gas.
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Yan and co-workers™ recommended a complete process for the production of high
purity Li;COj3 from lepidolite containing 2.0% Li. After roasting lepidolite with a com-
bination of NaySO4 and CaCl, at 880 °C, the calcine obtained was then leached with
water at ambient temperature to release Li into leach liquor. A lithium extraction of
94.8% and 8.53 g/L Li solution were obtained. During purification, Ca was first removed
as carbonate by adding soda ash into the leach liquor whereas Mn, Al, and other impu-
rities were subsequently discarded as hydroxides using caustic soda. After filtration, the
filtrate was chilled to —5 °C to crystallize NaySO4-10H,0 and NaCl, resulting in the
precipitation of ~92% sulfate and ~ 4% chloride. The purified liquor was then heated
at 95—100 °C to obtain 20—24 g/L Li-bearing solution from which Li,CO3 was precip-
itated by adding Na,COj3. Washing Li,COj3 with water, followed by drying at 120 °C
produced >99.5% purity Li,COj as the final product.

Sulfation of lithium values contained in lepidolite by sulfuric acid has also been stud-
ied for many years. The production of Li,COj3 from a lepidolite ore (4.75% Li,O) via
roasting with 93% concentrated H,SOy4 at 120—340 °C for 8.25 h and water leaching
was early investigated by Schieffelin and Cappon.”’ During the process, an average of
94% lithtum was extracted and the final LiCOj3 was produced by adding K,CO3 into
the purified leach liquor. Later, a patent was granted to Gauguin et al.”” describing a pro-
cess in which mixtures of lepidolite and 93% concentrated H,SO4 were first roasted at
250 °C for 2 h, followed by sintering at 800 °C for 2.5 h. Leaching the calcines with wa-
ter produced a leach liquor containing 88% of the Li present in the ore and a minor
amount of Al. Besides, ~92% Li could be recovered from a lepidolite ore (0.63% Li)
roasted with 72% H»SOy solution at 165 °C for 4 h, followed by water leaching as
detailed in a patent by Botton et al.*”

Methods for extracting lithium from lepidolite as LiCl using chloride salts of alkali/
earth alkali metals were also developed.””"””* Recently, Yan et al."” roasted a mixture
of lepidolite, NaCl, and CaCl, at a mass ratio of 1:0.6:0.4 at 880 °C for 0.5 h, and
then leached the calcine obtained at 60 °C for 0.5 h. Using a water—calcine mass ratio
of 2.5:1, approximately 93% Li extraction from lepidolite was realized and a leach liquor
containing 3.71 g/L Li was recovered. The liberation of lithium from bearing ores in a
gaseous form was commonly found when chloride compounds were used as additives.
In a study carried out by Lof and Lewis’' to recover 95% Li present in a lepidolite ore
(3.29% Li,O), HCI gas was pumped through the furnace during roasting of the ore at
910 °C for 13 h. A mixture of volatilized products of LiCl and other impurities was
collected and afterward treated via distillation at 315 °C to remove Al and Si, followed
by fractional crystallization, solvent extraction, etc., to selectively recover pure LiClL

Limestone was usually chosen as a cheap additive for roasting of lepidolite.”>*"* In a
process patented by Mazza et al.,”” a mixture of lepidolite, limestone, and water was fed
to roasting at 900 °C for 2 h. The calcine was thereafter immediately quenched to release
lithium, resulting in a lithium extraction of ~80%. Aluminum was precipitated by

89



90

Lithium Process Chemistry

adding lime into the leach liquor and removed by filtering. Evaporation of the filtrate was
undertaken to yield a solid mixture of LIOH-H,O and LiF. The residual solution con-
taining lithium was reconcentrated and carbonated to form Li,COj. Meanwhile, the
solid mixture was subsequently redissolved to separate insoluble LiF. After LiF removal,
the purified solution was cooled to crystallize LIOH-H,O, followed by filtration and
water washing to produce the final lithium hydroxide monohydrate product. Simulta-
neously, causticising of Li,CO3 and LiF by lime milk would convert them to LiOH
for recycling.

Pretreatment of lepidolite to generate a more reactive Li-bearing product was also
applied in several studies. In 2012, Yan et al.”” examined a novel scheme to make
high purity Li;CO3 from a Chinese lepidolite ore containing 1.4% lithium. The ore
was first roasted at 860 °C in the presence of water steam to defluorinate lepidolite.
Aluminum silicate (LiAlSi>Og) and leucite (KAISi,Og) phases were found in the defluori-
nated product. Pressure leaching of such a product with lime milk at 150 °C extracted
98.9% Li contained in the original ore. Calcium in the leach liquor was removed by add-
ing NayCO3, and the solution obtained after filtration was evaporated to crystallize
LiOH-H;O accompanied by Li,COj. The solids were recovered through filtering
and redissolved in water from which insoluble Li;CO3; was separated. After Li,CO3
removal, CO; was sparged into the solution to form soluble LIHCO3 and other precip-
itated impurities. Filtration was then conducted and the filtrate was heated to 90 °C to
liberate CO» for the reprecipitation of Li,CO3. Chemical analysis showed that the final
Li,CO3 product was of 99.9% purity. In another procedure patented by Goodenough
and Stenger,”” a strong acidic cation exchange resin was directly contacted to previously
roasted lepidolite in the presence of water at 100 °C for 6 h to uptake lithium from the
liquor. After adsorption, lithium was eluted from the resin by using 3N HCI, resulting in
87.5% lithium recovery.

2.1.3 Processing of Zinnwaldite, Amblygonite, and Petalite
There are few studies on lithium extraction from zinnwaldite, amblygonite, and petalite
(Table 3.4). Zinnwaldite has been normally recovered as a waste or by-product during

- - - 8,57.62
processing of china clay, tin-wolfram ores, and wolfram ores.””""

Typically, magnetic
separation and flotation of zinnwaldite wastes discharged from the mining and processing
of Sn-W ores deposited in the Czech Republic were carried out to produce zinnwaldite

63,64
concentrates.

In another study, froth flotation and wet high intensity magnetic
separation were sequentially applied to recover zinnwaldite distributed within the hydro-
cyclone underflow produced from the processing of china clay at Trelavour Downs and
Rostowrack, the United Kingdom.” A zinnwaldite concentrate containing 2.07% Li>O
was produced during such a two-stage process.

To liberate lithium from zinnwaldite concentrates, the use of limestone, gypsum, and

slaked lime as additives during roasting was successfully tested.””””*” In 2009, Jandova



Table 3.4 Experimental Profiles and Results of Several Studies on Processing of Zinnwaldite, Petalite, and Amblygonite

Roasting Leaching/Pressure Leaching Max. Li
Recovery
Material Additive Temp. (°C) Extractant Temp. (°C) (%) Final Product —Purity® References
Zinnwaldite CaSO, and Ca(OH), 950 H,O 90 ~96 Li,CO3—99% 52
CaCO; 825 H,O 90-95 ~90 Li,CO3—94-99.5% 57
Na,SOy4 850 H,O 85 97 Li,CO; 8
Gypsum 1050 H,O 85 ~ 84 Not included
Petalite Decrepitation 1100 H,O 50 ~97 Li,CO3—99.21% 58
Conc. H,SO4 300
Amblygonite | Gypsum -+ lime 950 H,O Unstated ~97 Not included 59
SO, 900 H,O Unstated ~ 68 Not included 46
73% H,SO4 solution H,O Unstated 95 Not included 60
100-200 (1st stage)
< 850 (2nd stage)
Not included NaOH" 93 83 Li,CO; 61
NaH,PO,/H;PO 4 Unstated
H,SO,! Unstated

Note: Temp., Temperature; Max., Maximum; Conc., Concentrated.

*Final products were produced after further treatment including purification and product recovery (precipitation, crystallization, etc.) stages.

bStage 1.
“Stage 2.
dStage 3.
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and co-workers” blended a Czech zinnwaldite concentrate containing 1.4% Li with
CaSOy4 and Ca(OH); for sintering at 950 °C within 1 h. Approximately, 96% Li was
extracted from the concentrate and a leach liquor bearing ~0.69 g/L Li was obtained
when the calcine was leached with water at 90 °C using a liquid—solid mass ratio of
10:1. A stoichiometric amount of K,COj3 was added into the leach liquor to remove
Ca as carbonate and the purified solution was then concentrated by evaporation to yield
a new liquor containing at least 9 g/L Li. The residual calcium also precipitated during
the evaporation and subsequently filtered. The lithium-rich liquor was then subjected
to Li,COj precipitation using KoCO3 at 90 °C. The precipitate was afterward separated,
water-washed, and dried, yielding 99% purity Li;CO3 as the final product. A similar pro-
cess using CaCOj5 to recover lithium from zinnwaldite was thereafter introduced by these
authors in 2010.”” Roasting zinnwaldite and CaCQ3 at 825 °C, followed by water leach-
ing the calcine at 90—95 °C resulted in ~90% Li yield together with Rb. Carbon diox-
ide was bubbled into the leach liquor and the pH was adjusted to pH 6.8 to precipitate Al,
Si, and Ca. After filtration, the filtrate was heated to 90 °C to evaporate 75% of the water
present in the liquor with residual Ca also precipitated during this step. Fractional evap-
oration of the filtered solution was then undertaken to sequentially remove 85%, 95%,
and 98% of water, resulting in the crystallization of Li,COj3 products having purities
of 99%, 98%, and 94%, respectively. In another route, the leach liquor obtained was
treated via solvent extraction using a pair of LIX54 and tri-n-octylphosphine oxide
(TOPO) and H,SOy4 solution during loading and stripping, respectively to extract
97% Li from the liquor.”” Further, purification of the eluate and carbonation of the final
purified lithium-containing solution would produce 99.5% purity Li»CO3. According to
these authors, the scheme in which Li,CO3 was crystallized from the refined carbonate
solution was simpler and yielded higher product recoveries compared to that using the
sulfate solution.

Later, Siame and Pascoe” treated a zinnwaldite concentrate (2.07% Li,O) to extract
lithium via roasting using either gypsum or sodium sulfate as an additive. Thermal treat-
ment of a mixture of the concentrate and gypsum at 1050 °C, followed by leaching at
85 °C extracted 84% Li. Meanwhile, using the same leaching procedure for the calcine
yielded from sodium sulfate roasting of the concentrate at 850 °C resulted in up to 97%
Li extraction.

In an earlier study, Alex and Suri”® conducted trials to recover lithium values from a
zinnwaldite concentrate containing 0.59% Li discharged from the beneficiation of a
wolframite ore (Rajasthan, India). Sulfuric leaching of the concentrate led to ~95%
lithium yield but the leach liquor contained a high quantity of iron. However, heating
a mixture of the concentrate with HySOy4 at 700 °C, followed by leaching the calcine
in water resulted in low iron released while a similar amount of lithium was extracted.

Procedures for recovering lithium from amblygonite were also investigated. In 1936,

60

Siegens and Roder” patented a scheme using sulfuric acid to extract lithium from an
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amblygonite ore containing 8.56% Li. It was found that preheating the ore with sulfuric
acid at temperatures of 100—200 °C, followed by roasting at a temperature between dull
red heat and 850 °C and water leaching could effectively extract 95% available lithium
from the ore as lithium sulfate. Earlier, a patent was claimed by Coleman and Jaffa®'
to produce Li;COj3 from an amblygonite ore (8.63% Li,O) using caustic soda digestion
and sulfuric acid leaching. Firstly, a mixture of the ore and NaOH solution was digested
at ~93 °C for 3 h to produce a slurry containing dissolved aluminum phosphate and an
insoluble lithium-rich residue. The water-washed residue was first treated with either
NaH,PO4 or H3POy solution to remove the remaining P»Os, followed by leaching
with HoSOy to generate a LipSOy liquor. Precipitation of impurities including Al, Fe,
Mg, etc., as phosphates was conducted by adding lime or soda ash into the leach liquor.
The purified lithium-bearing solution was concentrated before Li,CO3 was precipitated
using soda ash. As indicated, crude marketable lithium carbonate was produced and 83%
Li was recovered from the ore as a result.

Roasting amblygonite in the presence of gypsum and lime was also tested to extract
lithium. Kalenowski and Runke’” mixed gypsum and lime (at 1:2 mass ratio) with
amblygonite (8.46% LiyO) for calcination at 950 °C within 2 h and then leached the
calcine produced with water at a liquid—solid mass ratio of 5:1 to recover 97.3% lithium

from the concentrate. In another method patented by Frevel and Kressley,

amblygonite
was reacted with SOj3 formed in situ from the reaction of SO, and O, gases at 900 °C.
Such a gas—solid interaction seems to be inferior for extracting lithium from amblygonite
since only 67.5% lithium was recovered in this test whereas ~90% lithium was released
from lepidolite by using the same procedure.

As one of the abundant lithium minerals, petalite has been mined and processed
around the world to produce low-iron lithium concentrates, which are directly used
in the glass and ceramic industries.”® Consequently, there have not been many published
studies on refining petalite for production of high-grade lithium carbonate and other
lithium chemicals. In 2012, Sitando and Crouse™ introduced a process using sulfuric
acid to extract lithium from a Zimbabwean petalite concentrate. Decrepitation of
the powdered concentrate (4.1% Li,O) was first conducted to convert petalite to
B-spodumene at 1100 °C for 2 h. Next, a slurry of concentrated HySO4 and the decrepi-
tated product was subjected to roasting at 300 °C for 1 h and the calcine obtained was
afterward leached with water. A lithium extraction of 97.3% was yielded after 1 h leach-
ing at 50 °C using a liquid—solid mass ratio of 7.5:1. Limestone was used to precipitate Al
and Fe at pH 5.5—6.5 and the formed solids was discarded. The addition of hydrated
lime and soda ash into the filtered solution would precipitate Ca and Mg at pH
11—12 as Mg(OH); and CaCO3. After removal of the alkaline earth metals, the filtrate
was neutralized to pH 7—8 by using H>SO4 before being concentrated to >11 g/Li
solution by evaporation. The residual Ca also precipitated during the evaporation stage
and then filtered. Carbonation of the purified Li-rich solution by slowly adding
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Na,CO3 at 95—100 °C was then undertaken to form Li,CO3. Washing the precipitate
with hot water, followed by drying at 250 °C resulted in 99.21% purity Li,CO3 product.
Na,SOy4 was also recovered as a by-product by chilling (at 0—8 °C) the raffinate after
Li,CO3 recovery.

2.1.4 Processing of Clays and Other Ores
Lithium has been frequently found in clay minerals such as montmorillonite, kaolinite,

hectorite, etc., at various levels ranging from 7 to 6000 ppm.*>*’

Chemical processes
treating clays to recover lithium are summarized and shown in Table 3.5 In 1988,
Crocker and co-workers”® from the US Bureau of Mines reported an extensive study
for recovering lithium from low-grade Nevada clays. Using McDermitt B clay contain-
ing 0.64% Li, several methods were applied to extract lithium including multiple-reagent
roast—water leach, sulfur dioxide roast—water leach, HCI roast—water leach, and
limestone—gypsum roast—water leach. Roasting mixtures of the clay with a pair of
either KCl and CaCOj or KCI and CaSOy at 800 °C for 4 h was ineffective due to
the loss of volatile Li compounds. Direct sulfation of the clay by using SO, gas was
unsuitable since an excessive quantity of SO, was required as well as high contents of
Mg and Ca could be coextracted during leaching, resulting in contamination of the leach
liquor. Using anhydrous HCI as an additive during roasting of the clay, followed by high
temperature leaching (80 °C) of the yielded calcine led to ~70% Li extraction although
approximately 80% Ca was also coleached. In another procedure, chlorination of a
mixture of the clay and CaCOj3 (at 2:1 mass ratio) by using HCI solution (20 wt%) at
750 °C for 1 h yielded 80% Li recovery in leaching. At best, trials using gypsum and
limestone as additives were proven to be the optimal choice for extracting lithium from
the Nevada clay. Pelletizing a mixture of the clay, gypsum, and limestone at a mass ratio
of 5:3:3, followed by roasting at 1000 °C for 1 h and water leaching could extract ~90%
Li from the clay. Carbonation of the leach liquor using Na,CO3 produced 99% pure
LiCOj3 and sodium and potassium sulfate salts were also recovered as by-products.

The gypsum—limestone process was later utilized by Biiyiikbur¢ and Koksal”” to
extract lithium from a boron clay containing 0.2% Li. A mixture of the clay with these
additives was sintered at 915 °C for 110 min and the calcine was then subjected to water
leaching at room temperature, resulting in approximately 88% Li recovery. Adding
Na,COj into the previously evaporated leach liquor was subsequently carried out to pre-
cipitate Li;CO3. Similarly, Zbranek et al.”’ patented a method using dolomite and
CaSOy to transter Li values contained in a hectoritic montmorillonite clay (0.1—1% Li)
to water-leachable compounds. Roasting the clay with the added ingredients at
1000 °C for 1 h and thereafter leaching the yielded calcine at 95 °C for 0.5 h resulted
in 92% Li extraction. After concentrating the leach liquor by evaporation, the obtained
Li-rich solution was cooled to crystallize sodium and potassium sulfate salts. The formed
solids were then removed through filtration and the filtrate was treated to recover the final



Table 3.5 Experimental Profiles and Results of Several Studies on Processing of Clays and Other Sources

Roasting Leaching/Pressure Leaching Max. Li
Recovery  Final
Material Additive Temp. (°C) Extractant Temp. (°C) (%) Product—Purity® References
Montmorillonite clay SO, 700 H,O Unstated ~86 Not included 68
Anhydrous HCI 700 H,O 80 ~70
CaCO; + HCI 750 H,O 80 ~80 Li,CO5
Gypsum + limestone 1000 H,O Unstated ~90 Li,CO3—99%
Boron clay Gypsum —+ limestone 915 H,O Ambient ~88 Li,CO; 69
hectorite Dolomite + CaSOy4 1000 H,O 95 92 Li,CO5, LIOH 70
‘Tommonﬂomw Not included NaOH/KOH/ 85 66 Li,CO4 71
cay Na,CO5/K,CO5"
Conc. H,SO, 85-100
Bentonite clay Not included 7M H,SO, 250 ~90 Li,CO5 72
Granite Not included 120 g/L H,SO, 260 ~68 Not included 73
300 g/L HCl 90 ~76
Pegmatite 120 g/L H,SO4 260 ~71
300 g/L HCI 90 ~49

Note: Temp., Temperature; Max., Maximum; Conc., Concentrated.
“Final products were produced after further treatment including purification and product recovery (precipitation, crystallization, etc.) stages.

bstage 1.
Sstage 2.
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products. Either lithium hydroxide or lithium carbonate was produced via electrodialysis
or carbonation of the feed solution, respectively.

To extract lithium from a hectorite montmorillonite clay (0.35% Li), a two-stage pro-
cess involving pretreatment of the clay with an aqueous base consisting of carbonates or
hydroxides of sodium or potassium, followed by sulfuric acid leaching was patented by
Kluksdahl.”" At first, the clay was slurried with a caustic at 85 °C for 3 h. The residue
obtained after filtration was then leached with 95% H>SOy at 85 °C for 3 h at controlled
pH 1. The slurry was subsequently heated at 100 °C for 5 h before being cooled to
ambient temperature. Treating the slurry first with lime to ~pH 7 and afterward with
soda ash to ~pH 12 was undertaken to precipitate impurities. The purified leach liquor
was finally carbonated at high temperature by adding soda ash to produce Li,COs. A
maximum lithium extraction of 66% was yielded during the process.

Direct pressure leaching of El-Fayoum bentonite clay (Egypt) containing 1.2% LiO
was reported in a study by Amer.”” The clay was digested in 7M H,SOy solution at
250 °C in an autoclave, yielding 90% lithium extraction after 1.5 h leaching. The leach
liquor was then concentrated via evaporation from which LiCO3 was later produced.
Such a technique was earlier tested by Distin and Phillips”” using Li-bearing granite
and pegmatite. Leaching two granite samples containing 0.5% and 0.07% Li with
120 g/L HpSOy solution at 260 °C for 3.5 h resulted in 68.2% and 55.6% Li extractions,
respectively. Meanwhile, 71.3% Li was recovered when a pegmatite sample (0.65% Li)
was pressure-leached. A liquor of 300 g/L HCI was also used to digest the samples at
90 °C within 3.5 h. Unlike H,SOy, digestion using HCI led to higher extractions at
76.2% and 64.7%, respectively. In contrast, only 48.6% lithium was extracted when
the pegmatite sample was treated with the HCl solution. However, impurities including
Al Fe, Ca, and Mg were also leached, which required further purification and concen-
tration processes.

2.2 Processing of Lithium from Brines

2.2.1 Commercial Practices

Due to low cost of processing, Li chemicals have been produced mainly from salar or salt
lake brines, which contain 0.06—0.15% (600—1500 ppm) Li as shown in Table 3.6 below
for major operations around the world.""’*”> Brine production until 2013 by Chem-
etall (Germany), FMC (USA), and SQM (Chile) has increased at an annual rate of 4—5%
per year, whereas up to a growth rate of 35% per year is expected for the lithium carbon-
ate production from China, due to the significant expansion of its lithium battery
industry.

Kesler et al.”” conducted an extensive review of major brine resources all around the
world and tallied the total reaching 21.6 Mt (million tonnes) contained Li, not counting
an approximate 2 Mt contained Li that can be recovered from geothermal sources. The
above estimations should only be used as a guide as an accurate projection of these



Table 3.6 Resources and Compositions of Various Brines of Commercial Value around the World

Composition (wt%)

Resource
Source (Mt) Na K B Li Mg Ca cl SO,
Clayton Valley, 0.2 4.69 0.4 0.005 | 0.0163 0.019 0.045 7.26 0.34
USA
Salton Sea, USA 0.316 5.00-7.00 1.30-2.40 0.039 | 0.01-0.04 0.07-0.57 2.26-3.9 14.20-20.90 | 42-50
Salar de Atacama, 6.3 9.1 2.36 0.04 0.157 0.965 0.045 18.95 1.59
Chile
Salar de Hombre 0.8 9.9-10.30 0.24-0.97 0.068-0.121 | 0.018-0.14 0.019-0.09 15.80-16.80 | 0.53—1.14
Muerto,
Argentina
Salar de Uyuni, 10.2 7.06 1.17 0.071 | 0.0321 0.65 0.0306 5
Bolivia
Searles Lake, USA 0.02 11.08 2.53 0.0054 0.0016 12.3 4.61
Great Salt Lake, 0.53 3.70-8.70 0.26-0.72 0.007 | 0.0018 0.5-0.97 0.026-0.036 | 7.00—15.60 0.94-2.00
USA
Dead Sea, Israel 2 3.01 0.56 0.003 | 0.0012 3.09 1.29 16.1 0.061
Zabuye, China 1.53 7.29 1.66 0.0489 0.0026 0.0106 9.53
Taijinaier, China 0.9 5.63 0.44 0.031 2.02 0.02 13.42 3.41

Data extracted from Refs 1,2,4,74,75.
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resources varies from one source of information to another. As an example, the resources
of Li in Bolivia and Chile are estimated at 9 Mt and 7.5 Mt, respectively according to the
United States Geological Survey (USGS)," which are different from those quoted in
Table 3.6 above from other sources.

The recovery of Li is normally undertaken as the last stage of a series of continuous
solar pond evaporation of a brine in several stages to first precipitate halite (NaCl), sylvite
(KCl), sylvinite (NaCl-KCl), and other salts until its content reaches ~ 6% Li. Only then
can high purity (99.5—99.99%) lithium carbonate be processed and finally recovered. In
salar brines containing high levels of Mg, such as those in Salar de Atacama (Chile) and
Salar de Uyuni (Bolivia) carnallite (KCl-MgCl,-6H,O) or bischoftite (MgCl,-6H,O)
starts precipitating when the brines are concentrated to ~4.4% Li.”°"’® Further,
solar evaporation produces 5.5—6.5% Li concentrated brines before they are processed
to finally yield lithium carbonate or chloride. By then lithium carnallite
(LiCl-MgCl,-6H,0) also precipitates, which might contaminate the lithium products.
Under these circumstances, the brines (by then will contain ~6% Li, 1—4% Mg,
0.5—1% boron, B as borate) should be processed to remove Mg and B before Li recovery.
The separate recovery of Mg is therefore necessary for the production of high purity
lithium carbonate or lithium chloride. Boron should be removed as it is detrimental to
lithium chloride used for Li metal production via electrolysis.”” Figure 3.2 shows a gen-
eral schematic flow sheet for producing Li chemicals and other by-products (mainly KCI)
from brines and seawater.

Sociedad Quimica y Minera de Chile, SQM (Chile), as the largest Li producer in the
world operates plants at Salar del Carmen near Antofagasta to produce battery-grade
(99.5% purity) lithium carbonate, lithium hydroxide, and lithium chloride from its re-
sources at Salar de Atacama, with KCl as a by-product. Rockwood Lithium (previously
traded as Chemetall) operates two world-class lithium brine resources—one in Salar de
Atacama (Chile) and the other in Clayton Valley near Silver Peak, Nevada (USA).

At Rockwood’s main plant in Salar de Atacama, the brine is pumped through a
cascade of ponds where impurities (gypsum) or by-products such as halite, sylvinite,
and carnallite are precipitated. Main by-products are potash used by the fertilizer industry
and bischoftite used for road paving. During the evaporation process, the lithium concen-
tration is increased from ~ 0.2% to ~ 6% Li in the final brine, before it is transported back
to Rockwood Lithium’s Antofagasta plant for further purification and processing to yield
lithium carbonate and lithium chloride.

2.2.2 Proposed Processes for Separating Lithium from Other lons

To produce a high purity Li liquor, several other contaminants such as Ca, Mg, B, Fe, Al,
and base metals have to be removed. For liquors produced from leaching Li minerals, the
liquors generally contain low level of these impurities in a sulfate matrix. However, for
brines and other saline materials, the liquors are generally saturated with these
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Brine/Seawater
Multi-stage Salts of Na, K, Na, Mg, etc.
—

Solar Evaporation KCl as by-product

lon Exchange Resin l
. ~6% Li Brine Solvent extraction B removal
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B-free brine
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Figure 3.2 General flow sheet for production of lithium compounds from brines and seawater. Most
steps are already used commercially, while few others are under laboratory study.

contaminants together with Na, K, Cl, and sulfate. The process used to treat the Li
liquors has to incorporate steps to remove these impurities.

Table 3.7 lists different techniques used in several studies on the recovery of Li from
different brines and saline waters, some as recent feasibility studies for Li projects in the
process of being commercialized. Most processes rely on the use of lime to remove Mg
and sulfate. Boron (100—700 ppm B in most salt lake and salar brines), an impurity detri-
mental to Li metal production during electrolysis, could be removed during the produc-
tion of Li carbonate, chloride, or hydroxide products by iso-octyl alcohol-kerosene
solvents.”” The technique seems to be the best option for removing boron from salar
brines.”’ Precipitation and removal of Mg, Ca, Fe, Al, etc., from brines are commonly
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Table 3.7 Treatment of Brines via Precipitation to Remove Major Impurities

Brine Technique/Precipitant Precipitate Final Product—Purity® References
Salar de Atacama Solar Eva. Salts of Na, K, Mg Li,CO3—99.2% 76
Na,CO; MgCO;
Ca(OH), Mg(OH),, CaCO3
CaCl, CaSO,4-2H,0O Li,CO3—99.57% 79
Solar Eva. Unstated
Unstated Mg and Ca precipitates
CaCl, Gypsum LiCl—99.9%" 80
Solar Eva. Salts of Na, K, Mg, etc.
Salar de Cauchari | Solar Eva. + Chilling NaCl, Na,SO,-10H,O Li,CO3—99.5% 81
CaO + CaCl, Mg(OH),, gypsum, NaCl
Solar Eva. Salts of K, SO, borate
CQ.O + N32CO3 Mg(OH)2, CaCO3
Salar de Olaroz Lime milk Mg(OH),, CaSO, Li,CO3—99.91% © 82
Solar Eva. Unstated
Salar de Uyuni Lime Mg(OH),, CaSO,-2H,0, Li,CO3—99.55% 83
Adsorbed B
Na,C,04 Ca—Mg oxalate
Salar del Rincon Ca(OH),, Na,SO,4, NaOH | Mg, Ca, and B precipitates Li,CO3, LiCl >99% 84
Eva. Unstated
N32CO3 CaCO3
Clayton Valley Solar Eva. 4+ CaO NaCl, KCIl, Mg(OH), LiCl 85
CaO + CaCl, Mg(OH),, CaSO,-2H,0,
C3B204'6H20
Solar Eva. & pH ad;. NaCl, KCIl, Mg(OH),
CaSO4-2H,0, etc.
Chilean Solar Eva. 4+ Lime LiCl-MgCl, 7H,0O, Mg(OH),, Li,CO3—99.59% 86

CaCO,

0oL
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Brine Chilling + Eva.

(schoenite)

Eva.
CaC12
Eva.

Na,COj; or

N32C03

MgSO4 . KzSO4 6H20

Na2SO4 + Na2C03

Solar Eva. + Lime
LiOH + Li,CO;

CaO + Na,COj3 or
recycled liquor
Lime and Al chloride

NQ.C], KC], MgSO47H20,
KMgCls-6H,0
CQ.SO4’2H20, MgclzKC16H20

BaSO,, SrCO;, CaCO;, MgCO;
Salts of Na, K, Mg, etc.

Gypsum

Unstated

NaCl, KCI, Mg(OH)s, etc.
Mg(OH),, CaCOs;, etc.
Mg(COs3),, Mg(OH),, CaCO;

Fe(OH)3, Mn(OH),, Pb(OH),,
ZH(OH)2
MgCO3, CaCO;,, L12C03

LiQSO4 - H20 ~ 92%
Li,COs

Not included
Li,CO3—99.7%

LiOH-H,O0, Li,CO,, LiCl

LiOH H,O0, Li,COs3,

LiCl—99.4-99.995%"

LiCl—99.9%"

Li,CO;

87
88
89
90
91

77

Note: Eva., Evaporation; Adj., Adjustment.

“Final products (>99.5% purity) were produced after further treatment using ion exchange, solvent extraction, electrolysis to remove B, Ca, Mg, and other impurities in

most cases.

£99.9% LiCl was produced by redissolving LiCl (99.2% purity) in isopropanol, then distillation to recover high purity LiCl.

©>99.9% purity Li,CO3 was produced by further redissolving Li,CO3 (<99.5% purity) in HO + CO, to produce LIHCOj solution, followed by ion exchange resin to

remove residual impurities, then finally recrystallizing high purity Li,COs.

| hydroxide was precipitated together with Li, which was then leached in HCI. Tetrahydrofuran was used to further extract Li for high purity LiCl production.
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practised commercially. Ion exchange resins have also been recently applied to remove
their residuals after precipitation.

To produce high-grade Li products of >99.9% purity, a novel approach has been
applied in the coming commercial projects.”” Lithium carbonate (~99.5% purity) is
to be redissolved into solution as lithium bicarbonate (LiHCOj3). Further, purification
by ion exchange resins will remove more impurities caught in the lithium carbonate
structure rendering high purity liquor for final Li;CO3 (>99.9% purity) recovery. Be-
sides, high purity LiCl could be produced by redissolving 99.2% purity LiCl in isopropa-
nol.” The residue containing impurities will be discarded whereas the filtrate is distilled
to remove isopropanol, leaving a LiCl product of >99.9% purity. Ultrahigh-purity LiCl
could also be produced by dissolving Li,CO3 (99.5% purity) in HCI, followed by puri-
fication using ion exchange resins to remove residual impurities contained in the resulting
LiCl solution.”’

Magnesium represents a challenge for process developers as at high concentrations
>5000 ppm Mg, it should be recovered as a by-product to improve the process eco-
nomics and at the same time to minimize the loss of Li via Li carnallite
(LiCl-MgCl,-6H50). As a result, several schemes have been lately proposed to deal
with salar brines containing high Mg.

For salar brines from Salar de Atacama and Salar de Uyuni which contain high levels
of Mg, solar evaporation will precipitate Mg as carnallite, bischoftite, and lithium
carnallite. The presence of Mg in some brines at ~ 1% Mg and above represents a signif-
icant economic value if Mg products can be recovered. Several processes have been
recently developed to recover Mg and Li simultaneously in plant conditions without solar
evaporation. The process proposed by Korea Resources Corp.” first removes Mg from
brines after which Li could be recovered after purification and concentration stages. An
et al.”” proposed this process for treating brines from Salar de Uyuni (Bolivia), which in-
volves the use of lime to first precipitate Mg as hydroxide (Figure 3.3). Gypsum
(CaSO4-2H,0) and B (as borate) are also coprecipitated with Mg(OH),. The mixed
slurry has to be further processed to recover Mg. Alternatively, the
Mg(OH),—CaSOy4-2H,0O mixture can be a marketable product as it has all properties
(BET area, oil adsorption, particle size, whiteness, etc.) required for fire retarding
fillers.”"” The second precipitation stage uses sodium oxalate to remove Ca as calcium
oxalate to <100 ppm Ca. The calcium oxalate precipitate can then be calcined to CaO to
be partially reused in the first precipitation stage. The liquor is afterward purified by pre-
cipitation to remove contaminants such as Fe, Al, and base metals before lithium is
concentrated via evaporation and recovered as 99.5% purity Li,CO3 at 80—90 °C by
carbonation using soda ash.

Magnesium can be removed from seawater, bittern, or process liquors as Mg(OH)»
using dolime (CaO MgO) or hydrated lime (Ca(OH),).”"”® The Mg(OH)> obtained
by precipitation using NaOH would produce a high purity Mg product. However,
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Brine

Ca(OH), Mg, B Removal
Mg(OH), Processing
CaS0,.2H,0 — torecover
Adsorbed B Mg(OH), and B

Na,C,04 Ca, Mg Removal

Ca- Mg
oxalate
Purification Residual Ca, Mg, etc.
20 g/L Li solution
— sty
Na,CO; (80-90°C) Evaporation
Carbonate treatment
before recycling to
1.5 g/L Li solution evaporation

Li,CO,
Figure 3.3 Flow sheet for recovery of lithium from Salar de Uyuni brine. (Modified from Ref. 83.)

the technique produces a very fine and poorly crystalline Mg(OH),, creating difficulty
during its filtration from viscous brines.”””® The “ripening” of nano crystals of
Mg(OH), by aging the precipitate in 24 h in nonstirring conditions was also suggested
to improve its settling and filterability.”” Alamdari et al.'"”’ could precipitate Mg(OH),
with sizes ranging 5—60 pm within 60 min from a sea bittern containing 30 g/L Mg
by adding seeds (5—40 um) and adopting slow NaOH addition. In a recent study,
Tran et al.'’" developed a technique in which Mg could be selectively recovered as
Mg oxalate from the Salar de Uyuni brine.

2.2.3 Selective Recovery of Lithium

Selective recovery of Li from brines is the ultimate objective for technology developers
to reduce the time required for concentrating Li values from ~ 1% Li in most salar brines
to ~ 6% Li for recovery. Announcements on a new technology developed by the lead-
ing Korean steel maker Posco at its Research Institute of Industrial Science and Tech-
nology (RIST) have been abundant, claiming a great improvement of the Li recovery
process.'">'"” No technical information has been released on the processing steps
employed. However, RIST claims the new recovery technique, which takes

1—2 days compared to the slow step of solar evaporation to concentrate lithium in
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conventional technologies (time required for concentrating brines by solar evaporation
of at least a few months). RIST has been developing this new technology since 2012 and
started work in June 2014 on a fully operational demonstration in Argentina’s Jujuy
Province, able to produce 200 tpa Li with full production expected to come on line
in 2016.

2.2.3.1 Electrolysis
A novel technique based on an electrolytic cell relies on the use of an anionic selective
membrane to indirectly transfer Li produced from LiFe"'POy electrodes to be selectively
intercalated into fresh Fe"PO,.'"*!"

cation of this cell to selectively recover Li from brines is shown in Figure 3.4.

A schematic diagram showing the potential appli-

The redox reactions involved are:
Negative electrode: Reduction/Intercalation

Lit + e 4+ Fe""PO, — LiFe"POy (Li-brine—compartment A)
Positive electrode: Oxidation/Deintercalation
LiFe'"'PO4 — LiT + e + Fe""POy (fresh electrolyte—compartment B)

When a current is passed through this cell, Li ions from the Li-containing brine

(compartment A) start intercalating into fresh Fe'"

POy at the negative electrode (reduc-
tion process). At the same time, Li ions start “deintercalating” from LiFe"POy at the pos-

itive electrode (oxidation process) in compartment B of the cell.

Anionic selective membrane

- I+
e : e
FePOy, <1 / —+> LiFePOy4
Lit —p<«— Li* Lit <— T Li*
Cl 4+—
Li* —p<4— Li* Li* «— +— Li*
ClF 11—
Lit —pP4— Li* Lit <— 1+ Li*
(@) Li-brine (b) Fresh electrolyte

Figure 3.4 Schematic diagram of an electrolytic cell for recovery of lithium from Li-brine using LiFeO,
and FePO, as electrodes. (Modified from Ref. 104.)
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The process can be voltage-controlled to minimize Na and Mg ions participating in
the Li removal process. When the electrode in A is full, a new or recycled Fe"'POy is
replaced and the process continues. As a result, Li will be continuously removed from
the brine (A) and Li will be gradually concentrated in the pure electrolyte (B). The tech-
nique is the reverse of electrodialysis used for water desalination as the concentrated elec-
trolyte is the product in this case. The technique can also be used in conjunction with ion
exchange to continuously remove Li from the pure Li-containing electrolyte (B). The
Li-loaded resins would then be stripped to produce more concentrated and purer Li li-
quors for final recovery.

A similar technique which was developed earlier by Lee et al.'’® based on
LiMn,Oy electrodes claimed to be superior compared to the Li-Fe-POy system due to
the high selectivity of the A-MnQO> electrodes in intercalating Li. The rate of Li transfer
per cycle (0.833 h/cycle) is 0.55 mAh/cm?, although this rate decreases to 0.5 mAh/cm®
after 20 cycles, possibly due to the degradation of the electrode matrix. At 5 Ah/m?
using a 1 m” electrode, a transfer of ~1.3 g/h per m” is realized (based on Faraday’s
constant of 96,485 as required for transfer of 1 mol or 6.94 g Li). At this rate, each m’
of brine containing an economic Li content ranging from 0.7 to 0.8 kg/m’ needs to
be treated within 100 h to a cutoff grade of 0.2—0.3 kg/m> using 4 m” of electrode.
However, most studies so far (limited to <20 cycles) have not demonstrated the cyclic
effect as degradation of electrode performance has been experienced leading to a
drop of loading capacity. This rate is also too low for commercial production of
Li,COj3 so far.

2.2.3.2 Adsorption
Selective adsorption of Li using synthetic adsorbents based on MnO,, TiO;, and
aluminum hydroxide, etc., has been extensively studied using synthetic seawater and
solutions or brines from salar and geothermal sources. The uptaking of Li from these
solutions relies on Li intercalation into the nonstoichiometric lattice of these oxides.
The capacity of loading Li onto different synthetic adsorbents varies greatly in the range
of 3—35 mg Li/g adsorbents, depending on the type of solution, lithium contents,
adsorbent composition, etc. High loading capacities (>20 mg/g) are normally achieved
only when lithium-rich solutions (>5 mg/L Li) are used. When real brines or
seawater containing Mg, Na, K, Ca, etc., were used for testing, these ions were also
loaded onto adsorbents, thus reducing the overall uptaking capacity of Li.'"” As shown
in Table 3.8, most studies evaluated the adsorption of Li onto different matrices of
MnOy ion-sieve in the physical forms of foam, granules, nano-particles, etc. The replace-
ment of Mg for Mn in the structure of MnOy seems to improve the uptaking capacity of
15108

The stripping (desorption) of Li from these adsorbents is based on HCI eluant, which
also partly dissolves the Mn matrix and also elutes Ca, Mg, etc. A full treatment process
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Table 3.8 Recovery of Lithium from Solutions via Adsorption Using Synthesized Adsorbents

Adsorption Desorption
Cap.
Material Adsorbent Ext. (%) (mg/g) Eluant Ext. (%) References
Salar de Uyuni | Liy 15Ho76Mgo40Mn'™ 0sMn"Y; 5004 58 23-25 HCI >96 108
brine derived from magnesium-doped LMO
Layered H,TiO; derived from Li;TiOj Unstated 32 HCI 98 109
Brine Nanocrystalline MnO, derived from LMnO | Unstated ~6.3 Unstated 110
Aluminum hydroxide gel 60 Unstated 111
Hydrated aluminum oxide 96 Unstated 112
Seawater H; ¢Mn; (O, derived from Li; (Mn; Oy Unstated ~8.5 Unstated 107
Composite nanofiber Hy (Mn; (O, derived ~7.4
from Li; (Mn; (O
Cylinder-type LMO Unstated ~15.1 Unstated 113
LMO powder ~27.6
H; 39Lip 01Mn; 5O, derived from 76 8 Unstated 114
Lij 57Mny 4504
MnO,.0.10Sb,0Os5.1.3H,O derived from 28 14 Unstated 115
spinel-type
Li; 165b(V)o.20Mn(Ill)g 77Mn(IV)g 7704
MnQO,.0.5H,0 derived from Li; (Mn; Oy 74 37 Unstated 116
Millimeter-sized spherical ion-sieve foam >95 3.4 HCI ~ 86 117
derived from spinel LMO
Tin antimonate 99 ~0.4 HNO; 99 118
Titanium antimonate 100 ~1.25 HNO; 98 119
Granulated HMnO derived from LMO 85 2.9 HCI >95 120
H; ¢Mn; (O, derived from Li; Mn; Oy 61 35 HCI 95 121
Delithiated membrane-type Lij 33Mn; 4704 Unstated 10.6 HCI 86 122
HMnO(Mg) derived from MgMn,O, 60 45 HCI 88-91 123

20l
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Synthetic
solution

Synthetic
geothermal
water

Geothermal
water

Dehthlated Li1'33Mn1'6704 COntained in
Kimtex membrane
HMn,O, derived from LiMn,Oy4

H-type A-MnQ, derived from Li; sMn,O,

Nanosized H; 33Mn; 7O, derived from
Li; 33Mny 4704

Granulated TiO, (for As adsorption) and A-
MnO, derived from Li; sMn,O, (for Li
adsorption)

Granulated magnetite (for As adsorption) and
A-MnO, (for Li adsorption)

Titanium antimonate

~90

~100
Unstated
Unstated

Unstated

Unstated

100

Unstated

10.6

~15
28.2

27.8
(For Li)

~2.38
(for As)
~19
(for Li)
~1.2-14

HCl ~93
Unstated

HCl Unstated

HCl Unstated

HCI Unstated

HCI Unstated

HNO; >90

129

119

Note: Ext., Extraction; Cap., Capacity; LMO, lithium manganese oxide.
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for Li recovery recently proposed by Um and Hirato'” therefore requires steps to pre-
cipitate Mg, Ca, and Mn and to remove them from the Li chloride liquor, before Li,CO3
(98.7—99.4% purity) is recovered by soda ash carbonation at 100 °C. To a lesser extent,
adsorbents from Ti and Al hydroxide based were also suggested for Li recovery from
brines and geothermal water.””"""-!'=11”

2.2.3.3 lon Exchange and Solvent Extraction

Ion exchange and solvent extraction have also been tested to recover Li selectively. Sol-
vents such as tributyl phosphate, TOPO, heptafluoro-7,7-dimethyl-4-6-octanedione
(HFDMOD), etc., or mixtures of these have been used for removing Li from synthetic
brines.'”''%? Resins such as Zeo-karb 225, Dia-ion SK, and AG50W-X3 containing
sulfonate functional groups and chelating resins have also been used for uptaking Li
from different synthetic liquors.””"**~"*° These studies were rare and did not contribute
much to the field.

2.3 Processes for Producing Lithium Metal

Lithium metal has been produced via electrolysis or thermochemical reduction using
feedstock such as Li, O, LiCl, LiOH, Li,COg3, etc. 197.138 A¢ first, Brande and Davy] 7 suc-
cessfully isolated lithium from lithium oxide through an electrolysis process in 1818.
Later, in 1923 the first commercial production of lithium metal was operated by Metal-
lgesellschaft AG in Germany using electrolysis of a molten mixture of lithium chloride
and potassium chloride.'”” The use of such a eutectic mixture aimed to lower the corro-
sion taking place on the graphite anode. The decomposition of fused LiCl to form Li
metal in the electrolytic cell is shown below'”":

R eactions:

At anode: CI” — '/, Clhg +e

At cathode: Lit + ¢~ — Lig

Overall cell reaction: LiClgy — Lig) + Y, Clyg
Conditions:

Epppec =36V

Current density: 2 A/cm?

Energy consumption: 35 kWh/kg

Besides, lithium can also be produced by electrowinning of Li,CO3, LiCl-Li,O, or
LiCl-Li,COs3, etc., and the formation of C, CO, or CO; could be observed during elec-
trolytic processes using Li,CO3 as an electrolyte,'”' "'

Lithium can be easily recovered from its compounds using redox reactions. Several
reactions concerning thermochemical and electrochemical reduction of lithium com-
pounds to produce lithium metal are tabulated in Table 3.9.

Di et al."** introduced a novel vacuum aluminothermic reduction process to produce
lithium from lithium carbonate. A mixture of Li,COj, CaO, and Al,O3 was first



Table 3.9 Reactions for Production of Lithium by Thermochemical or Electrochemical Reduction

Li,O

LiOH

Electrolytic Reduction

2L120 + 2CaO + Si — 4Li(g) + C325i04
3Li,0 + 2Al — 6Ligy + ALO;

6LiOH 4 2C — 2Lig + 2Li,CO;3 + 3H,
3LIOH + FeC, — 3Lig + Fe +

3/2H, + CO + CO,

2LiOH + 2Mg — 2Li, + 2MgO + H,
2LiOH + Al — Liy, + LIAIO, + H,

At cathode:
Ca®t +2¢ — Ca
Ca + Li,O — CaO + 2Li
At anode:
O+, C >, CO, +2¢”
or 0% = ', 05+ 2¢”

Data extracted from Ref. 138.

$955900.1d UOIDNPOId WNIYln
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pelletized and roasted at 800 °C for 2 h, resulting in a calcine containing LiAlO,.
Subsequently, adding aluminum powder into the pulverized calcine, followed by bri-
quetting the obtained mixture under pressure was conducted. The briquette yielded
was fed to a reduction stage at 1150 °C for 3 h in vacuum to liberate about 95% lithium
as gas, which was collected by a condenser. The reactions taking place during the process
are as follows:

Li2C03 + A1203 - 2L1A102 + C02
3LiAIO; + 2Ca0O + Al — 3Ligg) + 2(Ca0.Al,O3)

Earlier, these authors proposed a scheme using a coarse ferrosilicon-aluminum alloy
containing 28.83% aluminum and 41.10% silicon as a reductant to extract Li from
LiO, which was produced from the thermal decomposition of Li,CO3." " It was re-
ported that 95.26% lithium was extracted from Li,O at temperature of approximately
1000 °C and reduction time of 3 h. Similarly, a two-step method using CaO and
FeSi to recover Li from Li;COj3 was carried out by Morris and Pidgeon.'™* A mixture
of LiCO3 and CaO was first calcined to obtain a product containing Li,O, which
was then roasted with FeSi at temperatures between 970 and 1025 °C to liberate
gaseous Li. The reactions taking place during the process are shown in the following
equations:

Li,CO3 — Li,O + CO,
2Liy0 + 2Ca0 + Si — 4Ligg + 2Ca0.SiO,

Kroll and co-workers' " conducted a series of roast-reduction tests in vacuum at
950—1300 °C using Si-Al-CaO to produce lithium metal from its salts of carbonate
and fluoride. The reactions are given as follows:

4LiF + 4CaO + Si — 4Li(g) + 2CaF2 + ZCaO.SiOQ

6LiF + 4CaO + 2Al — 6Lig + 3CaFs + Ca0.ALO;3

3. NEW PROJECT DEVELOPMENT

Compared to the conventional technology currently applied for processing Li from spod-
umene concentrates or brines, new projects incorporate novel steps for the processing of
ultrahigh-purity lithium carbonate and lithium hydroxide. More advanced projects are
reviewed herewith to compare the typical technology applied and cost of Li production
via ore concentrates and brines.
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3.1 Lithium from Brines

Lithium Americas Corp. (USA) has completed a Definitive Feasibility Study (DFS) of the
Cauchari-Olaroz Lithium Project and plans to start production in 2015.”" The company
has recently been joined by Posco (Korea) who has developed a novel Li recovery process
currently trialed at 200 tpa scale in Argentina.'"”'** The process used to treat this salar
resource located at 4000 m above sea level within the Jujuy Province, Argentina incor-
porates a solvent extraction step to remove boron. KCl is also recovered as a by-product
from solar evaporation. The plant extracts 232.7 kt of Li from 976 million m” of brine
containing an average 0.650 g/L Li, representing 23% of the total measured and indicated
resource of over one million tonnes Li. The flow sheet representing major steps of the
process used at Cauchari-Olaroz project is shown in Figure 3.5. Due to the cold climate
of this region with mean temperature of 5.1 °C (+/— 10 °C range for maximum and
minimum), 70% of sulfate is precipitated as NaxSO4-10H,O in a preconcentrating solar
evaporation pond. The use of lime (CaO) or CaCl; to reduce the sulfate level is therefore
minimized.

A solvent extraction step is incorporated to recover boron in this process. The Li-
containing brine (at 4% Li) is first acidified to pH 3—4 for the boron removal step
from which it is discarded to waste. The boron-free brine is then neutralized from which
50 ppm residual Mg is further removed by precipitation using lime and sodium carbonate
at 60 °C. Lithium carbonate is finally recovered by carbonation at 80—83 °C using soda
ash. The precipitate is then washed using soft water containing <50 ppm each of Na and
Cl. The final product is then dried and packed.

Further, testwork is currently proposed to recover 70% available boron as boric acid in
the HCl acidification stage (to pH 2). Further, recovery of boron can be realized from the
stripped solution of the solvent extraction stage. A significant quantity of KCI (estimated
to be >55,000 tpa at 20,000 tpa Li;CO3 production) from different sources in the pro-
cess is also planned to be recovered by flotation. Testwork is also planned to recover so-
dium sulfate.

Another project operated by Orocobre (Australia) and Toyota Tsusho Corp. (as
minority shareholder) is close to production with all project financing and licenses in
place.'”” Lithium and potash will be recovered from brines at Salar de Olaroz in the
same region of Jujuy province, Argentina. Lithium carbonate is produced by a process
similar to that used at the Silver Peak Mine, Nevada. Potash is recovered by
differential flotation while >99.9% grade lithium carbonate is produced during pilot
plant trials. The processing route is also of low cost and considered low risk by the
industry.

Galaxy Resources Ltd (96% project ownership as in July 2014) aims to start produc-
tion at its proposed plant at Salar de Vida (Argentina) in 2017.""" Major steps of the pro-
cess are similar to those shown in Figure 3.5 and the plant will produce 25,000 tpa

11
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Figure 3.5 Flow sheet for production of Li,CO; from brine used in the Cauchari-Olaroz project.
(Modified from Ref. 81.)
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lithium carbonate and 95,000 tpa potash. In this plant boron is also removed by solvent
extraction. An improvement on product quality is via redissolution of the Li,CO3 pre-
cipitate in water using COj to produce the more soluble LIHCOj3. The impurities copre-
cipitated with lithium carbonate are then removed by ion exchange and the liquor is then
reheated to reprecipitate purified Li,COs3. Table 3.10 compares different plant produc-
tion and economic parameters of the three projects, which are considered as among the
largest in the world.

3.2 Lithium from Spodumene

After starting up the Mt Cattlin mine and its processing plant producing (~ 6% Li,O)
spodumene concentrate in Western Australia for its Jiangsu lithium carbonate processing
plant in China (capacity 17,000 tpa), Galaxy Resources Ltd (Australia) halted its produc-
tion in July 2012, although the mine is considered still holding a total resource of
18.18 Mt Li»O with a potential mine life of 18 years."”’ The company subsequently
sold its Jiangsu plant in April 2014 (pending approval from the PRC government).

During its production at 17,000 tpa >99.5% lithium carbonate was produced at an
operating cost of 2777 A$/tonne, which is much higher than ~1500—1800 US$/tonne
(without potash credit) for brines.'”' Considering the average lithium carbonate price of
A$ 6000/tonne, a revenue of A$ 102 M was projected throughout the project life of
20 years.

Nemaska Lithium Inc. (Canada) is considering (in August 2014) building a demon-
stration plant (426 tpa) producing both Li,CO3; and LiIOH-H;O at Salaberry-de-
Valleyfield, Quebec using its proprietary process.'”” After mining from Whabouchi,
the raw ore is processed into a concentrate using both dense media separation and flota-
tion techniques (Figure 3.6). The concentrate is then subjected to the conventional
decrepitation (at 1050 °C) and sulfuric acid cracking (at 200 °C). The Li sulfate liquor
produced is then purified using precipitation and ion exchange to remove impurities
such as Ca, Mg, Fe, Al, and base metals. As shown in Figure 3.7, the novel step based
on membrane electrodialysis will selectively extract Li as LiOH solution, while rejecting
sulfuric acid and Li sulfate for recycling. High purity LIOH-HO can then be produced
by evaporation and crystallization whereas Li,COj3 is produced by CO; carbonation
rather than Nay,COs.

Table 3.11 compares the feasibility study’s results of the two projects based on spod-
umene ores. Both studies have indicated that the operating cost for producing lithium
carbonate from spodumene ores is much higher than for brines as shown in Table
3.10. The economic return for processing spodumene ores could only be secured
when high purity lithium hydroxide is produced as the main product as shown in
Nemaska Lithium’s feasibility study.
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Table 3.10 Resources (Measured + Indicated), Reserves (Proven + Probable), and Economic Data of
the Projects at near Production by Orocobre, Lithium Americas and Galaxy Resources in Argentina

Lithium Galaxy
Definitive Feasibility Study Results Orocobre Americas Resources
Salar de Olaroz  Cauchari-Olaroz ~ Sal de Vida

Project name/Location Argentina Argentina Argentina
Li,COj; resources—Meas + Indic, Mt | 6.4 11.8 4.053
Area (ha) 63,000 83,000 NA
Average grade (mg/L Li) 825 650 782
Li,COj reserves—prov + Prob, Mt NA 2.7 1.139
Potash resources—Meas + Indic, Mt 19.3 35.3 16.07
Potash reserves—prov + Prob, Mt NA 8.0 4.197
Production (tonnes/year)

Li,CO; 17,500 20,000 25,000

Potash 20,000 40,000 95,000
Capital Expenditures (4/— 15%)

US$/tonne Li,COj3 13,086 13,450

US$ M—Li,CO3 229 269 369.2 including

US$ M—Potash 15 45 potash
Operating Expenditures (4+/— 15%)

US$/tonne Li,COj3 1230 1332 2200

US$/tonne without potash credit 1512 1876
Pretax NPV-US$ M (discount rate in | NA 738 (8%) 921 (8%)

bracket) 645 (10%)
Project IRR (%)

Before tax NA 23 23

After tax NA 20 19.4
Payback period NA 3 years 4 years

3 months 7 months

Revenue NA

Total (US$ M), 6600

Per year (US$ M/year) 175 215
Project EBITDA

Total (US$ M) NA 4300

At full production/year NA 107 118

(US$ M/year)

Note: NA, not available; Mt, million tonnes; US$ M, million US$; NPV, Net present value; IRR, Internal rate of
return; EBITDA, earnings before interest, taxes, depreciation, and amortization.

Data extracted from Refs 149,150,151.
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Figure 3.6 Flow sheet for production of spodumene concentrate from Whachoubi deposit (Canada).
DMS, Dense Media Separation; LIMS, Low Intensity Magnetic Separator. (Modified from Ref. 14.)
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Figure 3.7 Flow sheet for production of high purity Li,CO; and LiOH-H,O from Whachoubi
spodumene concentrate. (Modified from Ref. 150.)
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Table 3.11 Plant Production Parameters and Economic Data of the Project Currently Evaluated by
Nemaska Lithium Compared to Past Operation by Galaxy Resources. Cost in Australian (A$) or

Canadian (C$) dollar
Feasibility Study Results

Galaxy Resources

Nemaska Lithium

Mine location
Li resources (measured + indicated),
Mt
Grade, % Li,O
Li reserves (proven + probable), Mt
Grade, % Li,O
Mine life, year
Mine throughput rate, Mt/year
Concentrate
Production rate, X 1000 t/year
Grade, % Li,O
Capital expenditures, $M
Li processing
Plant location

Production rate, t/year/product grade

Processing plant capital expenditures, $M
Operating expenditures—overall
($/tonne)

For Hydromet processing section

Product price ($/tonne) used in DCF
analysis

Li,CO;

LiOH-H,O

After tax NPV (§M), discount rate in
bracket

After tax IRR (%)

Revenue—$M/year

Revenue/Total $M

EBITDA, $M/year

At fixed product price

Product price escalated 2% per year

Mt Cattlin, WA

1.1
NA
NA
16
3.4

137
6.0
A$ 79
Jiangsu, China
17,000/
99.5% Li,CO3

A$ 66
A$ 2777

NA

A$ 6000
A$ 757.7 (8%)
23.6

A$ 102

A$ 54.8
A$ 69.0

Whabouchi, Quebec
27.991

1.57
27.3
1.46
26
1.012

216
6.0
C$ 190.6

Salaberry-de-
Valleyfield, Quebec

28,206/99.9%
LiOH-H,O
3277/99.98%
Li,CO;

C$ 309.1

C$ 3450 for
LiOH-H,O
C$ 4190 fOI' L12CO3

C$ 1843 for
LiOH-H,O
C$ 2359 for Li,CO;

$C 5000
$C 8000
C$ 580.8 (8%)

21
C$ 269
C$ 6943.7

C$ 131.1

Note: WA, Western Australia; NA, Not available; Mt, Million tonnes; $M, Million dollars; DCF, Discounted cash
flow; NPV, Net present value; IRR, Internal rate of return; EBITDA, earnings before interest, taxes, depreciation, and

amortization.
Data extracted from Refs 151,152,
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4. CONCLUSIONS

Traditionally, the processing of Li from different minerals (spodumene, lepidolite, zinn-
waldite, etc.) relies on first decrepitating and/or roasting of the ores using different acids
and then leaching with water to produce lithium sulfate or chloride liquors. Purification
steps are then used to remove impurities such as Al, Fe, Ca, etc., by hydroxide precipi-
tation. Ion exchange resins are also used to further remove these impurities before
battery-grade (99.5% purity) Li,COj3 is produced by carbonation at 80—100 °C using
Na,COj. To further enhance the product purity to >99.9%, the lithium carbonate
(99.5% purity) produced is then redissolved into water using CO; (to form lithium bi-
carbonate liquor). Further, purification by ion exchange resins is then carried out to
remove impurities trapped with the primary lithium carbonate precipitate before the final
>99.9% purity lithium carbonate is produced. The coproduction of LiOH-H,O which
demands higher prices compared to LiCO3 is also now attempted in new projects.

Lithium products, however, are mostly produced from salar or salt lake brines. The
technology currently used involves solar evaporation to concentrate the Li from <1%
to ~6% Li before recovery. In this evaporative concentration process, various Na, K,
Mg, and Ca salts are also precipitated. Valuable by-products such as magnesium chloride,
magnesium sulfate, and potassium chloride can also be produced depending on their
levels in the brines. Project developers now are also considering improving the product
purity by removing boron using solvent extraction and recovering of Mg from several salt
lake and salar brines as a by-product to improve plant economics.

As the demand for high performance LiB is increasing, all plant operations have to
improve their processing technologies to secure the production of high purity products.
The traditional battery-grade lithium carbonate (99.5% purity) has to give way soon to
the much higher grade (>99.9% purity) demanded by end-users and battery
manufacturers.
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1. INTRODUCTION

A lithium-ion battery (LiB) is made of five principal components: electrolyte, positive
electrode, negative electrode, separator, and current collector. In this chapter the two
main components: negative and positive electrode materials will be discussed. A brief
description of the separator and current collector will be also given.

The first commercialized by Sony Corporation in 1991, LiB was composed of a
graphite negative electrode and a lithiated cobalt oxide (LiCoO») positive electrode.'”
Due to its relatively large potential window of 3.6 V and good gravimetric energy den-
sities of 120—150 Wh/kg, this type of LiBs still remains the most used conventional bat-
tery in portable electronic devices.

Before the development and the large application of lithium-based batteries, different
materials have been tested as potential negative and positive electrode materials. The
lithium itself was the most interesting due to its light weight (6.941 g/mol), low density
(0.534 g/cm’) and low electronegativity (0.98 in Pauling scale), high theoretical specific
capacity of 3861 mAh/g, and low electrode potential of —3.04 V versus standard
hydrogen electrode (H/H,).”

In the 1960s and 1970s, numerous inorganic compounds as positive electrode com-
bined with alkali metals (i.e., Li, Na) as negative electrode were studied. Some of these
materials, such as MnO»,” (CFy)p,” and SOCL, are still used as conventional positive elec-
trode materials in primary lithium batteries (LIBs). In 1970s Whittingham®” and Armand"’
proposed a modern room temperature battery system introducing the concept of interca-
lation of Li in a layered TiS; host structure. This innovatory system was a beginning of
research and development of lithium rechargeable batteries. This work resulted in intention
of commercialization of the Li/TiS, battery system announced by Exxon Company.'""”
However, some serious safety problems related to formation of lithium dendrites on the
Li metal resulting in the short circuit, accompanied by thermal runaway and explosion, >'*
limited a large application and commercialization of this system. Thus, a development of
other types of negative electrode materials was inevitable. The first works on metals

(i.e., Al, Pb, Sn, Au, Pt, Zn, etc.), which can form lithium alloys, were demonstrated by
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Dey."” A first full cell with a LiAl alloy as negative electrode and a TiS, as positive cathode,
showing however some serious drawbacks related to big volume changes, was proposed by
Rao et al.'® Then, the application of the intercalation-type electrode materials (rutiles i.e.,
MO, with M = group IVB, VB, or VIB), studied by Murphy et al.,'” gives a hope for
serious reconsideration of Li-based batteries for application. A remarkable progress in cath-
ode research on layered LiMO; (M = Co, Ni, Mn) materials was performed by Goode-
nough’s group.'® However, the absence of a safe anode impeded the battery
commercialization. A reversible Li intercalation into a graphite anode, reported by Yazami
and Touzain in 1983'” after some time of intensive work of chemists,”’ was a real break-
through for LiB commercialization. The real battery system with two intercalation elec-
trodes was proposed in 1980 by Lazzari and Scrosati.”' However, a cell used for market
by Sony Corporation in 1991°% was a cell realized with graphite anode and LiCoO» cath-
ode, proposed by Yoshino,” which gave a safe, high-energy density Li-ion rechargeable
battery. The cells had an open circuit potential of 4.2 V versus Li/Li" and an operational
voltage of 3.6 V.

Since, there has been a huge amount of work on all aspects of the LiBs related mostly
to positive and negative electrode materials with relation to their chemistry, structure and
morphology, electrolytes, battery design, methods of manufacture.

This chapter presents the state of art of the two principle components: the positive and
negative electrode materials and the last trends of development of these electrodes aiming
on better performances of LiB system in the light of development of high energy/power
batteries for application in electric vehicles. The battery performance can be also signif-
icantly influenced by the reactions occurring at the electrode/electrolyte interface. These
reactions are related to the electrolyte stability, which can undergo a decomposition and
form a passive layer on the electrode surface. The most important aspects related to sur-
face chemistry will be also presented in this chapter.

2. BATTERY COMPONENTS AND ELECTRODE LIMITATIONS

The working principle of LiB and different types of electrolytes are described in Chapter
2 and Chapter 5, respectively. The type of electrolyte (type of solvents and salts and also
electrolyte additives) determines the physicochemical properties of electrolyte and influ-
ences the electrochemical performance of LiB. For a high energy density battery a large
working potential, which is a potential difference between positive and negative elec-
trode, is necessary (Eocp = Ha — },LB).%*% The Eocp depends on the electrochemical
(electrochemical window) stability of the electrolyte. The electrochemical stability of
electrolyte is the energy gap Eg=LUMO — HOMO (as illustrated in Figure 4.1),
where LUMO is the energy of the lowest unoccupied molecular orbital of the electrolyte
and HOMO is the energy of the highest occupied molecular orbital.
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Figure 4.1 Electrochemical potentials for negative/positive electrodes (graphite and Li;_,CoO,,
respectively) and organic, carbonate electrolyte window (Eg) versus lithium. SEI, solid electrolyte inter-
phase; HOMO, highest occupied molecular orbital; LUMO, lowest unoccupied molecular orbital.
(A modified figure from Ref. 26.)

As indicated in Figure 4.1, the potential lithium insertion (~0.2 V) into negative
electrode (graphite) is located below the electrolyte LUMO (which is for organic, car-
bonate electrolyte at ~1.1 eV). This means that the electrolyte undergoes a reductive
decomposition with formation of a solid electrolyte interphase (SEI) layer at potential
lower than 1.1V, described for the first time by Peled.”” This layer should be stable
and permeable to lithium ions. The cell operation at higher voltages depends either
on the electrolyte HOMO or the intrinsic limitation of the cathode material. This is
a case of the Lij_y CoO; electrode, which the capacity is limited to 0 < x < 0.55.
The higher x results in lower ordering Li* and Co”" ions and formation of peroxide
ions on the cathode surface with subsequent loss of O, and/or insertion of hydrogen
atoms from electrolyte.”” Thus, the maximum cycling potential for the Lij_, CoO,
electrode is around 4.0 V. Moreover, the electrolyte decomposition occurs at potentials
higher than 5.0 V, but is initiated already at 4.0 V. It can be concluded that the precise
definition of upper limit of the HOMO is not easy and can oscillate between 4.0 and
4.3 V. Moreover, the passivation of the cathode surface is also observed when pc is
below the HOMO of the electrolyte. If this SEI layer is not too thick and thermochemi-
cally stable, it will protect the electrode and avoid further decomposition of the electro-
lyte. The formation and characteristics of the SEI layer are presented in the last part of
this chapter.

3. POSITIVE ELECTRODE (CATHODE) MATERIALS

As aforementioned, the first report of lithium intercalation in Li, TiS, presented by Whit-
tingham for the Exxon company was the beginning of the application of solid state ionics
to electrochemical energy storage.'"'” At that time, the main characteristics of interca-
lation compounds were supposed to be a structure with empty conduction channels
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or planes to allow a rapid ionic motion and a rather soft structure with a covalent char-
acter to favor the distribution of local charge defects (both ions and electrons). For their
high covalence, chalcogenides, especially TiS,, were supposed to be the best available
materials because they had a layered-type structure that could reversibly undergo inter-

calation processes without any significant modifications, except for some swelling along
29

the direction perpendicular to the layers (called as topotactic intercalation).”” Then, it was
soon evidenced that the lamellar oxides with a lower molecular weight and a higher spe-
cific energy could perform the same job. The first positive electrode materials were
layered vanadium oxides” but at the beginning of the 1980s the research group of Good-
enough introduced some more ionic oxides with layered structure LiMO, (with
M = Co, Ni)18 as well as the three-dimensional spinel structures with LiMn,O,.”" For
a long time, these compounds (as well as their related compositions) were the major pos-
itive electrodes for lithium intercalation batteries. More recently, a third family of mate-
rials, polyanionic structures, such as LiFePOy, where transition metals are linked together
by tetrahedral oxoanions (XO4 with X = P, S, Si), joined the group of materials which
play a major role in the design of batteries.”” The three families of positive electrode ma-
terials are presented in Figure 4.2.

The polyanionic compounds had none of the characteristics as the first chalcogenides
compounds, in order to be considered as the most appropriate for intercalation reaction.
They were three-dimensional, completely insulating with poor ionic conduction. But
they benefited from the recent progress in material synthesis including the tailored assem-
bly of properties coming from different components such as nanomaterials and conduc-
tive coatings.

Since the first rechargeable LiB introduced by Sony in 1991, the commercialized
batteries have mostly doubled their energy density but only thanks to a better formula-
tion of the electrodes with the same materials. Large efforts have been focused to improve
the battery safety, cost, or cycling life of these materials.

Figure 4.2 Crystal structure of the three most common structures used in lithium intercalation batte-
ries: (a) layered LiMO,, (b) spinel structure LiMn,Oy, (c) olivine structure LiFePO,.
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Summarizing the past 30 years of research, it can be concluded that the layered oxides,
such as LiCoO», have the best energy density and a good rate capacity but they may pre-
sent problems of overheating and oxygen degassing which is a problem in some designs
such as polymer batteries. Because of the safety and environmental concerns, spinel
LiMn,Oy and olivine LiFePOy are considered as the best solution for electrification of
transport. However, the LiMnyOy suffers from severe capacity fading upon cycling,
whereas LiFePOy has a lower density although it presents good cycling and safety
conditions.”

More recently, because of the urgent need to increase the autonomy of electrical ve-
hicles, the efforts have been focused on improving the energy stored in the materials
either through a capacity increase (in mAh, i.e., the number of lithium ions exchanged
per mole of transition metal) or the search for high voltage positive electrode materials.””

In today’s technology, the materials for lithium intercalation batteries are synthesized
in their discharged state. This is important for manufacturing conditions. Indeed, the ma-
terials already contain lithium and they are in their low potential state (usually less than
3.5V vs Li/Li"), which makes them stable to be handled in normal conditions (in the
presence of air, moisture). They can be assembled with the separator and the negative
electrode (graphite, current collector) and they can be processed even in water. But,
this assembly must be thoroughly dried before the electrolyte is soaked and the battery
is sealed in anhydrous conditions. Only after this operation, the battery can be charged
and lithium deintercalated.

For more accurate and fundamental reviews on the field of positive electrode, the
reader is advised to read some prospective discussions on the Challenges for Rechargeable
Li Batteries by Goodenough and Kim,”” Tarascon and Armand”’, and by Manthiram.”
A very recent and complete review on the structural aspects of positive electrode mate-
rials has been also recently published by Xu et al.”

There are also a large number of alternate materials that can be assembled with lithium
metal for very specific purpose but the mainstream materials will be only described here
with some specific discussions, which characterize them more properly:
 the layered vanadium oxides and solubility issues,

* the layered cobalt and nickel oxides and the problem of thermal stability,
* the lithium manganese oxide and the capacity decay upon cycling,
* the lithium iron phosphate and the conductivity and coating issue.

3.1 Layered Vanadium Oxides

Although they do not find many applications, vanadium oxides may still deserve a brief
description. Vanadium pentoxide is a solid cathode material with a bidimensional struc-
ture formed by V,O5 layers separated by Van der Waals gaps (i.e., no ionic bond hold-
ing the layers together). This is a very versatile material, which offers the possibility to
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reach many difterent oxidation states of the vanadium (ranging between II and V) asso-
ciated with a lamellar structure where ionic diffusion can be fast and allows for rapid
intercalation kinetics. The intercalation of lithium into crystalline vanadium oxide has
been known for a very long time’’ because a large capacity can be expected from
this material. Indeed, the composition LiyV,Os5 has been obtained from 0 < x <3

Lo . . . L. 38—41
but it is associated with complicated structural phase transitions.”” "

These phase tran-
sitions may limit the kinetics of lithium intercalation particularly at high rate. If the
phase is only cycled between 0 < x < 1, the crystalline phases obtained during the
discharge are only slightly different, so they give a reversible cycling with a capacity
of 147 mAh/g. Deeper discharges down to Li,V,Os irreversibly transform the material.
Capacity is good but the voltage is too low to find applications in most electronic de-
vices. All phase transformations as well as the solubility issues of the vanadium especially
in its low oxidation state strongly limit the cyclability of the material.” Vanadium pent-
oxide is mainly commercialized for backup batteries and does not find many applica-
tions, but because of its low cost, vanadium-based materials are likely to find more
importance in the future. Indeed, many works are devoted to passivate the surface or
to form new systems based on this element with a lower solubility such as vanadium
phosphates™”’, vanadium borate glasses’ or composites with conducting polymers to
optimize the charge transport.”

3.2 From LiCoO, to NMC

Layered oxides containing cobalt and nickel are the most studied materials for LiBs. The
most widespread material, LiCoO, was proposed already 30 years ago by the team of
Goodenough.'” TIts structure is like an ordered rocksalt (NaCl) structure where Cl is
replaced by oxygen atoms placed on a cubic face-centered array and Na is alternatively
replaced by Li or Co ordered along the (111) direction. The structure can also be
described as ionocovalent slabs of transition metal oxides CoO; separated by layers of
Li* ions (Figure 4.2(2)). Only 0.5 Li can be reversibly extracted from the formula unit
LiCoO; still giving a capacity of 140 mAh/g. These materials suffer from the limitation
that they evolve oxygen in the charged state. Additives and coatings have been used to
stabilize the material at high potentials with large success.””"” An example of such im-
provements of the cycling behavior is shown in Figure 4.3.

Also, because of the high cost of cobalt, a large amount of research focused on devel-
oping the cheaper LiNiO, material, which is isostructural. But this phase is difficult to
obtain in the stoichiometric and well-ordered structure. Indeed, there is a mixing be-
tween the crystallographic sites of Ni and Li that does not occur in the case of cobalt
and yields a disordered distribution of cations [Lil_ZNi2+z]Li site[Li+zNi4+22Ni3+l—ZZ]Ni
wieOo. ¥ The Ni* T defects present in the lithium planes block the ionic mobility resulting
in a low rate capability. Moreover, the Ni' " state involved in the highly delithiated phase
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Figure 4.3 Galvanostatic charge of (a) unmodified LiCoO, and (b) coated with SiO, (cycled between
3.6 and 4.5 V with respect to Li metal) after Chen et al.*® (with permission of Electrochimica Acta), (c)
demonstration of reproducibility with optimized LiCoO, cycled between 2.8 and 4.2 V with respect
to graphite after Wang et al.*” (With permission of Journal of Power Sources.)

(charged state) is very unstable especially at high temperature and the structure also re-
leases some oxygen upon charging.”” Chemical substitutions for part of the nickel
have been studied to overcome these problems.’” In the case of substitution by cobalt,
there is a continuous solid solution LiNij_,Co,O, with a stabilized structure starting
at x=0.3."" Also, the addition of some aluminum increases even more the cycling
life and the thermal stability resulting in compositions with good performances such as
Li(Nij_yCoyAl)O, especially LiNij 70Co0,15Alp.1502 commercially known as
NCA.”

In 2001, Ozhuku et al. indicated that the presence of manganese in the structure
could also improve its thermal stability.s‘ﬂ5 Indeed, in the compositions Lij(Nij2Mny )
O, manganese enters in a +4 oxidation state that allows the nickel atoms to remain
in their stable +2 oxidation state instead of the smaller, less stable Ni*". As a result, a
larger amount of lithium can be deintercalated up to 200 mAh/g. But the presence of
residual nickel defects in the Li-planes still reduces the rate capability of the electrode.”
Some of these defects can be again eliminated by the addition of cobalt that stabilizes the
structure. So, many commercial products known as NMC are used with the composition
Li (Niy/2—yMny /z_yCO_ZY)OQ with x = 1/6 such as the most frequent composition of
LiNij ,3Mny,3C01,305.”” This composition shows a general compromise between cost,
discharge capacity, and rate, cycling behavior and thermal stability.

Last, in the prospect for future materials, an excess of lithium in the structure strongly
increases the capacity. These materials are called Li-rich layered oxides, where the
composition is Lij Mj_ O, that can be rewritten as Li(LiyM;_,)O», which indicates
that part of the lithium also occupies the transition metal layer.”” The end-member of
such nonstoichiometric composition corresponds to the structure of LixMnQO3, which
could be alternatively rewritten as Li(Li;,3Mnjy,3)O, with alternate layers of lithium sites
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and (Li,Mn) ordered in the transition metal layer. All manganese ions are in the 44 state.
This phase could be deintercalated at voltages above about 4.5 V, leading to a MnO»-
layered phase.”’ Experiments have shown that this extra lithium in the transition metal
slabs are preferentially deintercalated before those in the Li layers’” and they add up to
the capacity of these materials that have reached up to 300 mAh/g.”” However, there
is a loss of capacity after the first cycle, the origin of which is still under discussion and
probably related to a phase instability at too high potential with the formation and release
of dioxygen, O,.”” This so-called anionic redox process, involves the formation of per-
oxo entities (02)*~. Recent advances have shown that the oxygen release can be over-
come in model materials, which indicates that maintaining the first cycle capacity may be
possible in the near future.”' Systematic studies are under progress though different
methods either by solid state substitutions to block the diffusion of oxide ions, by core—-
shell modifications or coating of the surface of the oxide to stop the oxide recombination
at the surface of the material to release oxygen.

Concluding the state of the art of the layered oxides, the pure cobalt systems yield a
good capacity and a good cycling behavior, which is useful for consumer electronics
where they find their largest applications.”” But cobalt is expensive and toxic and there
may be danger for high power systems. So substitutions with nickel and manganese have
been largely considered. Pure nickel-based materials (LiNiO5) ofter a much lower stabil-
ity in the charged state and a poor rate capacity due to slow lithium diffusion. Manganese
also offers a low-cost system with a good high-temperature behavior but unfortunately a
limited cycling behavior. There is a compromise to find between the cobalt content that
allows increasing the capacity but causes also the fading upon cycling while manganese
improves the electrochemical stability at high temperature as well as the thermal stabil-
ity.(’2 Finally, mixtures of cobalt, nickel, and manganese (NMC) are often used to
combine the optimal properties while minimizing the drawbacks. For automotive appli-
cations, they can be also blended with other materials (spinels) to combine their good
cycling capability with the good power capability of the other components.

3.3 Spinel Structures

The manganese spinel phase LiMOy is also derived from the rocksalt structure with a
cubic close packing of oxygen atoms. But there is a 3D arrangement of transition metals
occupying only one over two octahedral sites of the rocksalt structure while lithium oc-
cupies 1/8 of the available tetrahedral sites within the oxygen network (Figure 4.2(b)).

The electrochemical intercalation of lithium in manganese oxide shows two well-
separated voltage plateaus in the composition range Li,Mn,O4 with x ranging between
0 < x < 2 (Figure 4.4(a)). When 0 < x < 1, the first plateau is at 4.0 V versus Li/Li",
whereas it is at 3.0 V when 1 < x < 2. Using the two plateaus would give a very high
capacity of 300 mAh/g. But, when the lithium content exceeds x = 1, the major part
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Figure 4.4 Galvanostatic charge/discharge of LiMn,0,4, on the full scale from 0 < x < 2 showing
the two intercalation plateaus at 4 and 3V respectively after M.M. Thackeray®> with permission of
the Progress in Solid State Chemistry; (b) and (c) restricted to the 4-V plateau only showing that it is
in fact two plateau systems as clearly observed also in the cyclic voltammetry after H. J. Bang
et al.”® (With permission of the Electrochimica Acta.)

of manganese is in the Mn'" state (with a d* high spin configuration) which induces a
strong distortion (known as Jahn—Teller eftect) of the structure with a large variation
of the c¢/a axis (around 15%). This structural change is too large for the solid particle
to maintain its full integrity upon cycling and the use of this plateau will cause a rapid
fading of the material.”” Thus, it can be stated that reversible capacity of LiyMn,Oy is
achieved only in the range 0 < x < 1 leading to a theoretical capacity of 148 mAh/g
in the plateau at 4.0 V (Figure 4.4(b) and (c)).

After the discovery of the electrochemical properties of this material,”
state chemistry works have focused on the objective to increase the capacity of the 4.0-V
plateau by blocking the Jahn—Teller transition with chemical substitutions. Although,
these works devoted to capacity increase mostly failed, they allowed to improve cycling
ability, capacity rate, or voltage value.

The spinel LiMn;Oy4 has been extensively investigated for application in electrical
vehicles due to its low cost, low toxicity, and also to its high safety and high power
density. However, its major drawback is the rapid capacity fading especially at high
temperatures.

The origin of capacity fading is still under discussions. It is mostly important at high
temperature (above 50 °C). There is a structural degradation of the material occurring
because of the local distortions caused by the Jahn—Teller effect of the Mn>" ion.”>"’
There is also the high solubility of the manganese especially in the discharged state
because of a disproportionation of the Mn>" ion 2Mn>" —Mn>T+Mn*") that leads

4,65 -
*? many solid
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to the more soluble Mn>".°” Moreover, as the rate performance of this compound is not

high, upon fast discharge there may be voltage differences and composition gradients in

the electrode that lead to overcharging and local decomposition of the phase. This ex-
plains why the capacity fading strongly depends on the material synthesis conditions,
the microstructure, and the electrode formulation which, since the date when this com-
pound was first proposed, allowed many improvements. Still difficulties arise during the
long cycling, especially at higher temperatures, where corrosion issues drastically increase.

To overcome this problem, different strategies have been used and they are still under
progress: (1) chemical substitutions, (2) nanomaterials, (3) surface modifications, (4) elec-
trolyte additives.

1. Chemical substitutions of manganese for various cations increase the cycling stability and
this is sometimes associated with a better lithium diffusion. Also, substitution lowers
the solubility at high temperature but this is at the expense of the capacity at 4 V,
which is also lowered.”””"" This was first achieved by modifying the Li/Mn stoichi-
ometry in order to form Lij4 Mnp_,Oy4 spinels72 or substituting elements with a
valence lower than III like in LiA\Mn,_O4 (with A = Mg, Zn) to increase the
average oxidation state of manganese above III and suppress or limit the Jahn—Teller
effect associated with Mn'".

The spinel structure also accommodates many other metal ions in the octahedral
sites for substitution of manganese. They can be inactive cations such as Al or Ga
that only modify the valence of manganese and the volume change upon cycling or
other transition metals, which also participate in the redox activity (Cr,”” Fe,”
Co,”” Ni’°"7"). Such substitutions are particularly well referenced in the case of nickel,
which appears as the most promising substituent. Indeed, lithium may be extracted at a
higher voltage (up to 5 V), which offers a possibility of high potential battery. In the
substituted LiNigMny_,Oy spinel structure, as x increases, the capacity of the 4.0-V
plateau decreases, whereas a new plateau at 4.7 V appears with a capacity proportional
to the nickel content x. Therefore, the total capacity of both plateaus remains constant.

2. Nanomaterials. Optimization of the microstructure can also increase the durability of
the batteries. Although the nanoparticles offer a higher specific surface and it could
be expected to observe a faster capacity fading and dissolution rate, it has been shown
that, on the contrary, nano-LiMn,O4 could exhibit higher rate performance but also
excellent capacity retention on cycling at room temperature.”’ Although, the nano-
particles have a lower capacity due to some surface effects, they apparently reduce
charge-transfer resistance between the composite electrode and the electrolyte in
comparison to larger particles. So nanosized materials paradoxically increase the
cyclability.”’ However, the high reactivity associated with dispersed powders may
lead to safety issue at higher temperatures.”

3. Sutface modifications. Many additional mechanisms are involved in aging and capacity
fading. Some hydrofluoric acid (HF) may form though the decomposition of
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fluorinated electrolytes by residual water. This HF plays an important role in the
disproportionation reaction of Mn’" into Mn>" and Mn*" associated with the

decomposition of the spinel structure and the dissolution of Mn** ions,” thereby ac-
counting for some irreversible capacity loss experienced at 55 °C."" But, inversely the
surface of the positive electrode also catalyzes the decomposition of the electrolyte.””
Surface studies show the presence of precipitated fluorides that may cause electro-
chemical passivation and that also account for the rapid capacity fading of the material
in addition to the decomposition of the electrolyte at high potential.”

Inert coatings (Al,O3, MgO, SiOj, and TiO;) have been used to form a passivation
layer on the electrode material and improve the electrochemical performance at volt-
ages above 4.0 V (a review has been proposed by C. Li et al.”’). They can be deposited

88,89

by sol—gel or physical vapor phase deposition on a fluidized bed.””” Ionic conducting
layers such as lithium phosphate have also been proposed.”’ The difficulty is that the
shell layer shall not hinder the electron or the ion transfer into the active material. Sec-
ond, structural modifications in the active material associated with volume shrinkage
upon lithium extraction shall not crack the coating. It is probably more adapted to pro-
tect the spinel structure, which is 3D and shows a lower volume variation upon cycling
than the layered oxides that have been also coated to increase their cycling behavior.
Carbon layers have been also used to protect the spinel structure and it appears that
they also improve simultaneously the discharge capacity and the rate capability by
contributing to the electron conduction.”’ Alternatively, coatings with polymers (pol-
yvinylpyrrolidone,” polyimides) have been proposed as a solution to protect the ma-
terial from the electrolyte. Soft polymers may accommodate the sample volume
change much more easily than hard oxide layers. Conducting polymers (polypyrrole,
PEDOT) may also contribute to increase the rate capability.”””"

Chemical additives. Since most of alteration mechanisms involve the acid character of
HF, the service life of LiMn, Oy batteries may be extended by suppressing moisture or
the acidity, lowering the Mn dissolution, and significantly improving the electro-
chemical performance at the same time. Acidic protons can be trapped by ionic ex-
changers, for example LiCoO that can play this role, and can be also added in a blend
of cathode materials.”” Recent advances in cathode materials have resulted from
blending the materials such as layered LiNipgCog 15Al0.0502 (NCA) and spinel
LiMn,O4 phases to create bi-functional behavior: high-rate (spinel) and high-
energy (NCA).

Electrolyte additives can be also proposed to form inert layers which inhibit further
electrolyte oxidation. It seems that they operate through the decomposition of the
additive and/or the electrolyte forming a more stable interface film that inhibits pro-
longed contact between the electrode and the rest of the electrolyte.”” The same ef-
fect can be also obtained by decomposition of inorganic additives to form a protective
layer onto the oxide. They generally contain boron or silicon heteroatoms that
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probably oxidize at the surface of the cathode materials where they form some amor-
phous layer of glassy ionically conductive borates or silicates.”” " Such additives are
particularly useful when cycling the cathodes to higher potentials (>4 V).

Some additives based on organic molecules may be used to form in situ protective
polymeric films through cationic polymerization including 2,5-dihydrofuran and
gamma-butyrolactone.'" This avoids an expensive synthesis step when it is necessary
to coat the cathode material with a protective coating before the cell assembly.

3.4 Olivine

Since the discovery of the electrochemical activity of LiFePOy (LFP) by Pahdi et al.,”
there has been a large amount of research devoted to this material especially to increase
its rate capability. Indeed, the iron phosphate is a cheap and nontoxic compound that can
extract up to one lithium per unit formula. This gives a good capacity of 170 mAh/g.
Contrary to the layered oxide systems, the LFP leads to very low thermal runaway prob-
lems; it is therefore safe to use in power tools and electrical vehicles'"" and it finds a suit-
able application in lithium (metal) polymer batteries.'"” It is also very stable upon cycling
but its first major defect is that despite of the good charge storage capacity, the low po-
tential associated with the Fe*/Fe’™ redox couple, 3.5 V versus Li/Li" as compared to
4.2 V for LiCoO3 leads to a low energy density. However, even the low price of iron, the
LFP material requires an expensive processing to remedy its low electronic and ionic
conductivities.

LiFePOy, also known as the mineral triphylite, presents the olivine structure
(Figure 4.2(c)). The oxygen atoms are arranged in a nearly hexagonal close packed array
with Fe occupying half of the octahedral sites along zigzag chains. They are bridged by
phosphate POy groups and form a three-dimensional host structure. The lithium atoms
form a linear chain of edge sharing octahedra parallel to the ¢ axis of the structure.

The low ionic conductivity arises from the quasi-monodimensional mobility of
lithium ions along the ¢ axis.'”” As a result, any structural defect will break the conduc-
tion line and cause a strong decrease of the bulk ionic mobility as well as slow the kinetics
of ion transfer at the interfaces. Also, the presence of phosphate anions linking the tran-
sition metal oxide polyhedra does not allow a good overlap between their electron or-
bitals, resulting in a very low electronic conductivity. Fortunately, some doping may
drastically increase the electronic conductivity as compared to the pure stoichiometric
material.'”*

Last, the very flat voltage plateau observed during lithium intercalation is indicative of
a two-phase system with a conduction limitation at the interface. Indeed, during lithium
extraction, Fe (II) is oxidized to Fe (III) which causes lattice shrinkage and limits the
'%> The interface zone associated with structural strains is like
' This two-phase

diffusion at the interface.
a wave traveling through the grain as the intercalation progresses.
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limitation associated with a miscibility gap of lithium disappears in nanomaterials that are
the most appropriate solution to overcome all the transport limitations in these
materials.'"’

Indeed, the best solution to overcome all mobility issues was to synthesize nanoma-
terials and to coat them with a conducting carbon. Small particles shorten the diffusion
length of both ions and electrons into the solid and improve the capacity especially at
high cycling rate. With this method, Armand et al. could use the material in lithium poly-
mer batteries at very good rate capability up to the whole theoretical capacity.'”® The
classical synthesis includes a precipitation of lithium iron phosphate in solution in pres-
ence of a polymeric material (formaldehyde-resorcinol resin, sugar). Upon heat-
treatment in an inert atmosphere the phase crystallizes while the polymer carbonizes.'””
Many methods have been used to prepare carbon-coated nanopowders and to make up
with the poor conductivity of the material, but it adds some processing costs to the
battery.

Finally, there are many future prospects associated with the replacement of Fe by
other cations. The insertion plateau voltage increases when Fe (3.5 V) is replaced by
Mn (4.1V), Co (4.8V), or Ni (5.1 V). But the limitation to take advantage of these
high potentials is associated with the lack of an electrolyte stable against oxidation. Still,
the olivine iron phosphate is the generator of a new but large family of very promising
structures with polyanionic skeleton.' ' Polyanionic structures do not present a high en-
ergy density as compared to oxides but they can show a better safety and a good cycling

.11
behavior.

4. NEGATIVE ELECTRODE (ANODE) MATERIALS

The negative electrodes must have lower potential of lithium insertion than positive elec-

trodes, and act as electron donor during the discharge process. The most important prop-

erties and requirements of a good negative electrode material are as follows:

* a superior electronic and ionic conductivity to permit the diffusion of Li ions and
electrons,

* 2 good reversibility for the insertion/extraction of Li ions at low electrode potential,
and also a good capacity retention,

* a good physical stability and great rate capacity upon cycling,

* a high energy density (both volumetric and gravimetric capacity),

» alarge reversible capacity and a small irreversible capacity,

* along cycle and calendar life,

* a high compatibility with the electrolyte and binder system, and

* safety, ease of processing, low cost, environment friendly.
Current and a major (more than 98%), commercial negative electrode materials used

in today LiBs are carbonaceous materials (graphite, soft carbon, and hard carbon) and also
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Figure 4.5 Potential of Li insertion into different negative electrode materials versus specific
discharge capacity. The figure was addapted from Ref. 3.

lithium titanium oxide (LisTisO1,, known as an LTO). However, there are several future
negative electrode materials (like silicon or tin), which have much better electrochemical
properties (namely a higher specific capacity) and/or nanomaterials, which can be char-
acterized by better kinetics, higher reversibility of charge/discharge process, and better
cycle life.

Figure 4.5 presents different possible negative electrode materials classified as a func-
tion of their specific discharge capacity and potential of lithium insertion.

Despite continuous improvement and important gains in electrochemical perfor-
mances of carbonaceous electrode materials, big research efforts are focused today on
other materials with higher specific capacities and slightly higher voltage of Li inser-
tion/deinsertion in order to avoid a Li plating, which is associated with safety problems.
These materials can be the Li alloys (Si, Sn, Ge), however, they are no stable during
cycling and undergo big volume changes. The details concerning three groups of nega-
tive electrode materials, classified according to the mechanism of lithiation (discharge)/
delithiation (charge): intercalation type, alloy type, and conversion type are presented
below.
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4.1 Intercalation-Type Materials

During the charging/discharging cycles, Li ions can reversibly intercalate/deintercalate
in/from the framework of host material, which is therefore named an intercalation-
type material, without introducing any significant structural changes. The most typical
intercalation-type materials are carbonaceous materials and metal oxides (i.e., LTO).
Normally, metal oxides show a higher electrode potential than carbonaceous materials
(as shown in Figure 4.5). When this potential is higher than the potential of electrolyte
degradation, which leads to formation of the SEI layer, the metal oxide can endure the
high rate discharging/charging.

4.1.1 Carbonaceous Materials

Carbonaceous materials attracted much attention of researchers, especially graphite,
which is the most used material as commercial negative electrode material as already dis-
cussed in the introduction part. Natural or artificial graphite consists of hexagonal gra-
phene planes of sp” hybridized carbon, which are stacked parallelly and sequentially
resulting in the most common hexagonal graphite (ABABAB stacking as presented in
Figure 4.6) or the less common rhombohedral graphite (ABCABC stacking).''” These
sheets are weakly bonded by Van der Waals forces, so the Li ions can be intercalated
into the space between carbon planes and form Li,Cq (0 < x < 1) with a small volume
expansion (of around 10%) following the stacking changes to AAA in both types of
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graphite at ambient pressure.'' """ The formation of the richest lithium compound LiCg
(Liions combine on every 2nd hexagonal carbon) requires a low voltage (of around 0.1 V
vs Li/Li™), and moreover restricts the theoretical capacity of graphite to 372 mAh/g.””'
The lithium is progressively inserted between the graphene layers at different stages from
I to IV (at potentials 210, 122, 120, and 85 mV, which corresponds to different quantity
of intercalated Li 0.2, 0.34, 0.5, and 1, respectively). Artificial graphite can be synthesized
by heating a pyrolyzed carbon at around 3000 °C. Some other carbonaceous materials
(soft and hard carbons) are also synthesized at lower temperatures. The soft carbons
(1000—2400 °C) have graphene layers, which are neatly stacked with less long-range or-
der and spacing between planes of 0.375 nm and the hard carbons (500—1000 °C) have
not neatly stacked layers of carbon, which are noncrystalline and macroscopically
isotropic, with spacing between planes of higher than 0.38 nm. The hard carbons can
show high specific capacities in the range of 500—700 mAh/g due to the Li-cluster for-

H5=17 While the soft carbons

mation in nanopores brought by small graphene sheets
show specific capacities in the range of 100—150 mAh/g. Five types of insertion sites
have been identified for hard carbon: type I—partially charge transferring sites, type
II—intercalation sites like graphite, type III—cluster gap between edges of carbon hexa-
gon clusters, type IV—microvoid surrounded by hexagonal planes, and

type V—heteroatom-created atomic defects.''®

The first three types of insertion sites
are present in soft carbon.

The most interesting carbonaceous materials are carbon nanotubes (CNTs). Li ions can
either combine with the wall carbon atoms or insert into the CNT's from the topological de-
fects (the hole is larger than 9 carbon ring defect) and ends of open ended nanotubes.'” "'
Hence CNTs are able to present a high reversible capacity, for example, 681 mAh/g for
acid-etched multiwalled carbon nanotubes (MWCNTS),'* significantly higher than that
of graphite. However, the first discharging/charging cycle exhibits a high irreversible
capacity, which is around 1200 mAh/g for the first discharge.'” This high irreversible
capacity results in the formation of an SEI layer on the large surface area of nanotubes,
or traps Li ions in the nanotubes. Due to the small expansion of volume after intercalation
of lithium and high electrical conductivity (10°—10° for single-walled carbon nanotubes,
10°—10° for MWCNTs'*), the incorporation of CNTs with other compounds such as
TiOz,124 Sn,'”® Si,'”° etc. can improve the electrochemical performance.

Due to intercalation of lithium into carbonaceous electrode materials occurring at
low potentials, a decomposition of electrolyte leading to formation of SEI layer is
observed at about 0.7 V versus Li/Li" (in LiPFg—ethylene carbonate/dimethylcarbonate
(EC/DMC) electrolyte). The SEI layer is essential to the longevity of the battery because
it prevents further reaction with the electrolyte and also graphite exfoliation, which can
be provoked by the solvent co-intercalation between the graphene layers. The formation
of the SEI layer contributes to some irreversible capacity during the first discharge due to
consummation of Li* ions. The details about the SEI layer will be presented hereafter.
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4.1.2 Metal Oxides—Titanates

The intercalation materials such as LiyTizO1» and titanates (LTO) demonstrates high
stability and good capacity retention without any significant volume changes
(~0.2%), excellent power and low temperature performance.

The insertion/extraction of Li into LTO undergoes at the relatively high potential of
about 1.5 V versus Li/Li", which is higher than the potential of electrolyte decomposi-
tion. Thus, the SEI layer is not formed, which leads to improvement of the overall bat-
tery safety.'””'*® Due to the lithium insertion limitation only into the octahedral sites of
LTO, the theoretical capacity is limited to 175 mAh/g as it can be calculated according to
the following reaction:

Li[Li; /3 Tis /3] O4 + Li™ 4 ¢~ <> Lia[Liy 3Tis 3] Oy4 4.1)

Several works have been performed on improvement of the electrochemical perfor-
mances of the LTO by changing the microstructure. The LTO nanowires can sustain a
high discharge/charge rate (10C) with a 93% capacity retention as shown by Kim and
Cho."”” Another example can be LTO/CNTs composites, which retain a high specific
capacity of 140 mAh/g at a 5C rate after 500 cycles as reported by Huang and Jiang.'””

The most interesting polymorphs of TiO; are rutile, anatase, and TiO,-B with a
higher theoretical capacity (335 mAh/g for LiTiO;) than LTO. The lithium intercalation
undergoes into the octahedral interstitial sites of TiOg at a relatively high voltage

128,131—136

(1.4—1.8 V) introducing an accommodable volume changes, according to

the following reaction:
TiO; + «LitT + xe™ © Li, TiO; (4.2)

Rutile is the most stable polymorph but insertion into micrometer-sized rutile parti-
cles (x = 0.1—0.25 for Li,TiO») at room temperature Li ions is difficult.'””'*’ By
reducing the particle size to a nanometer scale, it is possible to enhance the quantity of
intercalated Li ions, for example, up to x = 0.8 for 10 x 40 nm-sized particles.'””
Anatase presents a good capacity retention, a high reversibility, and a flat voltage plateau
with x close to 0.5 at ambient temperature.'”>'** TiO,-B has a one-dimensional channel
that can favour the intercalation of Li ions.'”® Therefore, it demonstrates a good capacity
rate and an excellent capacity retention with a high specific capacity of about 240 mAh/g
for bulk TiO»-B (x = 0.71) and 305 mAh/g (x = 0.91) for nanowires."~ ">

4.2 Alloy-Type Materials

Alloy-type materials (M, which are for example Si, Sn, Sb, Al, Mg, Bi, etc.) can electro-
chemically alloy with Li ions according to reaction:

xM + Lit + e~ & LiM, (4.3)
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All of these materials (as it can be seen in Figure 4.5) exhibit high theoretical capacity
and lower operation potential, in particular Si as shown in Table 4.1. Table 4.1 is a
compilation of some principal properties of negative electrode materials: Li, graphite,
LigTisO15, and various alloy-type materials (adapted from Ref. 137).

The most promising alloy-type electrode material, widely studied today, is Si-based
negative electrode material, namely due to its theoretical capacity (3579 mAh/g for
the lithiated phase Liz.7551), low voltage plateau (0.1 V wvs Li/Li"), nontoxicity, low
cost, and high abundance. However, Si suffers from large volume variations
(+270%)"°" during lithiation, which causes particle pulverization'”” and amorphiza-
tion,"*""*" loss of electrical contact between particle and with current collector, and early
cycling capacity fading. The volume changes observed in a case of Si electrode material
are the biggest when comparing to volume changes observed for other alloy-type elec-
trode materials (see Table 4.1). All of alloy-type materials show a huge first-cycle irrevers-
ible capacity and also a low coulombic efficiency, which are the big drawbacks of these
materials. For example, a pure micrometer-sized silicon anode (10 pm) shows
2650 mAh/g capacity loss.' """’ The prolonged cycling leads to important capacity
fading. The last aspect is related to the SEI layer, which is also formed on the Li-alloys
due to the lithiation potential lower than the potential of the SEI layer formation. How-
ever, the huge volume changes stagger the thin SEI layer, which in consequence, leads to
the SEI layer exfoliation and further electrolyte decomposition.

In order to overcome the big volume changes of electrode materials and to improve
their performances, several solutions have been proposed:

1. dispersion of active alloy-type material particles in a host matrix being as a buffer of
volume changes,
2. controlling the morphology of the alloy-type materials by material nanostructuration

(formation of nanoparticles, nanowires, nanotubes, etc.),

3. controlling the potential window during cycling (limitation of voltage range),
4. modification of the electrolyte composition.

In a first case, for active material dispersed in a host matrix, different solutions can
be envisaged. For the active material host (A), such as Ca for CaSiy, "' Zn for
ZnSb,'" and Sb for SnSb,'** etc., the alloying reaction can be described generally as
follows:

xMA)’ + L1+ +e (_)Lil—ZMx + LizAxy (44)

In this type of reactions the lithiation process is not only limited to the alloying reac-
tion. Depending on host matrix, an intercalation reaction with formation of Li;_,,MA,
(v < xy) is proceeding the alloying process resulting in the synthesis of Li; .M and Li.A,,.
As an example, the intermediate Li,MgSi phase was observed by Moriga et al.,'*” or the
LiyMg,Li phase by Huang et al.'*®



Table 4.1 Comparison of the Theoretical Capacity, Charge Density, Volume Changes and Onset Potential for Negative Electrode Materials: Li,
Graphite, Li4TisO4,, and Various Alloy-Type Materials

Li C Li,TisO1, Si Sn Sb Al Mg Bi
Density (g/cm?) 0.53 2.25 35 2.33 7.29 6.7 2.7 1.3 9.78
Lithiated phase Li L1C6 L17T15012 L137SSI Ll44SIl L13Sb LiAl L13Mg L13B1
Theoretical capacity 3862 372 175 3579 994 660 993 3350 385
(mAh/g)

Theoretical charge 2047 837 613 8338 7246 4422 2681 4355 3765
density (mAh/ cm®)

Volume change (%) 100 12 1 280 260 200 96 100 215

Lithiation potential 0 0.1 1.6 0.06 0.6 0.9 0.3 0.1 0.8
vs Li/Lit (V)

Adapted from Ref. 137.
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In a case of active/inactive electrode, the alloying process undergoes according to the
following reaction:

xMB, 4+ Li" + e~ < LiM, + xyB (4.5)

The example of inactive material host (B), which plays a role of buffer of volume
changes, can be an O, Fe, Ni, Cu in a case of the following electrodes SnO,,""”
SnoFe,"”” NiSb,'”! and CugSns' ™ or Cu,Sb,'™ respectively. The alloying reaction
(4.5) is not always reversible (like for SnO,'"”) and also some intermediate phases can
be formed (like Li»CuSn for CugSns' > and Li»CuSb for CusSb' ™).

The carbonaceous material is considered as another kind of promising host inactive
material. Significant research efforts have been devoted to the composite Si-C (carbon
or graphite) electrode material. This type of electrode shows a significant decrease of irre-
versible capacity during the first-cycle and an increase of the coulombic efficiency.'”*
The electrochemical performances of Si-C electrode can be improved by decreasing
1957157 Another, good host material for the Si can be CNTs, which

possess superior tensility and high conductivity. The amorphous coating of Si onto car-

the particle size.

bon nanofiber—C-Si core—shell nanowires, exhibits high specific capacity, good capac-
ity retention, and a limited first irreversible capacity.'”®

The second strategy to overcome the big volume changes of electrode materials is the
morphology modification, like formation of a porous electrode or miniaturization of active
electrode material (micro- or nanostructured material). For the particle shape materials,
thanks to the constraint and elimination of inhomogeneous Li diffusion, with the same com-
ponents, usually nanoscale materials can perform longer cycle life than microscale mate-
rals.”””'* However, it should be emphasized that reducing the particles to nanometer
scale does not decrease the extent of volume changes but enhances the phase transition
! The good cycle life (>300 cy-

cles) for a metal electrode based on silicon nanoparticles have been demonstrated by Sanyo.

accompanying the alloy formation and reduces cracking,.

The nanostructured metals, which can alloy with lithium can be synthesized by

162—

different routes, like sol—gel, ball-milling, electrodeposition. 1% Apart the nanopar-
ticles, the nanometric thin films or the nanoarchitectured electrodes (such as nanowires
and nanotubes) have been extensively studied in order to improve the electrochemical
performance of alloys.'*”~'*® For instance, Si thin films can present an excellent cyclabil-
ity of over 1000 cycles at a rate of 12C when 50 nm thick, but 200 cycles at a rate of 1C
when 0.5—1.5 pm film thick, and a quick capacity fading is observed for 2 um.'*"~ """
These nanoarchitectured negative electrodes present a big advantage due to the free
space, which can accommodate the volume variations. First nanoarchitectured elec-
trodes have been obtained by template synthesis, which involves the application of
nanoarchitectured copper current collector.'”” This type of current collector can be pre-
pared by growing an array of copper nanorods onto a copper foil by electrodeposition

through a porous alumina membrane. After dissolution of the alumina membrane the
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(a) Initial substrate After cycling

. Facile strain
Efficient 1D relaxation
electron transport

Good contact with current collector

Figure 4.7 Schematic of morphological changes shown for Si thin film, particles (a), and Si nanowires
(b) induced by electrochemical cycling. (From Ref. 174, with permission of the Nature Nanotechnology.)

real active electrode material can be deposited on as prepared nanoarchitectured current
collector, like Ni3Sny,' " showing very stable capacity during hundreds of cycles. The
more recent works show the big advantages of application the Si or Ge nanowires grown
directly on a current collector, which exhibit stable electrochemical behavior.”*'”> A
schematized explanation of advantageous application of nanowired electrode in com-
parison to thin film or particle-type electrodes proposed by Chan et al.'”" is presented
in Figure 4.7.

As shown in Figure 4.7, the Si thin film as well as Si particles tend to pulverize during
electrochemical cycling, which leads to formation of fractures and loss of contact with the
current collector. The Si nanowires (SINWs) do not pulverize upon cycling and diameter
and/or length of the SiIN'Ws increase are not detrimental for this nanoarchitectured elec-
trode material. The effect of one cycle of electrochemical discharge/charge on Si thin film
and SiNWs electrode material was evidenced by SEM by Pereira-Nabais et al.'’* and in

. . 174,175
other previous studies. 7

No significant modification can be visible on the thin film
electrode after one cycle, however the SINWs are considerably thicker due to formation
of the SEI layer and also the pulverization of Si electrode material (Figure 4.8).

Siand Ge nanowires can be synthesized by a vapor—Iliquid—solid (VLS) process and

a chemical vapour deposition (CVD) process with SiHs or GeHy precursors with Au
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Figure 4.8 FEG-SEM micrographs of (a) pristine Si thin film and (c) pristine Si nanowires (SiNW) and
after one cycle of discharge/charge in PC/LiClO, 1M performed on (b) Si thin film and (d) SiINW. (From
Ref. 176, with permission of the Applied Surface Science.)

catalysts on stainless steel substrates. The other type of nanoarchitectured materials are the

core—shell structured electrodes, which can be a crystalline-amorphous Si core—shell

177,178

nanowires or carbon—Si core—shell nanowires by CVD technique, or other

180 181

. . 1179 - .
carbon—Si core—shell material, ©~ Si—carbon, = or copper—Si.

The mesoporous Si-C core—shell nanowires, Si nanotubes, and 3D porous Si nano-
182—184
Some recent works show
a hierarchical bottom-up approach, with Si nanoparticles coated onto annealed carbon

blacks, and then assembled into rigid spherical granules by application of the CVD tech-

particles have been also widely studied by Cho’s group.

nology.'™ The 3D porous structures have been used in different alloy-type electrode
materials, like SnPZO7,18(’ Ge,"™ or Sb."®® The comparison of electrochemical behavior
between the flat thin film and nanostructured Si-based electrode and related chemical
and morphological modifications of these electrodes have been presented by Pereira-
Nabais et al.'”® There is no doubt that the nanomaterials adapted for the alloy type elec-
trodes have attracted recently much attention and they are in constant development.
The next strategy, which is a controlling the potential window during cycling, allows
for a much better cycle life of the alloy-type materials than the cycling within the full
voltage range. However, the limitation of potential cycling is detrimental for the
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capacity. In the case of Si, Obrovac and Christensen'™ pointed out that cycling Si above
50 mV can avoid the crystallization of highly lithiated amorphous Si, which results in the
formation of fully lithiated Li;5S14 phase, and improves the electrochemical performance.
It was proved that Si nanopowders anode exhibit a better capacity retention and a longer
cycle life in the charge—discharge window of 0.05—0.8 V than the window of
0—0.8 v.""

The last point, concerning the strategy for cycling improvement of alloy-type electrode
materials, is a modification of the electrolyte composition. One of the important role of
electrolyte is formation of a stable SEI layer with different characteristics. The electrolyte
can undergo less significant decomposition and in consequence the formation of the SEI
layer with different characteristics. For example, fluoroethylene carbonate added to the
1M LiPFgy EC/DMC (1:1 w/w) reduces the irreversible capacity and prolongs the cycle
life of Si-nanowire anodes.'”' The battery life (with anode based on Si) can be also
improved through the electrolyte modification by additives, which influence the compo-
sition and stability of the SEI layer.'”'™
decomposition of electrolyte on any kind of negative electrode undergoing big volume

"7 The surface layer formed due to reductive

changes should have particular mechanical properties and resistance to electrode cracking.

Despite the drawbacks of Si-based electrode material, many manufacturers have tried to
commercialize silicon-based batteries. Already, in 2009, Panasonic announced a new
LiB product with a silicon nanowire electrode, which was planned to be used as a high-
energy battery in Tesla EV. Since 2008, Silicon Valley startup Amprius has been also working
on this new generation LiBs using silicon N'Ws synthesized by CVD technique. However,
huge consumer applications would require a more efficient and low-cost
manufacturing technique. Thus, another type of negative electrode with core—shell
structure using a carbon-coated silicon nanoparticles has been also developed by industry.
This type of core—shell batteries (with energy density of 650 Wk/1 or 280 Wh/kg) have
been produced by manufactures in Asia. It should be noted that the energy density of these
core—shell batteries is less interesting than the prototypes of cells based on Si-nanowires,
which can reach 750 Wk/1 or 380 Wh/kg. Another commercial solution was proposed
by XG Sciences, Inc. (XGS) in 2013, where a new anode material with four times the ca-
pacity of conventional anodes, which is produced through proprietary manufacturing pro-
cesses and uses the company’s xGnP® graphene nanoplatelets to stabilize silicon particles in
a nanoengineered composite structure. One more example of new type of anode is a struc-
tured Si anode patented by Nexeon. As claimed by the company, the Nexeon technology
solves the cycle life problem posed by silicon.

It can be concluded that the commercialization of the high energy density battery
using the high capacity anode based on Si is a question of near future. There are many
reliable technological solutions, which propose the Si anode with high capacity and satis-
tying cyclability. However, the proposed technological solutions need to be at suffi-
ciently attractive prices in order to be commercialized.
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4.3 Conversion-Type Materials

The third type of negative electrode materials are the conversion-type materials proposed
for the first time in 2000 by Poizot et al.'”® The conversion reaction, which can be
observed in transition metal oxides, is based on a displacement of the transition metal
by Li ions in the lithiation process according to:

M, X}, + nbLi* + nbe” <> bLi, X 4+ aM (4.6)

where M is the transition metal (such as Cr, Fe, Co, Ni, Cu, etc.), X the anion (like O,
S, F, P, and H), and n the oxidation state of X e Recently, the reversible
conversion reaction has been also extended to other polyanion compounds, such as
the reaction (4.7)*'":

xLi + Cup33V4011 < L1, V4011 4+ 2.33Cu 4.7)

However, not all of the transition metal oxides, sulfides, fluorides, and phosphides are
conversion-type materials and some of them can undergo intercalation reactions (like
TiO; and B-MnOzzll) or mixed—intercalation/conversion reaction (for example, for
Fe»O3, or FeF3; where a formation of Li;Fe,O3 or LiFeFs is observed during the conver-
sion process, respectively” '),

Simultaneous conversion and intercalation processes are possible due to extra positive
charges introduced by intercalated Li™ distributed among several lattice ions as evidenced
by Ma and Garofalini.”""

The application of conversion type electrode materials as negative electrodes in LiB has a
great interest due to their high capacity, reaching 1480 mAh/g in the case of MgH, (theo-
retical capacity is 2062 mAh/g for forming Mg and 2LiH)™"” and also good reversibility.

The capacity and good reversibility depend on the particle size in a case of conversion

electrode materials as reported for FeS.”'” ™~

" The good reversibility can be attributed to
the formation of pure metal nanoparticles embedded in the Li,X matrix upon reduction
of M, X}, with Li.”"* According to work of Balaya and Maier’'” four possible kinds of
microstructure of Li,X and M can be formed: (1) nanocrystalline Li, X and M, (2) amor-
phous structure with uniformly dispersed Li,X and M at atomic level, (3) amorphous
Li,X matrix with embedded M nanograins, and (4) amorphous M with embedded
Li,X nanograins. The formation of the microstructure depends on the diffusivity of
Li, X, and M atoms and the nucleation rate of Li, X and M phases during the conversion
process. Drawbacks of conversion-type electrode materials are huge volume changes in
the range of 11—30% for fluorides, 65—165% for divalent oxides and sulfides, and
195—235% for phosphides and nitrides as reported by Ponrouch et al.”'” Similarly to
the alloy-type materials, the important volume changes observed for conversion-type
electrodes result in the relative increase of the nanoparticle specific surface and cause
continuous decomposition of electrolyte, which account for an extra, irreversible
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capacity. Furthermore, the pulverization of electrode material may lead to the electrode
degradation caused by loss of interparticle connections and in consequences to capacity

722> Another important issue, which significantly limits the

fading upon cycling.”
commercialization of these type materials, is the voltage hysteresis between the charging
and discharging, and the low initial coulombic efficiency due to the inherent thermody-
namic properties and poor kinetics of these type materials.””***

It should be noted that many materials undergoing the conversion reaction have been
not only considered as negative but also as positive electrode materials due to the high

potential of the discharge plateau.

5. SEPARATOR AND CURRENT COLLECTORS

Apart the negative and positive electrode materials, two other important components

should be mentioned: a separator, which prevents a short circuit and ensures cell safety

with liquid electrolytes and current collector—support for active electrode material (nega-

tive and positive electrode). An ideal separator should meet the following requirements:

* high ionic conductivity and low electronic conductivity,

* good chemical stability toward electrodes and electrolytes in the range of working
temperature,

* good wettability, tensibility, and limited shrinkage,

e suitable and uniform pore structure,

¢ low thickness,

* working as a fuse, which means to be able to stop ionic flow and prevent thermal
runaway at the moment of short circuit.

For nonaqueous liquid electrolytes, the typical separators are either made of nonwoven
fabrics or microporous polymeric films.””” Nonwovens are manufactured directly from nat-
ural or synthetic fibers. It is difficult to fabricate a nonwoven fabric thinner than 25 pm and
to maintain its acceptable physical properties, so this kind of material was only used in but-
ton cells and bobbin cells when separators and low discharge rates were acceptable.””
Now, the most used separator material is microporous polymeric film made of polyeth-
ylene (PE), polypropylene (PP), or laminates of PE and PP.”*> Celgard can be considered
as commercial leader among LIB membrane suppliers, who propose a combination of PP
and PE membranes into a single flat-sheet LIB separator. The other commercial separators
are also proposed by Entek, Exxon, or Degussa.

There are a lot of efforts in research and development in the area of lithium-ion cell

separators. Some of the works are aimed at improving properties such as porosity or
227,228,229

wettability and/or performance characteristics such as ionic conductivity.
Some of R&Ds are also focused on gel or solid-state separators to reduce or eliminate
liquid electrolyte necessary to improve safety of LiBs. One method of improving the
stability and robustness of separators is to use ceramic composite materials, which can
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be multilayer films constituted of ceramic layer and polymer membrane (for example,
Al,O3-PE separator with improved wettability, ionic conductivity, and less important
shrinkage proposed by Cho et al.””").

The role of current collectors is to enhance the electron transter. Most of the electrode
materials are semiconductors. The requirements for the current collectors are as follows:
* good corrosion resistance and high chemical stability against electrolyte and electrode

materials,

* low thickness and weight necessary to assure high battery energy density,
* high electron conductivity,
* high mechanical stability.

For the commercial LiB, typically the anode current collector is made of copper

and cathode current collector is made of aluminum foil (cylindrical cells).””' The

32-234
Some elec-

grid or mesh type current collectors are also used at laboratory scale.”
trolytes are developed to prevent the corrosion of current collector, for example, with
help of lithium bis(oxalate)borate (LiBOB) in EC/DMC, a passivation film formed on
the surface of Al current collector in the first cycle prevents further corrosion upon

. 235
cycling.

6. INTERFACE CHEMISTRY IN LiBs

The electrode surface chemistry is one of the most important factor influencing the elec-
trochemical performance of LiBs. The modification of the chemical composition of
electrode materials is related to formation of a passive layer, named by Peled as a Solid
Electrolyte Interphase (SEI) layer,”” due to decomposition of electrolyte mostly during
the first cycle of charge/discharge. The formation of the SEI layer is irreversible, con-
sumes some amount of electrolyte, and leads to irreversible capacity loss. A good quality
SEI layer should prevent from further electrolyte decomposition, be a good electronic
insulator and a good ionic conductor. High ionic conductivity is necessary to facilitate
the transport of Li ions and to decrease overvoltage. The penetration of solvated solvent
molecules should be inhibited by the SEI layer to eliminate the exfoliation of electrode
materials. This is particularly important in case of graphite-type electrodes undergoing
the exfoliation process. Moreover, the SEI layer should be chemically stable upon cycling
and at higher temperatures, flexible, morphologically homogenous to avoid further con-

236,23 . .
0237 The electrolyte reduction with forma-

sumption of electrolyte and capacity fading.
tion of the SEI layer occurs at the potential lower than 1.5 V versus Li/Li*,”" > which
is lower than the working voltages of most negative electrodes. However, the potential of
electrolyte reduction is not fixed and can vary from 1.5 to 0.25,”*" and depends on many
factors, such as the properties of electrolyte,”*”

material. Except the reduction of organic electrolyte and salts, the traces of water and ox-

sweep rate/charge regime, and electrode

ygen present in the electrolyte can be also reduced but at slightly higher voltages at
around 1.5 V and 2 V, respectively and contribute to electrode passivation.
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Different models of the SEI layer have been already proposed in the literature. How-
ever, there are still a lot of ambiguities concerning the SEI layer, so the famous statement
of Martin Winter The Solid Electrolyte Interphase — The Most Important and the Least Under-
stood Solid Electrolyte in Rechargeable Li Batteries™ " is still valid.

One of the models of the electrolyte decomposition proposed by Besenhard™* > is
related to the intercalation type material, like graphite. The formation of the SEI layer at
the edge sites of graphite planes proceeds by the co-intercalation of the solvent between
the graphite planes forming a ternary solvated graphite-intercalation compounds
[Li(solvent),C]*** as evidenced by in situ XRD*" and NMR** analysis. The co-
intercalation of the solvent into graphite planes leads to the electrode cracking and exfo-
liation. After the SEI layer formation, the transport of Li ions is possible thanks to the
stripping of the surrounding solvents generating naked Li ions, and their migration
into the bulk electrode.””

The model of passivation of graphite or alloy-type electrode materials was proposed
by Peled.”””"*" The electrolyte reduction leads to the formation of the SEI layer
instantaneously upon electrode contact with electrolyte.”’””” The Peled model shows
that the SEI layer is constituted of the inner, thin and compact part containing polycrys-
talline, inorganic compounds, like LiO, LiF, LiCl, and Li,COs3, etc.'®?V73 The
outer, porous part of the SEI layer is principally composed of organic components
such as (CH,OCOsLi),, ROLi, and ROCO,Li (where R is an organic group that de-

290-254.25% The schematic representation of the SEI layer formation

pends on the solvent).
and its double inner/outer structure is summarized in Figure 4.9. Most studies point to
the formation of a thin SEI layer during the first cycle(s), however some recent works
on graphite electrode in a deep-cycled commercial cylindrical LiFePO,4/graphite cell
report on the formation of a micrometer-thick film.”

The composition of the SEI layer may change upon cycling and also the presence of
some contaminations, like traces of water. Some products of electrolyte decomposition,
like ROCOsLi species, are not stable and may form LiQCO3.257 In fact the lithium carbon-
ate (Li,CO3) is the most typical product of organic electrolyte decomposition. The other
components can be lithium alkyl carbonate (ROCO;Li) and lithium alkoxides
(RCH,OLi) etc. Due to the oligomerization of solvents, sometimes polymers can be
formed initially, and decompose during subsequent cycles.””® The possible decomposition
reactions of EC and DMC are presented in Figure 4.9(b). More detailed reaction pathways
(also for propylene carbonate) are presented in Refs 249,259—270. The SEI layer compo-
sition can vary as a function of type of solvent, solvent concentration, and the water, CO»,
and O5 contaminants.”***"*"" The nature of the lithium salts also plays an important role
in the SEI layer composition. Strong Lewis acids, like PFs and BF3, can induce the presence

266

of polymers by the ring-opening polymerization.”” Some possible reactions of decompo-

sition of LiPFg and some side reactions with water are presented in Figure 4.9(b). The
former studies of reaction mechanisms for different salts (LiClOy, LiAsFg), the contami-

. . . o 262,272,273
nants, and series of side reactions can be also found in literature.™
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Figure 4.9 Schematic illustration of the solid electrolyte interphase (SEl) formation mechanism (a)
two-electrode cell with electrolyte, (b) decompositions of salt and solvents during the first discharge
process, (c) model of the SEI layer.
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It should be noted that the composition and stability of the SEI layer can be strongly
affected by the working temperature. At elevated temperature (above room tempera-
ture), formation of porous SEI layer is favored on the surface of graphite electrode due
to the instability of ROCOsLi phase leading to capacity fading. Cells operating at higher
temperatures may risk dissolution of the SEI layer and faster electrode degradation.
Another factor influencing the SEI layer chemistry can be also the catalytic properties
of the negative electrode material, with an example of oxalates and alkoxides formed
on graphite, but not on nickel.”*”*"**7?

A real problem with the SEI layer stability can be observed in a case of electrode ma-
terials undergoing pulverization at each cycle of discharge/charge as presented in
Figure 4.7. In this case, the formation of the SEI layer is not only limited to the first cycle
but the continuous electrolyte decomposition can be observed on a new, freshly pulver-

- 221,222,276—280
ized, bare electrode,”™ ~===""

which can be an explanation of a huge capacity fading.
Ideally, to avoid further consumption of the electrolyte, the SEI layer of alloy- or
conversion-type material has to sustain higher mechanical stresses, which requires higher
flexibility of this surface film.

In the case of conversion-type material, Dedryvere et al.””' found that the SEI layer on
the surface of CoQ is constituted of an inorganic and an organic layer (with the main com-
ponents Li,COj3, alkyl carbonate and poly(ethylene oxide) oligomers (CH,CH,O),,). The
growth and partial vanishing of the SEI layer were observed during the discharge process
and upon the subsequent charge process, respectively. This phenomenon was confirmed
for the CuO electrode,”™ for the FeS,”*” and also for the Si as an alloy-type electrode
material,' /%’

The surface chemistry occurring on the positive electrode is associated with the
electrolyte stability at high voltages, which is crucial for development of high voltage
LiBs. However, even in the range of the electrochemical stability of classical carbonate
electrolytes (below 5 V vs Li/Li™), the surface layer may also form on the positive elec-
trode material and due to its different origins it was proposed to be called a solid perme-
able interface (SPI) rather than an SEI layer.””" Depending on the electrode, the passive
layer can be detected even at low-potential positive electrode materials, such as LiFePOy
(which intercalation potential is only 3.5 V).”*> The composition of the SPI is similar to
the composition of the SEI layer formed on the negative electrode and contains inorganic
and organic layers.””>”" The main components are the LiCO3, ROCO,Li, polycar-
bonate species that may originate from the nucleophilic reactions of carbonate electro-

#90:2022552% Eyrthermore, the SPI layer is much thinner than the SEI layer even

290—292

lytes.
after multicycling. The electrochemical performance of the positive electrode ma-
terial may depend on the reaction rate of the SEI formation according to Hirayama
et al.”” In a case of a spinel type material LiMn,QOy, dissolution of Mn ion can be hin-

dered by a formation of stable SPI layer.
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Today a lot of works are focused on the high-voltage positive electrode materials
(with working potential higher than 4.5 V vs Li/Li"),””* *"* which application is limited
due to the electrolyte degradation. In order to improve the cyclability of such electrodes,
it is necessary to increase the electrolyte stability and to move its oxidation potential to
higher voltages. Then, the modified electrolytes with the alkylcarbonates replaced, for

example, by nitriles, lactones, or alkylphosphates™ '™ *”” can form a passive layer with

significantly different composition as already evidenced for example by Nanini-Maury

300
et al.
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1. INTRODUCTION

The performances of lithium-ion batteries (LiBs) depend on (1) the nature of the
electrode materials (open structures, 3-D metal redox couple involved) for the energy
density, (2) the internal resistance of the battery enlisting interface resistance and diffusion
limitation of lithium ions into the host material for rate capability, (3) the volume
variation for capacity retention, (4) the solid electrolyte interphase (SEI) buildup, and
therefore the nature of the electrolyte for long-term durability.” The electrolytes are
constituted of a mixture of one or more dipolar organic aprotic solvents and a lithium
salt as described in detail below. The physicochemical and electrochemical properties
of the electrolytes highly depend on the nature of the organic solvents. The electrolyte
must meet the following specifications to have an application in LiBs:

* high ionic conductivity even at low temperature (—20 °C for electric vehicle),

e low viscosity,

* good wettability toward separator and electrodes,

* low melting point (T << —20 °C) and high boiling point (T > 180 °C),

e high flash point,

* environmentally friendly,

¢ low cost,

* large electrochemical window (especially for 5 V batteries).

Furthermore, donor and acceptor properties are the main factors that govern
processes at the molecular scale-like solvation and association. Aprotic dipolar organic
solvents for LiBs must have both relatively high acceptor and donor numbers in order
to solvate lithium ions and anions, and then, to favor the salt dissolution (typically the
acceptor number and the donor number for propylene carbonate (PC) are equal to
18.3 and 15.1, respectively).

Usually, formulation of LiBs electrolytes involves a mixture of two or three solvents and
alithium salt because all of the previous criteria cannot be obtained with only one solvent. In
the case of high energy-density batteries, which involve the use of high-voltage electrodes
such as LINiPOy, LiCoPOy, LiNigsMn; 504, LiCoMnQOy, or more recently lithium-rich
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layered oxides,' ~ the electrochemical stability of the electrolyte at high potential is
crucial. The state of the art presented below shows that many dipolar aprotic solvents
and lithium salts were suggested as electrolytes for LiBs but only few studies concern their
use in high-voltage batteries. However, among these electrolytes, none of them led to effi-
cient charge—discharge cycles at high voltage, likely due to electrolyte stability issues.

In this chapter, the components used in liquid and solid electrolytes (organic solvent,
lithium salts, ionic liquids, additives, polymers) as well as their physicochemical and
electrochemical properties are presented. A particular attention is paid to the anodic
stability of these electrolytes since this property is at the center of concern for high-
density applications such as electric vehicles.

2, LIQUID ELECTROLYTES
2.1 Dipolar Organic Solvents

The main relevant solvent properties for LiBs are dipolar moment, permittivity, melting
point, boiling point, flash point, and viscosity. Solvents compatible with LiBs are dipolar
aprotic solvents with high acceptor and donor numbers so that no hydrogen evolves in
the presence of lithium metal and high ions complexation takes place to solubilize lithium
salt even at relatively high concentration (typically 1 mol/L). Usually, solvents for LiBs
contain electronegative atoms such as oxygen, nitrogen, or sulfur to favor the complex-
ation of lithium ions. The permittivity must be high to dissociate the lithium salt and limit
the formation of ion pairs in the electrolyte because ion pairs do not participate in ionic
conductivity (neutral species). The flash point should be as high as possible for safety con-
siderations and the viscosity should be as low as possible to facilitate the mobility of the
ions in solution and ensure a good ionic conductivity. These properties vary significantly
from one category of solvents to another. The main categories of solvents used or studied
for LiBs electrolytes are ethers, alkyl carbonates, lactones, sulfones, and nitriles.* ™’

Ethers were studied as solvent for LiBs to replace PC because they exhibit low
viscosity (n < 1 ¢P at 25 °C) and low melting point. This category of solvent seems to
be less and less interesting as the oxidation potential is lower than 4 V, especially on active
cathode materials used in LiBs. However, a regain of interest concerns ethers with fluo-
rinated hydrocarbon chains as discussed later in the present document.

Alkyl carbonates are principally used as electrolytes in lithium batteries (LIBs). PC and
ethylene carbonate (EC) exhibit a high permittivity due to the high polarity of these
solvents but they are very viscous due to strong intermolecular interactions. On the other
side, dimethyl carbonate (DMC) and diethyl carbonate (DEC) have a lower permittivity
and a lower viscosity due to their linear structure that increases the degree of freedom of
the molecule (rotation of alkyl groups). Besides, alkyl carbonate solvents such as EC form
a stable passivating film (SEI) at the negative electrode required for reversible lithium
intercalation. Electrolytes presently used in LiBs are mostly constituted of mixture of
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solvents with high permittivity (such as EC) and low viscosity (DMC, DEC) in order to
promote simultaneously, ionic dissociation and ions mobility. Asymmetric alkyl carbon-
ates such as methylpropyl carbonate or ethylpropyl carbonate are promising solvents to
replace conventional alkyl carbonates such as EC, DMC, or PC because the latter sufter
from their poor low-temperature behavior and exhibit low flash points (18 and 31 °C,
respectively).” In spite of their relatively low permittivity (e, = 3—8), asymmetric alkyl
carbonate solvents present promising properties such as low melting points, relatively
high boiling points (>100 °C), and low viscosities. The voltage limits versus Li/Li* of
the carbonate electrolytes are usually reported above 5V, suggesting the possibility of
applications in high-voltage cells. However, due to the highly catalytic nature of the
surface of the positive electrode materials, the actual voltage limits of electrolytes are
usually much lower than those obtained at an inert electrode. Indeed, Lucht and co-
workers'” reported that an EC-/DMC-/DEC-based electrolyte starts showing consider-
able decomposition at lithium-nickel-manganese oxide cathode when the cell is charged
above 4.5 V versus Li/Li".

Electrolytes containing y-butyrolactone (BL) or y-valerolactone are very promising
in spite of moderate permittivity and relatively high viscosity because they have relatively
large electrochemical window, high flash point, high boiling point, low vapor pressure,

"7 However, they do not form

and high ionic conductivity at low temperature.
stable passivative film at the graphite electrode.'* The addition of EC into BL improves
considerably the charge—discharge cycling ability provided that LiBF, is used as salt.
Indeed, the use of LiPFq or LiClOy is responsible for an increase of the internal resistance,
likely due to the formation of an insulating passivative layer, which prevents lithium
insertion—deinsertion into graphite. The nature and the purity of lithium salt in BL:
EC electrolyte drastically influence the quality of the passivating layer as illustrated in
Figure 5.1, and obviously influence the cycling ability as well.

Figure 5.1(a) shows that the use of LiPFy in BL:EC leads to the formation of a
homogeneous and dense passivative film onto graphite with a great number of nuclei
while the passivation layer is thicker in the presence of LiBF, instead of LiPFg
(Figure 5.1(b)). It is interesting to highlight that salt purity plays an important role on
the passivative film morphology. Indeed, the use of battery-grade LiBFy salt instead of
low-grade salt leads to the formation of a very dense and uniform passivative film
resulting in improved charge—discharge performances. Furthermore, the addition of EC
in BL at low concentration permits to improve the thermal properties since the BL:EC
mixtures containing 10% (mol) EC remains liquid down to —57 °C (eutectic point)
without increasing significantly the viscosity and decreasing ionic conductivity.'” ™"’
However, this electrolyte cannot be used at low temperature (—20 °C) unless its
wettability on the separator and the electrodes is improved by adding surfactant.'*
Sulfones such as ethylmethylsulfone (EMS), methoxymethylsulfone (MEMS), or

tetramethylsulfone (TMS) appear as good candidates for high-voltage electrolytes as their
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Figure 5.1 SEM photography of graphite electrode after cycling in BL:EC (1:1) (purity 99.9%) in pres-
ence of (a) LiBF, (purity = 99%) (b) LiPFs and (c) LiBF,4 (purity > 99.99%). (Reproduced with permission
from J Electrochem Soc (Ref. 14).)

electrochemical stability in the presence of LiPF remains good up to 5 V versus Li/Li*
on platinum electrode.'” " Unfortunately, these solvents cannot be used with graphite
electrodes as they do not form a stable and protective SEI onto graphite.

Nitriles solvents have a low viscosity and a good anodic stability (about 5.3 V versus
Li/Li"). Recent works showed that the electrochemical window of dinitrile-based elec-
trolytes such as sebaconitrile mixed with EC and DMC in the presence of LiBF4 can
reach 6 V at a glassy carbon electrode and promising results were obtained with LiFePOy
and LiCoPOy electrodes.”’ > However, the oxidation of sebaconitrile onto the cathode
surface is responsible for the formation of an insulating film toward lithium ions, which
passivates the electrode and leads to a strong loss of reversibility.””

Other solvents have been reported in the literature such as propylene sulfite, which is
characterized by high oxidation stability at LiMn,Oy electrode,” fluorine-substituted
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compounds like fluoroalkyl carbonates, which show good cycling ability at graphite elec-
trode,”" and organophosphorous compounds, which have interesting thermal properties
for LiBs (lame retarder).”

Fluorinated cyclic and linear carbonate compounds, like fluoroethylene carbonate
(FEC) and 3,3,3-tri-fluoropropylene carbonate (TFPC) as well as fluorinated ethers,
possess desirable physical properties (low melting point, increased oxidation stability,
and less lammability), which are imparted by the presence of the fluorine substituents.”
Comparison of alkyl carbonates and ethers with their fluorinated analogues shows that
fluorine substitution lowers both HOMO (high occupied molecular orbital) and
LUMO (low occupied molecular orbital) levels calculated by DFT, resulting in simulta-
neously higher oxidation stability and higher reduction potential. These results also
indicate that the fluorinated electrolytes are thermodynamically more stable than their
nonfluorinated counterparts under certain high-voltage conditions. These affirmations
were confirmed experimentally for the molecules reported in Figure 5.2(a). In particular,
it is interesting to note that perfluorinated ethers surprisingly increase their anodic stabil-
ity. The same authors showed that the following fluorinated sulfones and fluorinated
ethers, like those reported in Figure 5.2.(b), are also very promising solvents for their
use in high-voltage electrolytes.

2.2 lonic Liquids

Room temperature ionic liquids (R TIL) belong to another category of “solvent,” which
are more and more studied for various applications including electrolytes for LiBs. RTILs
are liquid at room temperature and contain big organic cations associated with small inor-
ganic or organic anions by strong electrostatic interactions. They are popular because
they have low vapor pressure, large electrochemical window and high ionic conductivity
in spite of high viscosity.”” Figure 5.3 shows the chemical structure of some of the most
investigated ionic liquids for LiBs.
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Figure 5.2 Promising new fluorinated solvents for high-voltage lithium-ion batteries.
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Figure 5.3 Common ionic liquids for lithium-ion batteries.

One solution to improve physicochemical properties of ionic liquid-based electro-
lytes is to add molecular additives. For instance, the electrochemical and thermal behav-
iors of 1-butyl-3-methylimidazolium tetrafluoroborate or 1-butyl-3-methylimidazolium
hexafluorophosphate mixed with BL were studied by Chagnes et al.”**” They showed
that these mixtures exhibit a very good thermal stability (>350 °C) and remain liquid
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at very low temperature (<—110 °C) provided that the molar fraction of BL was greater
than 0.3. Unfortunately, these ionic liquids mixed with BL and lithium salts undergo a
strong reduction at graphite electrode near 1 V versus Li/Li" resulting in the formation
of a blocking film, which prevents any further cycling. Moreover, the titanate oxide elec-
trode can be cycled with high capacity without any significant fading. Nevertheless,
cycling at the positive cobalt oxide electrode was unsuccessful owing to oxidation reac-
tions at the electrode surface preventing lithium intercalation—deintercalation into and
from the host material.””

Among the different families of ionic liquids, quaternary ammonium salts have
recently received particular attention and pave the way to the development of new
electrolytes in spite of their high viscosity and low wettability compared to classical
organic electrolytes. The chemical structure of cation strongly influences viscosity and
1onic conductivity. For instance, viscosity decreases from 173 to 81 cP and ionic conduc-
tivity increases from 0.6 to 2.6 mS/cm when piperidinium ammonium is used instead of
pyrolidinium ammonium salts.” Likewise, viscosity can be reduced by adding one ether
group in the alkyl chains of imidazolium, quaternary ammonium, phosphonium, pyrro-
lidinium, piperidinium, and guanidinium ionic liquids. The addition of lithium salt
decreases significantly ionic conductivity due to the increase in viscosity.

Ammonium ionic liquids present good electrochemical stability in oxidation on
platinum electrodes. It appears that the electrochemical stability depends on the length
of the longest alkyl chain of the cation (the shorter it is, the higher the oxidation
potential is).”" Conversely, the chemical structure of the cation has no influence on
the cathodic stability since the reduction wall is associated with the anion reduction.
However, the addition of lithium salt generally improves the cathodic behavior
thanks to the formation of a passive layer forms by insoluble lithium salts.’*"’
Cycling ability of LiCoO» in N-methyl-N-ethyl-IN,N-bis(2-methoxyethyl)ammonium
bis(trifluoromethanesulfonyl)imide in the presence of 0.6 M LiTFSI and other ammo-
nium ionic liquids showed that the introduction of two ether groups in quaternary
ammonium cation improves the cycling ability.”"

2.3 Additives

The incorporation of additives designed to react and protect the electrode surface is an
interesting approach to improve the performances of electrolytes in LiBs at the negative
and the positive sides. For instance, the addition of additives for altering the composition
of the interphase by promoting more stable fluorophosphates Li,PF./Li,PO,F. at the
expense of the presence of a resistive LiF passivative film on positive electrodes seems
to be a good way to circumvent high potential reactions responsible for fading even if
it does not prevent electrolyte oxidation.”” However, the influence of additives on the
anodic stability of the electrolytes at high potential has not been systematically
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investigated. Several additives for LiBs electrolytes have been reported in the literature.
The following paragraphs do not give an overview on the additives but highlight those
that appear as the most interesting ones.

Addition of low concentrations of inorganic additives including lithium bis-
oxalatoborate (LiBOB), lithium difluorooxalatoborate (LiBF,(C,0y4)), and tetramethoxy
titanium (TMTi) to EC/DEC/DMC + LiPFy improves the capacity retention of
Li/Li1 17Mng 58Nig 2505 cells cycled to 4.9 V versus Li/ Lit.”° The cycling performances
indicate that all of the additives, except Tetraethoxy silane (TEOS), enhance the cycling
performance by decreasing the cell impedance. LiBOB and LiBF,(C,04) are oxidized to
form borates on the surface of the cathodes, which suppress the decomposition of EC.
The presence of electrolyte additives leads to the cathode passivation that inhibits further
electrolyte oxidation leading to better capacity retention.”

Vinylene carbonate (VC) and FEC were compared to other electrolyte additives for
LiCoOx/graphite.”” This study shows that both VC and FEC are good additives to
improve long-term cycling and reduce self-discharge during storage. However,
increasing the concentration of VC above 2% causes a dramatic increase in the charge
transfer resistance at the negative electrode surface, while the same effect is not observed
for FEC.

Table 5.1 reports some of the additives reported in the literature:

Some studies have shown an improvement of the electrochemical performances of

graphite electrodes after modifying the surface structure by mild oxidation,”®”

Table 5.1 Electrolyte Additives

Category of Additives Molecules
Solid electrolyte interphase (SEI) Vinylene carbonate, vinyl ethylene carbonate,
forming improver fluoroethylene carbonate, allyl ethyl carbonate,

2-vinyl pyridine, maleic anhydride, etc.
SEI forming improver and poisoning SO,, CS,, polysulfide, ethylene oxalate, propylene

electrocatalytic effect oxalates, aryl oxalates.
SEI stabilizer (lifespan improvement) B,O3, organic borates, trimethoxyboroxin,
trimethylboroxin, lithium bis(oxalate) borate.
Cathode protection agent Butylamine, N,N’-dicyclohexylcarbodiimide,

N,N-diethylamino trimethyl- silane, lithium
bis(oxalato) borate, fluoroethylene carbonate.
LiPF; salt stabilizer Tris(2,2,2-trifluoroethyl) phosphite, amides,
carbamates and fluorocarbamates, pyrrolidinone,
hexamethyl-phosphoramide.

Fire retardant Trimethyl phosphate, triethylphosphate.
Overcharge protection Tetracyanoethylene,tetramethylphenylenediamine,
dihydrophenazine, ferrocene.

Reproduced with permission from J Power Sources (Ref. 32).
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deposition of metals oxides, polymer coatings,

coating with other kinds of car-
bons,” and electrodeposition.” In fact, metal or metal oxide deposition onto graphite
electrodes improves the reversible capacity by limiting the exposure of the active edge
sites to the electrolyte.% For instance, metal oxides containing Sn, Cu, Ni, Fe, or Pb
deposited on the surface of graphite display higher reversible capacity, better rate capa-
bility, and longer cycle life in comparison with bulk metal oxides.”” "’ Therefore, addi-
tives in electrolyte can be also conjunctly used with cathodes and anodes surface coating
to improve the charge—discharge cycling ability of the batteries by reducing side

reactions at the electrodes surface.

2.4 Lithium Salts

Lithium salts for LiBs must be soluble in dipolar aprotic solvents at a concentration close
to 1 mol/L. Such lithium salts should better have large anion to ensure good dissociation
in solvents and limit the formation of ion pairs. Furthermore, these salts should be safe,
environmentally friendly, and they must exhibit high oxidation potential especially for
high energy-density applications such as the electric vehicle. In the literature, the most
studied salt in the early days was lithium perchlorate (LiClOy). Lithium hexafluorophos-
phate (LiAsFg), lithium tetrafluoroborate (LiBF,), lithium bis(trifluoromethanesulfonyl)
imide (LiTFSI), lithium triflate (LiTf), and lithium hexafluorophosphate (LiPFg) were
also studied. LiAsFg is poisonous, LiClOy is explosive, LiBF4; may be problematic on
the negative side (reactions of BF; anion on the anode’s surface interfere badly with
passivation), LiSO3CF; leads to electrolytes exhibiting too low ionic conductivity and
poorly stable electrolyte upon oxidation up to 3.8 V.>"?! LIN(SO,CF3), (LiTFSI) and
LiC(SO;,CF3)3 (LiTf) are problematic on the cathode side as the aluminum current
collector used for the positive electrodes is not well passivated in solutions and corrodes
but such passivation can be alleviated by adding LiPF,.”"""

LiPF¢ decomposes to LiF and PFs, and the latter readily hydrolyzes to form HF and
PF30.”” These two hydrolysis products are highly reactive on both the negative and
positive sides, and their unavoidable presence in LiPF¢ solutions has a detrimental impact
on the electrodes performance.”” However, LiPFq is the most suitable lithium salt for its
use in the composition of electrolyte for LiBs as shown in Table 5.2, which classified
lithium salts from the best to the worst.

Although LiPF¢ is the most used lithium salts for LiB, the development of new
lithium salts is of great importance to improve the cycling ability of LiBs. One major
drawback of LiPFg is its autocatalytic decomposition leading to the formation of unde-
sired products such as LiF and PFs. PF;5 is a strong Lewis acid that reacts with water to
form HF which reacts at its turn with lithium alkoxide (R OLi) and lithium alkyl carbon-
ate (RCO3Li) contained in the passivative layer to form alcohol and alkyl carbonate.
These reactions are responsible for dramatic loss of the quality, at the expense of the
passivative layer.
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Table 5.2 Classification of Lithium Salts

Property From the Best to the Worst

lon Mobility LiBF, LiClO,4 LiPF¢ LiAsFe LiTf LiTFSI
Ton pair dissociation LiTFSI LiAsFq LiPFq LiClOy4 LiBF, LiTf
Solubility LiTFSI LiPFq LiAsF¢ LiBF, LiTf

Thermal stability LiTFSI LiTf LiAsF LiBE, LiPF,

Chemical inertness LiTf LiTFSI LiAsF LiBF, LiPF,

SEI formation LiPFq LiAsFg LiTESI LiBF,

Al corrosion LiAsFq LiPFq LiBF, LiClOy4 LiTf LiTFSI

Lithium bis(oxalate) borate (LiBOB), a free-halogenated salt, is a recent alternative to
LiPF¢. This salts exhibits many advantages such as high thermal stability, wide electro-
chemical stability window, good compatibility with electrode materials for LiBs,
nontoxic properties, etc.”* However, LIBOB solubility and ionic conductivity in classical
organic solvents used in LiBs are lower than that obtained with LiPF4 and the passivative
layer formed onto negative electrodes in the presence of LiBOB exhibits high imped-
ance. In spite of the latter disadvantages, the use of appropriate solvents with LiBOB
may lead to the formulation of good organic electrolytes, especially for high-voltage
LiBs (see below).

3. POLYMER ELECTROLYTES

Polymer batteries are formed by a laminating lithium metal or composite carbon anode, a

lithium-ion conducting membrane playing the role of electrolyte and a composite

cathode. This technology is of great interest because the use of polymer electrolytes

permits to:

* suppress dendrite growth which limits the cycling ability and causes internal short-
circuits,

* limit the impact of electrode volume variation during cycling,

* reduce reactivity with liquid electrolytes (polymer electrolytes are supposed to be less
reactive than liquid electrolytes due to their solid-like nature),

* improve safety (resistance to shock, vibration, mechanical deformation and no
electrolyte leak, etc.).

Polymer electrolyte must exhibit high mechanical, thermal, and electrochemical
stability as well as high ionic conductivity. The latter property is a real drawback since
ionic conductivity in polymer electrolyte is much lower than in conventional liquid elec-
trolytes. The polymer electrolytes for LiBs should exhibit ionic conductivities at least
comprised between 1 and 10 mS/cm. Ionic conductivity can be increased by increasing
salt concentration (charge carrier) or polymer chains flexibility (low glass transition) or by
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favoring amorphous phase in polymer at the expense of crystallized phases. Nevertheless,
it is important to control the ratio between amorphous and crystalline phases in the poly-
mer electrolyte since the amorphous phase of the polymer assists higher ionic conduction
whereas the crystalline phase acts as a mechanical support for the polymer electrolyte.

Polyethers, polyesters, and polyimines have shown strong coordinating groups for
solvating cations. For instance, polyethylene oxide (PEO) is an ideal solvent for
dissolving lithium ions as it has almost the same solvating properties and polarizability
as water. Furthermore, according to the hard—soft acid—base theory, the strongest sol-
vation in PEO, which can be considered as a hard base, is with a hard acid or cation
such as Li™. Conversely, PEO is a weak solvent for anions except for C1O, , CF3SO5,
(CF3S0,) oN 7, and PF; since these anions are large, polarizable, and have monovalent
delocalized charge.”” ™ Figure 5.4 shows the coordination of LiCF3SOj3 in PEO,
i.e., lithium ion is located in the center and coordinated by two oxygen atoms
from two (CF3SO;) 2N~ anions (O4 and O5) and three oxygen atoms from PEO
(Ol, 02 and 03).

The motion of lithium ions in PEO is assisted by polymer chain segmental motion
(intra- and interchain movements) caused by the torsion around C—C and C—O bounds
and by ion cluster (intra- and intercluster movements) as illustrated in Figure 5.5.

The polymer chain segmental motion forms and breaks coordination sites for solvated
lithium ions and provides free volume allowing lithium ions migration. This phenomena
starts in the vicinity of the glass transition temperature and gets easier and easier when the
temperature increased beyond the glass transition temperature. Therefore, ion transport
occurs predominantly in amorphous phase.

In polymer, the ion transport along polymer chains is possible, provided that two acti-
vation barriers are overcome: (1) energy for forming and breaking chemical bonds
involved in the solvation of lithium ions by ethylene oxide units and (2) energy required
to lithium ion transport from one coordination site to another one.
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Figure 5.4 Coordination of LiCF3SOs in PEO.
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Figure 5.5 Lithium ion motion in polymer.

The first transport process is expressed by the Arrhenius law (Eqn (5.1)) and the sec-
ond one by the Vogel-Tammann-Fulcher (VTF) equation (Eqn (5.2))”" "'

—E,
g = Aexp(RT> (G.1)

where ¢ is the conductivity, A is a constant, and E, is the activation energy.

_ 4 (i) 5.2
a—ﬁexp R(T — Ty) (5.2)
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where Ty is a reference temperature generally chosen to be 50 K below the glass
transition (Ty). This equation suggests that thermal motion above Tj contributes to
transport process, and faster motion is expected for polymer with low T,.  Because
ions must dissociate from the coordination sites in order to move in the solid polymer,
if the bonds are too strong, the cations become immobile. The cation-polymer bonds
need to be strong enough for salt dissolution, but weak enough to allow for cation
mobility. The VTF process is related to the T, thus rate limiting at low temperatures.
At high temperatures, the segmental motion becomes facile enough that the Arrhenius
process becomes rate limiting.

Solid polymer electrolytes can be classified into the following types:

1. Dry solid polymer electrolytes:

PEO with high molecular weight and 80% crystallinity is a polymer host capable to
form complexes with lithium salts, thanks to the presence of —CH»,—CH,—O— groups.
Other polymer hosts containing O—, —NH—, and —C—N— can also complex and
dissolve lithium salts.”” This polymer forms stable complexes with lithium ion and
possesses high ionic conductivity compared to other solvating polymers without the
addition of organic solvent. It was demonstrated that the increase of lithium salt concen-
tration in the host polymer is responsible for a decrease of the ionic conductivity due to
the formation of ion pairs and the decrease of polymer chains motion.”” The perfor-
mance of these polymers for LiBs applications is slightly affected by the possibility of
the anion to migrate within the polymer electrolyte resulting in a decrease of the lithium
transference number. The use of large organic anions such as LiTFSI with high electron
delocalization leads to lower crystallinity, higher conductivity, and low anions transfer-
ence number.”*

2. Polymer gels:

Polyethylene oxide (PEO), polyacrylonitrile (PAN), polymethyl methacrylate
(PMMA), polyvinylidene fluoride (PVdF), polyvinylidene carbonate (PVdC), poly(vi-
nylchloride) (PVC), poly(vinylsulfone) (PVS), etc., have been used as host polymer in

77" In such electrolytes, the polymer is plasticizing with a dipolar aprotic

polymer gels.
organic solvent such as EC, PC, DMC, dimethyl formamide, methyl ethyl carbonate,
v-BL, alkyl phthalates, etc., containing a lithium salt which is trapped within the matrix
of polymer. The ionic conductivities of such systems are slightly lower to those obtained
with liquid electrolytes, especially when viscous solvent are used as plasticizer. Plasticiza-
tion increases the amorphous phase in the polymer and the high permittivity of the sol-
vent trapped into the polymer matrix permits to increase the lithium salt dissociation and
the cation mobility.
3. Polymer composite:

Incorporation of electrochemical inert particles into the polymer matrix to form a
polymer composite permits to increase the mechanic stability of the polymer and the
1onic conductivity mainly due to a decrease of the polymer crystallinity. For example,
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Table 5.3 Conductivities of Some Polymer Electrolytes

Polymer Systems Conductivity (ms/cm) at 20 °C
Polyethylene oxide 4 LiClO, 1072
Poly(oxymethylene-oligo-oxyethylene) + LiCF3SO5 3-1072

Polyethylene oxide grafted with polysilosane + LiClO, 0.1

Polyethylene oxide + LiClO4 4 (EC-PC, 20%mol) 1

Polyvinylidene fluoride 4+ LiN(CF3SO,), + (EC:PC, 75 wt%) | 1.5

Polyethylene glycol + LiCF;SO; + silica (20 wt%) 15-10°

the addition of fine particles of y-Al,O3 to PEO-LiClO4 complexes plasticized
with dioctylphthalate was found to increase the room temperature by an order of
magnitude.”’

Table 5.3 gathers few systems of polymer electrolytes and report their corresponding
ionic conductivity for a sake of comparison.

The reader can read the Ref(s) 72—76 for more information on polymer electrolytes.

4. ANODIC STABILITY OF LIQUID ELECTROLYTES

Recently, many works have been focusing on the development of high-voltage cathode
materials. Some of them are gathered in Table 5.4. This table indicates the redox couples
involved during charge/discharge, the average discharge potential, the theoretical capac-
ity as well as the charge and discharge cut-oft voltages required for each cathode materials.

Table 5.4 shows that many cathode materials exhibit charge and discharge plateau at
high potential. The major problem for these materials is to find compatible electrolytes,
i.e., electrolytes stable at high potential. Electrolyte oxidative stability depends on
numerous factors such as electrolyte purity, solvent composition, nature of the anion,
salt concentration, the catalytic activity of the electrodes surface as well as the chemical
structure of the solvent. DFT calculations can be used to select potential interesting
solvent molecules with high anodic stability since the ability to gain (reduction) and
lose electrons (oxidation) can be evaluated by the energy level of the HOMO and
the LUMO.”®’? For instance, Shao et al. found a correlation between the HOMO
level calculated by DFT and the experimental oxidation potential of sulfone.”” Like-
wise, Zhang et al.”" performed DFT calculations to determine the oxidation potential
of various alkyl carbonate and ether solvents used in LiBs and compared them with
experimental data. They highlighted in this study that quantitative comparison with
experiment will require more careful measurements to eliminate other oxidation reac-
tions and a standardized procedure for determining the experimental oxidation poten-
tial. Indeed, values of oxidation potential reported in literature vary significantly due to
the use of arbitrary criteria to determine the onset of anodic current (usually, arbitrary
current density).
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Table 5.4 Characteristics of High-Voltage Cathode Materials. Potential Are Given in Volt versus Li/Li"

Average
Discharge Theoretical Potential

Materials Potential (V) Redox Couple Capacity (mAh/g) Range (V)
LiCoPO, 5.8 Co?t/Cot 167 3.0-5.1
LiNiPO, =51 Ni* /N 167 3.0-5.5
Li3V,(PO,); 3.8 \ARWAVARWAVARS 197 3.0-4.8
LiCoP,O- 4.9 Co*T/Co’" 109 2.0-5.5
Li,MnP,O- 4.45 Mn*"/Mn’* 110 2.0-4.7
Li,CoPO,F ~49 Co*t/Co’" 143 3.0-5.5
Li,NiPO,F =51 NiZT/Ni* ™ 143 3.0-5.5
LiCoSO,F 4.7-4.9" Co*t/Co’" 149 -
LiNiSO4F 5.2-5.4" NiZt/Ni 149 -
LiCuSO,F 5.1° Cu>/Ca®™ 145 -
LiCoOSO, 5.1° Co*"/Co*" 152 -
LiNiOSO, 5.0 Nt /Ni*t 152 -
Li,NiSiOy4 4.8 NiZt/Ni? 163 -
LiNigsMn; 50, | 4.7 NiZT/NP /N | 147 3.5-4.9
LiCr,Mn,_,O, ~45-4.8 crt/Cr*t and =151 3.4-5.4

05 <y<1) Mn’*/Mn**
LiCo,Mn, ,O, | =4.5-4.9 Crt/Cr*" and =145 3.0-5.3

05<y<1) Mn’*/Mn**
LiFe,sMn; 504 | 4.5 Fe> " /Fe*" and 148 3.0-5.3

Mn’"/Mn**
LiCupsMn; sO4 | =4.3 Cu®?/Cu’" and 145 3.3-5.1
Mn>t/Mn*t

LiNiVO, 4.8 NiZ /N ™ 148 3.0-5.3

"Data were obtained by theoretical estimation (no data available).
Reproduced with permission from J Power Sources (Ref. 77).

Most of the studies reported in the literature compare the anodic stability of elec-
trolytes for LiBs on inert electrodes while it would be better to investigate their anodic
stabilities on active materials since electrocatalytic reactions cannot be neglected at
positive electrodes. Table 5.5 reports anodic stability tests performed in electrolytes
containing 1 and 0.8 mol/L LiPF4 (Pt microelectrode, lithium reference and counter
electrodes, 70 °C):

In the literature, the investigation of the anodic stability, the oxidation mechanisms,
and the oxidation products of electrolytes at inert and active electrodes mainly focused on
lithium hexafluorophosphate (LiPF¢) dissolved in alkyl carbonates such as EC, DMC, and
PC, which are typically used in LiBs.” Infrared spectroscopy, Raman spectroscopy,
X-ray Photon-electron Spectroscopy, Nuclear Magnetic Resonance, Electrochemical
Quartz Crystal Microbalance, and Mass-Spectroscopy are the main analytical methods
used for investigating the electrochemical and chemical reactions occurring at the
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Table 5.5 Oxidation Potentials of Organic Solvents Used for Lithium-lon
Batteries Applications®?

Electrolyte Solvent Oxidation Potential (V) vs. Li/Li"
Propylene carbonate 4.3
Ethylene carbonate 5.2
Dimethyl carbonate 5.1
Diethyl carbonate 5.2
Y-butyrolactone 52
Diethoxyethane 5.2
Tetrahydrofuran 4.5
2-methyltetrahydrofuran 4.1
1,3-Dioxolane 4.3
Acetonitrile 4.2

10,88,91—95 S
o of carbonate electrolyte oxidative

electrode surface.”” " Experimental studies
decomposition have reported the formation of CO,, CO, alkanes, alkenes, acetone,
propanal, 2-ethyl-4-methyl-1,3-dioxolane, and poly-(ethylene carbonate).”® Various
Li,PF,O. and Li,PF, compounds were also found on the surface of the cathode but
were attributed to the thermal and not electrochemical decomposition of carbonate
electrolyte doped with LiPFg.””

Literature showed that EC oxidation mechanisms are very complex but DFT calcu-
lations bring interesting information about the favored degradation pathways and the
anodic stability of the electrolytes. Several papers reported in silico calculations of anodic
stability of classical electrolytes (EC, DMC, and PC in the presence of LiPFs or
LiBlM).gS*m2 Compared with solvent molecules such as PC, DMC, DEC, and ethyl-
methyl carbonate, used for electrolytes of LiB, EC coordinates more strongly with
PF, in lithium salt and thus tends to be oxidized preferably on the cathode of the battery.
Radical cation EC™" is generated after EC transfers one electron to the cathode, and there
are five possible pathways for the decomposition of EC™ forming CO,, CO, and various
radical cations. The radical cations are reduced and terminated by gaining one electron
from anode or solvent molecules, leading to aldehyde and oligomers of alkyl carbonates.
The most thermodynamically favorable oligomer of alkyl carbonate from the oxidative
decomposition of EC is 2-methyl-1,3-dioxolane, followed by 1,3,6-trioxocan-2-one,
1,4,6,9-tetraoxaspiro[4.4]nonane, and 1,4,6,8,11-pentaoxaspiro[4,6]undecan-7-one.

The influence of the anion chemistry and involvement of anion in electrolyte oxida-
tive decomposition is still controversial. During the oxidation of PC onto graphite in the
presence of lithium salt, the gas volume generated depends on the nature of the lithium
salt and follows the order LiClO4 > LiBF, > LiAsFs > LiPFg, suggesting that the rate of

gas generation depends on the anion chemistry.”>'"” Aurbach’s group and Gachot et al.”’
investigated the electrolyte degradation. They found the presence of PF5 and POF; in

an oxidized carbonate electrolyte containing LiPFg. They suggested that electrolyte
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decomposition pathways mostly involve the solvents and not the salts because these com-
pounds were also observed in the pristine solutions due to water contamination.'"”

Therefore, electrolyte oxidation mechanisms are very complicated. Several studies
contributed significantly to identify the oxidation mechanisms of alkyl carbonate
electrolytes both on inert electrodes and active materials. The comprehension of the
oxidation mechanisms is of great interest for designing solvents stable at high voltage.
However, no study concerns the investigation of the oxidation mechanisms of electro-
lytes on recent cathode materials for high-density LiBs such as lithium-rich layered
oxides (Li-rich NMC). Investigating the oxidation mechanisms of electrolytes onto
these materials appears particularly important as the redox mechanisms involved during
charge—discharge at the Li-rich NMC or other classes of layered oxides involving the
anionic redox activity may be quite different from those observed in more classical
cathodes.'

As previously stated, LIBOB (lithium bis(oxalato)-borate) is an interesting salt for LiBs
especially due to its high anodic stability. However, its use in electrolytes for LiBs
1s limited by its low solubility, its low ionic conductivity in many solvents, and the
formation of SEI with high impedance due to cathodic reduction. Therefore, the iden-
tification of the good formulation or the design of new dipolar organic solvents leading to
higher salt dissociation is of great interest in the formulation of electrolytes compatible
with high-voltage cathode materials. Recently, LiBOB was used in a mixture of y-BL
(moderate dielectric constant, high ionic conductivity, moderate viscosity, high lithium
salt solubility, low melting point, and high anodic stability), DMC (low viscosity, high
lithium salt solubility), and sulfolane.'”” The addition of sulfolane is particularly inter-
esting as it permits to significantly improve the oxidative decomposition of the electro-
lyte, and decrease the anodic and cathodic polarization resistance likely due to the
formation of an effective protective film on anode and cathode surface (mesophase
carbon micro bead (MCMB) and LiNipsMnj 504, respectively). After 100 cycles at
C/2 of discharge rate in LiNip5Mny 504/Li cell, the discharge capacity retention effi-
ciency of the cell with SL/GBL/DMC 4 LiBOB electrolyte is 85.9%, which is higher
than that of the cell with EC/DMC/LiPFq electrolyte (77.6%). However, despite the
potential interest of such an electrolyte, it is important to highlight that this work does
not investigate the cycling ability of this electrolyte at graphite or MCMB electrode
neither the cycling ability in full-cell.

As a conclusion, many eftorts have been done to formulate new electrolytes for LiBs
in order to improve their cycling ability and their energy density but few studies concerns
the design of new dipolar organic solvents and lithium salts. More studies should focus on
the comprehension of the catalytic mechanisms responsible for electrolyte decomposition
on classical cathodes and unconventional materials. Furthermore, the development of
modern calculation tools to help the physicochemist and the electrochemist to design
new electrolytes will be beneficial for the lithium-ion community.
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5. ELECTROLYTE WETTABILITY

One of the key factors for improving the cycling ability and the power of LiBs is the
wettability of both electrodes and separators, especially when the temperature decreases.
For instance, Chagnes et al. investigated the cycling ability of y-BL-based electrolytes at
low temperature (down to —15 °C) in full-cell configuration (LiCoO3 as positive elec-
trode, graphite as negative electrode and Celgard as separator).'* The wettability of the
Celgard separator and the electrodes was enhanced by the addition tetraecthylammonium
perfluorooctanesulfonate, as surfactant, without perturbing the quality of the passivative
film at the graphite electrode.

The electrolyte wettability on separators can also be improved by modifying the sepa-
rator surface. It can be achieved by plasma treatments in order to increase and activate the
surface or by grafting chemical groups such as glycidyl methacrylate, PAN, and polya-

106—115 .
’ For instance,

crylic acid in order to enhance the adhesion of the electrolyte.
Wang et al."'* modified polypropylene separator by immersion into dopamine solution
resulting in self-polymerization of dopamine due to pH-induced oxidation. The modi-
fied polypropylene separators exhibit an increase of the retention ability of the electrolyte
(EC/DMC + LiPFy) as well as higher discharge capacity and better discharge C-rate
capability and cyclability because of the formation of hydrophilic polydopamine layer

onto the separator.

6. CONCLUSION

Since the first LiB developed by Sony in 1991, alkyl carbonates (mainly EC, PC, DMC,
DEC) and lithium hexafluorophosphate (LiPF¢) are used in most of commercialized
LIBs. Alkyl carbonates are dipolar aprotic organic solvents with adequate physicochem-
ical and electrochemical properties for classical LiBs (viscosity, lithium salt solubility,
dielectric constant, liquid in wide range of temperature, etc.). EC is particularly impor-
tant in electrolyte formulation because it contributes to the high cycling ability of LiBs
by forming a passivative layer onto graphite electrode. Lithium hexafluorophosphate is
the most common salt used in LiBs because its ionic conductivity in alkyl carbonate is
high and it contributes to the formation of high-quality passivating layer onto graphite
electrode.

However, the specifications for LiBs evolve depending on the applications and new
electrolytes are required. For instance, one major challenge in the next decades concerns
the design of electrolyte with high anodic stability and compatible with negative
electrodes such as graphite or silicone in order to develop high-voltage batteries for
high-energy application like electric vehicles. This chapter has shown the complexity
of the physicochemistry and the electrochemistry involved in electrolytes and at the
electrode—electrolyte interface. Some new electrolytes has ever been identified but it
seems mandatory to better understand the physicochemistry and the electrochemistry
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of these electrolytes as well as the chemical and electrochemical degradation phenomena

that take place during charge—discharge cycles, especially at high potential, in order to

design new electrolytes for efficient high-density batteries.
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1. INTRODUCTION

In this chapter, the authors have tried to highlight what next Li-based battery technologies
could be through a personal selection of a few promising systems and concepts (which
can be read almost independently). Without being exhaustive, an overview of the state
of the art for these emerging Li-battery technologies is depicted. Electrochemically
speaking, none of them is really new but in view of their intrinsic potentialities and the
need for better, cheaper, and less-polluting batteries, they have received a fresh look
over the past 10 years. First, the Li-sulfur (Li/S) cell has been considered. Beyond the
cost and the natural abundance of elemental sulfur, promising practical gravimetric
energy density values have already been reported with cell prototypes. Some researchers
and companies believe that lithium—sulfur is the way to go especially for the powering of
electric vehicles with the hope of achieving a reasonable driving range (several hundred
kilometers). Driven by the same expectations, a more futuristic but potentially attractive
battery design deals with the high-energy density lithium—air battery (more accurately,
Li-O; battery) in which lithium ions bind to oxygen sucked in from the atmosphere
according to an expected four-electron reaction. We will see that as in the case of the
Li-S system, major challenges have to be overcome if such a concept is to succeed.
For stationary energy storage applications, the priority in developing batteries is rather
the cost. Therefore, Li intercalation chemistry paired with an aqueous electrolyte can
be perceived as an interesting concept, not only to alleviate the price of organic
electrolytes and corresponding separators, but also to bring intrinsic safety and ease in
recycling. Finally, in parallel with the development of regular inorganic-based electrode
materials, there is probably room for organic batteries. The last paragraph will put
forward different arguments in favor of organic electrode materials such as the attractive
possibility of preparing electrode materials from renewable resources and eco-friendly
processes coupled with a simplified recycling management. However, the potential
use of organic electrode materials for energy storage is still challenging and a lot of
developments remain to be achieved even if the first prototypes of “organic radical
batteries” (ORBs) show very promising results in performances.
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2. POTENTIAL OF LI-SULFUR BATTERIES

The interest of sulfur as a redox active material (AM) of primary cell originates from a
patent of Kurt et al. in 1953." A few years later, D. Herbert et al. patented the Li-S
technology,” which was pursued by E. Cairns’s group” in the 1970s. Since 2000, great
efforts have been made by many groups to develop this technology'™ © as a result of
increased needs for batteries of high energy densities. Li-S batteries are indeed potentially
very promising since energy densities at least five times higher (400—600 Wh/kgp, and
500 Wh/Lp,ck) than conventional lithium-ion batteries (LiBs) are expected.” Such a
performance should double today’s driving range of EVs.” This stems from the fact
that the electrochemistry of Li-S battery is based on an overall two-electron reaction
per mole of sulfur in contrast with commercial LiBs. The latter endows the cell with a
high theoretical capacity of 1167 mAh per gram of LisS, offsetting the low average
voltage (2.1 V vs Li"/Li") and resulting in large theoretical energy densities of nearly
2500 Wh/kg and 2800 Wh/L. In addition, sulfur is also not only a low cost material
(300 US$/Ton) compared to insertion materials of conventional LiBs (25,000 US$/
Ton for C-LiFePOy) but it is also very abundant on Earth, since it is readily found in
its native state in volcanic regions, and in several minerals in the form of sulfides or sul-
fates. For this reason, Li-S batteries appear also quite appealing for stationary applications.

Today however, the practical use of the Li-S system is hampered by several issues.
First, sulfur is electrically insulating which forces the use of a large amount of conducting
additives and therefore reduces energy densities. Second, upon reaction with Li, sulfur
transforms into polysulfide (Ps) species that are highly soluble in electrolytes. Solute Ps
species diffuse and react with the metallic lithium electrode leading to the occurrence
of polysulfide shuttle mechanisms which decreases the coulombic efficiency and can
even prevent the complete charge of the cell. Lastly, the major and most likely issue comes
from unstable lithium electrode—electrolyte interface, which leads to continuous deple-
tion of both components, and/or to dendrite growth that eventually provokes cell failure.

The first part of this paragraph serves to describe briefly the reaction mechanisms
involved on discharge. In the second part, a presentation of the main challenges as
well as a review of the up-to-date advances will be detailed.

2.1 Fundamental Electrochemical Reactions of Li-S Batteries

A Li-S battery is generally assembled in the charged state with sulfur in its o-form
(composed of cyclic octatomic molecules, Sg), which is the stable phase at standard con-
ditions for temperature and pressure. On discharge, Sg rings open and lead to chains of
reduced lithium polysulfides (denoted Ps) of general formula Li>S, (n > 4),” which are
highly soluble in most common electrolytes. The solubility of Ps decreases with the chain
length explaining why the end-member lithium sulfide (LiyS) precipitates as the
discharge proceeds within the porosity of the positive electrode. Accordingly, the overall
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electrochemical reaction that accounts for the transfer of 2 (Li*, ™) per S atom can be
written as follows:

16Li + Sg S 8LixS ) 6.1)

The electrochemistry of this system is in fact much more complex due to the formation
of many intermediate species upon reaction with Li. According to a work of Barchasz
et al.,'"" the voltage profile of the discharge is divided into two main processes, the first
one being associated with solute species as well as a continuous decrease in the potential
(~1/4 of the overall capacity) while the second one corresponds to precipitation of solid
products at a near constant voltage. Proposed mechanisms with corresponding intermedi-
ate species are summarized on Figure 6.1. The determination of the exact mechanism
remains however, largely controversial and the occurrence of different intermediate
species and radicals is regularly reported.'' ™" This absence of consensus arises presumably
from the fact that some chemical equilibrium involving Ps species has a comparable
standard-free enthalpy of formation'” and therefore highly depends on the precise intrinsic
and extrinsic characteristics of the electrolyte. We note the formation of the intermediate
LisS, never seems to have actually been proven'’ while two recent studies point to super-
saturation of S>~ anions at the end of the discharge.'®"” Finally, Xin et al. have shown that
when sulfur is encapsulated in the microporosity of carbon, it forms small Sp—4 molecules
rather than Sg rings due to space limitation.”” In this case, Li et al. report the impossibility
of the solvent molecules to enter the micropores giving rise to all solid-state redox reaction
paths from S>_4 to S*~ with the concomitant disappearance of the high-voltage electro-
chemical process.”’

2.2 Challenges of Li-S Batteries

The drawbacks of Li-S batteries mainly relate to low practical energy and power density
as well as low coulombic efficiency, poor cyclability, significant self-discharge, and
safety issues related to the use of a metallic lithium electrode. Several drawbacks can
be underlined. First, sulfur shows extremely low electron conductivity in the range of
5.107°" S/cm at room temperature. Accordingly, a relatively large amount of electronic
conducting additives must be included in the positive electrode (commonly in the range
of 25—30 wt%) which hampers the overall mass and volume energy densities. The other
member of Eqn (6.1), LisS, is also known for its low electron conductivity and its
precipitation tends to passivate the positive electrode leading to insulated regions and
poor rate performance.”” Basically, Ps species are soluble in common organic electrolytes
such as glyme or 1,3-dioxolane™ but also in dry polyethylene oxide-based (PEO) elec-
trolyte of the Lithium Metal Polymer (LMP) technology.” ™ These species tend to
diffuse away from the cathode compartment on discharge resulting in several problems:
(1) capacity loss because part of Ps does not diftuse back to the positive electrode on
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Figure 6.1 Representative voltage—capacity profile on discharging a Li/S cell along with proposed
sulfur reduction mechanisms, involving disproportionation and electrochemical reactions. Major
lithium polysulfide compounds are listed on the figure, as well as the specific capacities correspond-
ing to each step. (From Ref. 10, with permission of Analytical Chemistry.)

charge or are irreversibly trapped in the form of insulating Li»S™ at the Li metallic
electrode, (2) hindered ion mobility in the electrolyte” due to the high concentrations
of Ps species, which increase the viscosity of the electrolyte, (3) reduced Ps at the Li
electrode, which can shuttle back to the positive electrode where they are reoxidized
to long Ps chains at ~2.45 V. This redox shuttle mechanism lowers the coulombic
efficiency and, depending on its kinetics, can even prevent the full recharge of the

30

cell.”” Note that redox shuttles can also react with both sulfur and lithium electrodes

leading to the self-discharge of the cell. This effect depends on the nature of the current
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collector and the lowest self-discharge values of 0.8% per month have been reported for a
polyethylene terephthalate current collector coated with a graphene layer.”' Finally, sul-
fur itself is partially soluble in organic electrolyte which also gives rise to self-discharge.’

Another drawback of the Li-S system concerns the volume variations of the positive
electrode during cycling because the two end-members materials of Eqn (6.1) are
characterized by quite different gravimetric density values: 2.07 g/cm’ for sulfur
(o—form) against 1.66 g/cm’ for Li>S. In short, a mole of Li>S occupies a volume almost
twice as large as that of a mole of Sg. In this regard, He et al. have reported a +22%
volume expansion upon first discharge (+11% upon second discharge) of a positive
electrode composed of 40 wt% of sulfur.”” Furthermore, in the case of Li-S batteries
based on POE-based electrolyte, Lécuyer et al. have shown a dissolution of Ps species
during cycling, which generates holes in the positive electrodes with a concomitant
swelling of the polymer electrolyte and collapse of the positive electrode.” This behavior
is thought to be responsible for most of the capacity loss upon the first cycle. According to
Sion Power Corporation,”” the formation of rough lithium upon cycling at the negative
electrode as well as electrolyte depletion constitute two crucial phenomena limiting the
cycle life of Li/S cells. Such rough lithium interface promotes the generation of porous
“mossy” Li deposits that induces a larger absorption and decomposition of the electrolyte
(together with gas evolution) and, finally alteration of the Li electrode. Furthermore, the
electrolyte depletion dries out the cell which in turn raises the cell impedance and
enhances capacity fading.

2.3 Recent Advances and Improvements

Li-S batteries continue to gather momentum and to inspire a growing amount of
literature aiming at enhancing the cycle life, energy density, power properties, and safety.
While most teams focus on the design of the positive electrode, others develop new
electrolytes or new strategies to stabilize Li metal electrode interface to move toward a
marketable battery. Below is a summary of the main advances recently proposed.
Note that although precise system performances are mentioned, they can hardly be
compared because sulfur loading, electrode composition, thickness, and porosity as
well as cycling protocol strongly fluctuate from one report to another.

Improvement of both discharge capacity and cyclability through optimization of the
positive electrodes was accomplished by enabling a higher surface of contact between
sulfur, the carbon additive and the electrolyte. Nazar’s group used a porous carbon matrix
for sulfur encapsulation in order to simultaneously, improve the electronic wiring and
decrease the domain size of insulating S and Li,S materials and, retain the Ps species within
the electrode on cycling.”” This pioneer work allowed an initial reversible capacity as
high as 1320 mAh/g and improved cyclability. Following this path, several composites

35 36,37

have been prepared based on different porous carbons with meso,”” micro, and
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. . 3839
bimodal (meso/micro™"")

at rates as high as 2C. In the last case, Jayaprakash et al. designed hollow carbon spheres

pores, which allowed to nearly reach the theoretical capacity

that exhibit a porous outer shell with 3 nm pores and a large interior cavity of ~200 nm,
both suitable to encapsulate sulfur.”” By controlling the pore size of the shell, He et al.”
showed this approach enables capacities in the range of 800 mAh/ggyis,r after 100 cycles
at C-rate (electrode loading: 1.6 mg/cm?; sulfur content: 56 wt%). The core—shell
approach was also investigated by substituting carbon shell for polymers"’ or copol-
ymer."" In particular, Cui’s group has shown a polyvinylpyrrolidone-based (PVP) shell
decreases the capacity loss to as low as 0.046%/cycle with an average coulombic
efficiency of 98.5% over 1000 cycles using 20-pum-thick electrodes (49 wt% of S) cycled
at C/2 rate.”” Sulfur can also be advantageously encapsulated in other containers such as
carbon nanofibers,” modified graphene sheets,”* and porous metal oxides.'® We note,
that a recent study reports on the possible use of thick carbon nanotube-based electrodes
containing sulfur loadings as high as 20 mg/cm>."> Quite importantly, authors highlight
the price of 18650 cells with such electrodes could compete with Li-ion ones as long as
the sulfur load is kept high.”” However, despite all these different approaches, complete
containment of Ps species seems never to have been achieved to date.

Given the versatility of Li/S cell configurations and compositions of the positive
electrode, electrolyte requirements greatly vary. General trends and advances reported
below clearly show however, that the electrolyte has a strong influence on the Li/S
system performance.”"

Due to their high chemical stability against possible Ps nucleophilic attacks,
contemporary electrolytes for Li-S batteries are mainly based on binary solvent mixtures
such as ethers mixtures of 1,3-dioxolane (DOL) and the dimethoxyethane also known as
glyme (DME or G1) or other glymes of longer chain length (G2, G3, and G4). According
to Kim et al. when considering both capacity and average discharge voltage after 25
cycles, the optimal composition of an electrolyte based on 1 M LiTFSI is expected to
be close to 2:2:1 v/v of DME/G2/DOL." Improved capacity retention and lower
self-discharge have also been gained from nonflammable fluorinated-based binary elec-
trolyte (1,1,2,2-tetrafluoroethyl-2,2,3,3-tetrafluoropropyl (IT'TE)), DOL in 1/:1 v/v*®
and the combination of a solvent—salt complex [acetonitrile (ACN)—LiTFSI| with
TTE as cosolvent,”” which inhibits Ps dissolution. Recently, Armand’s group showed
the interest of a new class of “solvent-in-salt” electrolyte using DOL:DME 1:1 v/v char-
acterized by LiTFESI concentrations up to 7 M (associated with a transference number of
ty = 0.73), which reduces Ps dissolution and stabilizes the lithium metal electrode.”” This
strategy based on the common ion effect concept has also been reported by Shin et al.”’
An interesting alternative proposed by Watanabe’s group” consists in using quasi-ionic
liquid based on equimolar mixtures G3 or G4 glymes, and Li salts (e.g., lithium
bis(trifluoromethylsulfonyl)-amide or LiTFSA). The resulting lithiated complex shows
low electron donor ability because lone pairs on the oxygen atoms of the glyme serve
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to coordinate Li* cation. This property decreases the Ps solubility and enables therefore
better cyclability and coulombic efficiency. Interestingly, modifications of the PEO elec-
trolyte of the LMP technology commercialized by Blue Solutions of the Bolloré Group
also brought large improvements with Li/S cells being able to deliver 600 mAh/ g1, for
more than 350 cycles at an average C/10 rate (sulfur loading of 54 wt% taking into ac-
count the electrolyte mass).”””" Lastly, as shown by Mikhaylik” and Aurbach,”® the
modification of the electrolyte composition by LiNOs5 additives/co-salt can greatly
improve coulombic efficiency of Li/S cells supporting the formation of a stable interface
film at the Li electrode surface. However, LINOj is consumed on cycling which makes it
an unsatisfactory protection for long-term stability.”” Although it has seldom been re-
ported in the literature, the stability of the Li electrode interface may actually be the
most crucial issue to tackle in order to ensure the commercialization of Li/S batteries.
Significant advances seem to have been gained recently from the solvent-in-salt
strategy,” innovative anode design,”” use of Li3N coating,”” and multilayer protective
membranes. We note that the latter is also shown to increase thermal stability of Li/S cells
by inhibiting thermal runaway.””

2.4 Conclusions and Outlook

Today, Li/S cells already surpass the typical gravimetric energy density of LiBs
(~180 Whr/kgeen) at least for a few hundred cycles. Contemporary industrial cell
prototypes can indeed deliver up to 350 Wh/kg...” This enthusiasm is shared by other
companies such as Oxis Energy, NOHMS Technologies, and Polyplus. Although the use
of sulfur as an active electrode material convinces by several positive attributes (e.g.,
natural abundance, reasonable cost, multielectron chemistry), today’s Li-S technology
is still plagued with high conducting additive contents, high reactivity of the
Li-electrode with both dissolved Ps species, and electrolyte components. In this regard,
the latest achievements have been made toward better Ps containment, higher sulfur
loadings, new electrolyte composition, and protective layers at the Li metal electrode.
In the near future, further improvements can be expected from novel strategies to
stabilize the Li metal—electrolyte interface and a better understanding at the molecular
level of Ps species/electrolyte interactions to limit Ps diffusion. Thorough studies related
to safety issues, self-discharge, and rate capabilities are also expected.

3. LI-OXYGEN SYSTEM FOR ULTRAHIGH-ENERGY DENSITY BATTERIES

In order to surpass the performances offered by LiBs, the chemistries based on the Li-O,
couple seem highly promising to really provide ultrahigh-energy density values beyond
the rechargeable Li-S system previously described. The main targeted application is the
powering of electrified vehicles with the hope of achieving a reasonable driving range
(typically more than 550 km before charging, c. 340 miles) although applications in
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portable electronics and grid energy storage are also of interest. Basically, molecular ox-
ygen appears much more interesting than sulfur for several reasons. First of all, dioxygen is
the second most abundant component of our atmosphere taking up 20.8% of its volume.
It is accessible to everyone, everywhere, at all times for free, and is fully integrated within
a sustainable cycle thanks to the photosynthesis process. This is also a key ingredient for
life and its human toxicity (hyperoxia) does occur only at elevated partial pressures.
Finally, its related redox chemistry is rich and enables, in principle, an overall four-
electron reduction (i.e., Os + 4 e~ — 2 O~ ") leading to a very low and attractive equiv-
alent weight (i.e., M(Oy)/4e) of ~8 g/eq. For comparison, this value is just half of the
one related to the multielectron redox reaction (see Eqn (6.1)) involved with sulfur:
M(Sg)/16e = ~16 g/eq. While the first reports on lithium—water—air system appeared
in the 1970s from Lockheed Research Laboratories,””®" it was only in 1996 that
Abraham and Jiang introduced a nonaqueous rechargeable Li-O; cell able to exhibit
quite interesting electrochemical performances.”” Following this work, Read et al.
completed this study by testing notably several other aprotic organic electrolytes
including carbonate and ether-based electrolytes and observed discharge capacity values
as high as 2100 mAh/gc.” " In 2006, Bruce’s group showed new promising electro-
chemical data for practical applications with reversible capacity values as high as
1000 mAh/gc in the first cycles while pointing out the interest in using electrolytic man-
ganese dioxide as a catalyst.”” This work triggered new research into Li-O, batteries
resulting in the publication of several review papers on the topic.”””"* In this paragraph,
we will just underline the promises of Li-O; batteries based on their high theoretical spe-
cific energy (or gravimetric energy density) together with some critical issues to be
addressed before the commercialization of this technology initiative. It is worth noting
that although both Li-O; and Li-S batteries share the same negative electrode and use
two pure and neighbor chalcogens as positive electrode (cathode) material, quite different
chemical problems are encountered in practice, the first one being related to the physical
state of these elements since dioxygen is a gas and sulfur, a molecular solid at standard
conditions for temperature and pressure.

3.1 Fundamental Electrochemical Reactions of Lithium—oxygen
Batteries

The specific energy of an electrochemical cell being basically the product of its specific
capacity (Ah/kg) by the average operating voltage, it is obvious that coupling the most
electropositive Li with the highest electronegative and low-equivalent weight elements
(such as F, Cl, O, or S) is the key to developing ultrahigh-energy density electrochemical
cells. The Li-F; couple constitutes in principle the best choice based on thermodynamics.
‘With a theoretical electrochemical driving force of 6 V coupled with an interesting equiv-
alent weight of ~19 g/eq, we can assume a specific energy value of ~6200 Wh/kg
(based only on the weight of LiF, the final discharge product). But this system is difficult
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to use like Li-Cl, due to the toxicity/reactivity of such a gas. On the contrary, oxygen gas
is typically nontoxic and very abundant on Earth, as mentioned above. At the present,
two main types of Li-O, battery have been proposed depending on the nature of the
electrolyte used: aqueous (protic) or nonaqueous (aprotic) medium.

The fundamental electrochemistry of O; in aprotic media (organic or ionic liquid

electrolytes) with Li can be first described by two expected cell reactions’”:

2Li4+ 0, =LixOy) V) =296V 6.2)
2Li4 120,210y V5 =291V (6.3)

The direct side is also recognized as the oxygen reduction reaction whereas the indi-
rect side is called oxygen evolution reaction (referred to as ORR and OER, respectively).
It is worth noting that no molecular oxygen gas needs to be stored initially within the
battery. This is in fact a similar situation in comparison with regular fuel cells. In conse-
quence, energy calculations for such an open system are different from those for other
battery systems (e.g., Li-ion cells) because the mass of the positive electrode increases dur-
ing the discharge process. Often an amazing specific energy of more than 11000 Wh/kg
1s quoted in the literature calculated from Eqn (6.3) by considering only the weight of
lithium, which is quite close to the energy density of gasoline (13200 Wh/kg).”®
ever, Eqn (6.3) shows also that the weight of the battery continuously increases as the

How-

electrode reaction proceeds by oxygen uptake, which leads to a reduced value of
~5200 Wh/kg based on the unique production of Li,O. But it appears that Li,O5 is
a product that forms more readily than Li;O, hence an equivalent calculation based
now on Eqn (6.2) gives a theoretical value of ~3500 Wh/kg. These interesting values
that depend on the system considered have been usefully summarized by Christensen
et al. in a recent review (Figure 6.2).

Beyond these theoretical values, more realistic expectations have been proposed lead-
ing to an estimated practical specific energy of more than 500 Wh/kg..;”” which remains
promising.

In aqueous systems, the physical chemical properties of both lithium and oxygen are
complicated by the fact that protons do exist and that other common inorganic anions
can also be present in the medium (e.g., C1~, SO?~, CO%™) making auxiliary complex-
ation/precipitation reactions possible. Additionally, it is obvious that the design of a prac-
tical cell has to prevent any direct contact between Li metal and water to avoid the
dangerous dihydrogen gas production by corrosion reaction. Basically, the typical half
reactions of interest can be summarized as follows depending on the pH'”:

2Li+ 120z +2H{ ) =2Li" + H2O (acidic solution) V3§ = 427V (6.4)

2Li + 1205 + HyO=2LiOH ) (alkaline solution) V' = 3.44V ~ (6.5)

199



200

Lithium Process Chemistry

(b) | | | |

12 .

7
: 2
AN

Charged
23 Charged w/ H,O weight ]
3 Discharged

Active-only specific energy (kWh/kg)
[oo]

Active-only energy density (kWh/L)

Li,O0  Li,0, LIOH-H,0 LiOH Li/LIMO, Li,0  Li,0, LIOH-H,0 LiOH Li/LiMO,

Figure 6.2 Theoretical specific energies (gravimetric energy densities) and energy density (volumetric
energy densities) values based on active materials alone (both in charged and discharged states) for
selected Li-O, systems together with an insertion reaction for comparison. (From Ref. 67, with
permission of the Journal of the Electrochemical Society.)

For instance, in a basic aqueous solution and in presence of Li", O, reduction results
in the formation of LiOH g, which has a solubility limit of about 5.25 M at 25 °C.
Beyond this boundary value, LiOH precipitates as lithium hydroxide monohydrate,
LiOH-HO. This is a critical point to manage for a practical cell but also for calculating
the specific energy since a factor of ~1.75 does exist between LiIOH - H,O and LiOH in
their molar mass. Again, this situation is taken into account for calculations reported in
Figure 6.2, which shows a value of ~2200 Wh/kg based on LiOH-H,O formation
only as a solid product (soluble LiOH is neglected). Quite importantly, Eqn (6.5) shows
also that the solvent (water molecules) is consumed as the discharge reaction proceeds,
which makes the saturation condition to be reached more rapidly (~170 mAh/g based
on the electrolyte alone according to Bruce et al.”?). Although these aqueous systems do
not possess the theoretical high capacities and energies as for nonaqueous solutions, their
various chemistries may also offer interesting perspectives to organic-based electrolyte
solutions. In fact, as explained below, several (severe) practical problems have to be
overcome with nonaqueous cells to drastically improve the coulombic/energy
efficiencies, the rate capability, or the cyclability.

3.2 Current Status of Nonaqueous Lithium—oxygen Batteries

Inspired by the pioneering work of Abraham and Jiang,(’2 a typical design for aprotic Li-
air batteries is composed of a negative electrode made of metallic lithium, an electrolyte
comprising a dissolved lithium salt in an aprotic solvent, a separator (e.g., glass fiber or a
Celgard film), and a porous O,-breathing positive electrode. At present, the latter is
composed of black carbon particles often blended with catalyst particles, both connected
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to a metallic current collector (grid or foam) thanks to a binder (e.g., PVDF, PTFE, or
cellulose). One advantage of nonaqueous Li-O; cells is that the solid-electrolyte
interphase (SEI) which spontaneously forms on Li surface in many organic electrolytes
prevents from using a solid electrolyte separator. Note that a different illustration of
typical cell architectures can be found in the literature (see for instance, Ref. 68). During
the operation of such a cell, dioxygen (or air) enters the porous carbonaceous positive
electrode, where it is reduced to form lithium oxides according to Eqns (6.2) and
(6.3). Since such discharging species are insoluble, they cover the porosity of the carbon
electrode. Hence, previous theoretical calculated energy densities even based on the
weight of such lithium oxides are not realistic since the positive electrode side is not
just constituted of a current collector. Besides, in practice, the amount of oxygen stored
is in fact not measured and the cell capacity is rather expressed in mAh/g of the carbon
contained in the porous electrode, which can vary significantly depending on the
properties of the carbon used (surface area, porosity, pore structure, and so on). A better
option is to define the capacity in mAh/g of positive electrode including all components
making up the cathode (i.e., carbon, binder, and catalyst). It is also valuable to include the
capacity in mAh/cm?, as this metric in combination with the electrode thickness can be
compared to Li-ion and other electrodes.”’

At the present time, the typical discharge profile (Figure 6.3) consists of a sloping
plateau located at ~2.6 V followed by a rapid exponential voltage drop. This electro-
chemical behavior is believed to be related to an ohmic drop due to the increasing
resistance as the formation of Li;O, proceeds. The experimentally observed capacity
ranges from 600 to a few thousand of mAh per gram of cathode depending on the elec-
trolyte, carbon, binder, applied current, and oxygen partial pressure.”””’* The recharging
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Figure 6.3 Typical potential—capacity curve (1st cycle) for a nonaqueous Li-O, battery (adapted from
Ref. 68). The measured capacity depends on the cell assembly as well as operating conditions and can
exceed 1000 mAh/gcathode-
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process is highly polarized and occurs often in the 4-V region, which leads to a critical
poor energy efficiency of 65%. Assuming that Eqn (6.2) constitutes the main reversible
overall cell reaction (VlO = 2.96 V), the charge overpotential (n.,) is significantly
greater than the discharge overpotential (n4;.). This voltage gap is believed to be poten-
tially reduced by using some electrocatalysts to promote both ORR and OER reactions.
The most studied catalysts are first manganese oxides in different structural forms but also
some noble metals or alloys (Pd, Pt, Au, Ru, or PtAu7(”77) including sometimes their cor-
responding oxides. Bruce’s group also investigated several 3D-based metal oxides as
catalysts that led to contrasting results.”” Cheng and Scott have studied several of them
and observed that, as a general rule, oxides are better cathode catalysts than their metal
counterparts.”” However, the real role of a catalyst during the cycling is not perfectly
understood yet.

Nevertheless, to date, the best reported cycle life of laboratory Li-O cells has reached

9,8
not much more than 100 cycles,””"

which is significantly lower than that of the best
lithium-ion cells (several thousand of cycles). Additionally, rather low current densities
are typically reported since a decrease in the cell capacity is observed with increasing
discharge current.

In fact, a first major challenge to moving ahead is to find a stable electrolyte for the
oxygen electrode in presence of lithium. Indeed, although different classes of solvents
were proposed several decomposition products have been detected both in charge and
in discharge and notably in carbonate-based media.”””"* In the latter case, McCloskey
et al. demonstrated thanks to the differential electrochemical mass spectrometry that the
principal gas evolved was CO, rather than O upon charging.”’ Mizuno et al.** have
however shown that ionic liquids can exhibit a better chemical stability but their limited
O solubility and diffusivity may lead to poor electrochemical performances in a practical
cell. Another recent report has shown that dimethylsulfoxide (DMSO) seems to exhibit a
better stability versus the electrochemistry involved with the cathode but not with the Li
electrode.” To sum up, measured capacities are then questionable in numerous cases and
although difterent types of common solvents have already been explored (e.g., carbonates,
ethers, acetonitrile, DMSQO), none of them seems stable enough.

In addition to solvent instability, several recent studies have also reported evidence of
binder and electrolyte salt decomposition products and a possible reactivity of the
conductive carbon by itself too.”" The complex and high reactive redox chemistry of ox-
ygen that involves subsequently the instable superoxide ion (O5) formed as the first
ORR product of O, then the basic and highly oxidizing O3~ species is believed to be
at the origin of this series of unwanted side reactions (nucleophilic attacks).

Another striking point is that reported capacities are often lower than those expected
based on the available porosity. Different explanations can be put forward such as the
resistivity of the as-produced lithium oxides, the pore blocking/clogging due to a
selected deposition process (maybe coupled with volume expansion issues), or a poorly
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efficient diffusion of the dioxygen saturated electrolyte. Therefore, finding novel archi-
tecture designs for oxygen electrode could allow substantial improvements. Finally, the
concept of totally solid-state Li-O; cell has also been proposed with the aim of over-
coming aprotic liquid electrolyte problems thanks to a protective layer based on a highly
Li-ion conductive solid electrolyte membrane (polymer-ceramic composites) that covers
and isolates the lithium anode.” This interesting concept allows also to use ambient air as
a source of dioxygen because unwanted parasitic reactions that occur with other
Li-reactive air components such as water, carbon dioxide, or nitrogen can be suppressed.
Indeed, the electrochemical performance of nonaqueous Li-O; systems is drastically
reduced when the cell is cycled in air even when a hydrophobic membrane is used to
prevent the moisture contamination. This totally solid-state Li-O cell derives to a certain
extent from previous solutions developed for aqueous lithium—oxygen systems that we
will develop in the next section.

3.3 Lithium—oxygen System in Aqueous Electrolytes

Basically, the aqueous Li-air battery consists of a lithium metal anode, an aqueous
electrolyte based on one or more dissolved Li salts and a porous air-breathing cathode
made of carbon plus a catalyst to accelerate the kinetics of both ORR and OER.
Compared to nonaqueous Li-O, systems, the ingress of water from the atmosphere
within the air-breathing cathode is obviously not an issue, which is however, not the
case with carbon dioxide especially when alkaline electrolytes are used due to the pro-
duction of sparingly soluble Li,CO3. Therefore, for a practical application, solutions to
prevent such side reactions seem to be required. In this paragraph, we will focus our
attention on alkaline or neutral aqueous electrolytes since more intensive research has
been performed these last few years. However, acidic electrolytes may also be used as
depicted in Eqn (6.4) giving rise to a higher output voltages.”

As previously discussed, since it is well known that water violently corrodes metallic
lithium, the architecture design of aqueous Li-O; cells requires an intermediate layer (in
principle, stable versus both water and Li) to prevent any direct contact between water
and this alkali metal. The initial attempt, which relied on a strong alkaline solution to
form a thick passive KOH film on Li electrode was unsurprisingly not stable enough.”’
In 2004, the PolyPlus Battery Company announced the development of a water-stable
lithium electrode, which appeared as a breakthrough technology opening the way to

operative aqueous Li-O» batteries including primary cells.”*

The protective layer con-
sisted of a lithium ion-conducting glass ceramic covering and 1solating the lithium metal
from direct contact with the aqueous electrolyte and made of a NASICON-type lithium
ion conducting solid electrolyte (e.g., Li14,Al, Tis_(POy4)3, LATP series), initially devel-

Fu87,88

oped by and patented by Ohara Corporation.” Following this work, many

researchers have investigated this type of lithium ion-conducting glass ceramic. For
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instance, a quite high conductivity of 4.22 107> S/cm at 27 °C was reported by
Thokchom and Kumar for lithium aluminum germanium phosphate (LAGP) glass-
ceramic (Lij 5Aly5Geq 5(PO4)3).”" Imanishi and colleagues have also looked at the
concept of using protected Li anodes and investigated the water stability of LTAP and
LAGP.”"” Results pointed out that both LTAP and LGAP are unstable in an aqueous
solution of 1 M LiOH but stable in an aqueous solution saturated with LiOH and LiCl.
Additionally, it was observed that such solid electrolytes are not perfectly stable in direct
contact with the Li electrode. In the case of PolyPlus devices, a thin LisN layer is
sandwiched between Li and the glass-ceramic while Imanishi and coworkers have pro-
posed a layer of PEO-based polymer electrolyte.”” Note that the idea of using an
“organic”’-based electrolyte medium in the lithium side and isolated from the aqueous
compartment via the lithium ion-conducting glass ceramic has been notably proposed
by Wang and Zhou,”" which is another type of cell architecture known as mixed
aqueous/aprotic cell.”®

If the implementation of lithium ion-conducting glass ceramic to protect lithium
from water constitutes an obvious advance, several limitations have to be addressed
and particularly the precipitation/dissolution of lithium hydroxide. Indeed, as mentioned
above, saturation being reached at ~5.25 M and water being also consumed as the
discharge reaction proceeds, LiOH must be allowed to precipitate to enable the
deliverance of high energy and acceptable power. Interestingly, unlike the discharge
reaction occurring in nonaqueous Li-O; cells where insoluble lithium oxides are
immediately formed, the precipitation (and even the dissolution) of LiOH-H,O
becomes decoupled from electron transfer and this solid product need not be in contact
with the porous air-breathing cathode. However, in return, the precipitation reaction
occurs more or less homogeneously covering certain locations of the cell due to
gravitational fields, concentration, and thermal gradients, current heterogeneity with
important consequences such as the covering of the protecting lithium ion-conducting
glass ceramic and the clogging of the porous cathode. This situation results in an
impedance increase of the cell and a premature end of discharge. Different solutions
are currently studied and particularly by several companies®’ that bet on aqueous Li-
O, batteries. The common strategy seems to rely on a discharge product reservoir that
is distinct in location from the porous cathode possibly external to the cell (systems
including electrolyte circulation). As for nonaqueous cells, a large voltage gap does
also exist between ORR and OER even if the cell is cycled over a limited capacity range
to avoid precipitation of LIOH and related complications. In contrast to Eqn (6.2), Eqns
(6.4) and (6.5) show that the reduction of O3 necessitates the cleavage and the subsequent
reformation of the O—O bond and thus the use of efficient catalysts. The current
approach is to integrate bifunctional electrodes consisting of two different catalysts
more specifically designed either for ORR or OER since their stability domains in

voltage are different.”’” ">
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3.4 Conclusions and Outlook

The following conclusions can be drawn from this short overview. From a theoretical
point of view, Li-O» systems are intrinsically attractive because of (1) their high theoret-
ical specific energy values due to the multielectron chemistry of molecular oxygen (with
eventually an overall four-electron reaction) and (2) the availability of dioxygen in air for
free. Nevertheless, beyond promises one can say that Li-O; batteries are clearly at a
development stage and probably at the primary state for some technologies. Besides,
most of the reported experiments and battery performances were obtained under pure
oxygen or artificially mixed with nitrogen and finally only few data were collected under
ambient air, which is a much more complicated atmosphere containing several reactive
species toward both Li electrode and common electrolytes. As pointed out in this section,
several obvious limitations related to nonaqueous batteries still have to be addressed,
which include notably the ingression of water and carbon dioxide from air, the precip-
itation of Li;O; on the porous carbon air electrode and its subsequent re-oxidation, the
poor energy efficiency, or the poor rate capability. But the first and most important
challenge is perhaps the finding of an appropriate and stable enough electrolyte (salt
and solvent combination) that allows truly reversible cycling. Generally speaking, there
is also a lack of fundamental understanding of both ORR and OER reactions because
truly reversible discharge reaction needs in fact to be further demonstrated. In aqueous
electrolytes, the substantial solubility of the discharge products and their chemical stability
can be perceived as quite positive attributes. Moreover, the implementation of lithium
ion-conducting glass ceramic to protect lithium against water made truly operative cells
possible even if numerous improvements are necessary to promote such a technology and
that the question of safety (leakage) could be raised. To sum up, some researchers are not
so optimistic for the future of Li-O» systems due to the number of severe challenges to
overcome and it seems that the only short-term commercially viable products are primary
aqueous Li-O; cells. This situation explains also why Na-air battery systems are also
currently being investigated since sodium forms stable sodium superoxide while lithium

5

superoxide is thermodynamically unstable.”

4. Li-AQUEOUS BATTERIES

As previously stated at the beginning of this chapter, the increasing use of renewable
energy sources connected to the electrical grid has also put forward the necessity of en-
ergy storage systems to avoid the waste of surplus power outputs and facilitate the leveling
between demanded load and power output in the grid. For such stationary applications,
energy densities are not so crucial. Key points are rather capital cost per stored energy (in
US$/kWh/cycle), durability (>15 years), safety, and sustainability. Pumped-
hydroelectricity will certainly remain the most appropriate solution in terms of cost
(capital cost <1) for larger than a few MWh facilities. In the 100 kWh—1 MWh energy
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range however, proposed solutions include a range of redox flow cells as well as high
temperature sodium sulfur batteries. Among these, it is not clear which will be able to
be manufactured in time, at the right cost and at the required scale.

Conventional LiBs are a very versatile alternative and would actually constitute a
preferred solution in terms of energy efficiency.”” However, the costs of these systems
are prohibitive (500—700 US$/kWh, mainly due to electrolyte components and separa-
tors) hampering large-scale implantation for stationary applications. The cheapest battery
technology to date is the lead acid system (<150 US$/kWh). However, it is plagued with
poor cycle life which is detrimental to its capital cost. For these reasons, the emerging Li-
ion aqueous batteries (referred to as LiABs) constitute a promising technology, which
would reduce costs, risks, and environmental impact at the expense of a lower energy
density. The first work devoted to this technology is that of J. Dahn in 1994 based on
LiMn,Oy4 and VO;,(B) at the positive and negative electrodes, respectively in 5 M
LiNOj electrolyte.”” This system delivered an estimated energy density of 55 Wh/ kgpack
at 1.5V, which lies in between that of the lead acid and the Ni-MH ones. Since this
pioneer work, this field has inspired a growing amount of interest as mirrored by two
recent reviews.

This section highlights the specificities of this technology and reports an overview of
the issues, progress and future trends.

4.1 Specificities of Li-aqueous Batteries

Compared to organic electrolytes, the stability region of water is much narrower and is in
principle limited to AE = 1.23 V irrespective of the pH value as shown by the two
following half-reactions (T = 298 K):

1
H20 +¢" = Hy +OH™ E = —0.059.pH (6.6)

1
N — + —
HZO‘—EOZ(g) +2e + ZH(aq) E = 1.23 - 0.059.pH 6.7)

Accordingly, redox-active material (AM) having a potential outside these two limits
is thermodynamically unstable and should lead to consumption of the electrolyte along
with self discharge. However, because of both, adsorption/desorption mechanisms of
water molecules as well as local pH variations (Eqns (6.6) and (6.7)), decomposition po-
tentials may be postponed to higher and/or lower values therefore increasing the poten-
tial window. A well-known illustrating example is the lead acid battery, with a 2V
operating voltage.

Let us now consider an AM associated with the AMpy/AMRp.q redox couple oper-
ating at 25 °C. On discharge, AM is reduced and hosts Li ions according to:

AMoy + xLit 4+ xe” 2Li,AMpeq  E = E°(AMoyx/AMpeg) + 0.059/x.log(ap;+)*
(6.8)
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Therefore in that case, the potential is independent of the pH as long as protons do not
substitute for Li ions (side reactions) during the intercalation process. Figure 6.4 shows the
stability domain of water in regard to the potential range of various redox AMs.'"

Another major specificity of LiABs relates to the ion transport as well as Li* insertion
kinetics associated with the electrolyte. Lee et al.'’" show that solid-state Li diffusion
within the active grains and water reactions at AM/electrolyte interface are the two
only limiting steps. Similarly, Nakayame et al.'’” measured for a LiMn,Oy thin film elec-
trode a Li transfer resistance of 4 k€ and estimated an activation energy for Li" transfer of
nearly 50 kJ/mol at room temperature in an organic electrolyte whereas these values
reduce to 20 Q and 24 kJ/mol, respectively in a water electrolyte. Results were ascribed
to absence of the decomposition layer at the surface of the AM (SEI) as well as a much
easier desolvation enthalpy of Li ions in water (AH,.,, = —142 kJ/mol) than in organic
media (AH,oy. = —218 kJ/mol in propylene carbonate). Similar conclusions were re-
ported by Tarascon’s group for carbon-free LiFePOy thin films.'”” Furthermore, owing
to high dielectric constant (¢, = 78.3), low viscosity (1 mPa/s at 20 °C), efficient solva-
tion of both cations and anions (Donor and Acceptor Numbers, DN = 18 and
AN = 54.8 respectively'""), Li* conductivity in aqueous media is more than 10 times
larger than in typical organic electrolytes of LiBs. Accordingly, both fast ion transport
and easier Li" desolvation should in principle allow LiABs to access (1) much higher
power at constant electrode thickness (this point has been nicely illustrated by Owen’s
group'””) or (2) much thicker electrodes at constant power. In that perspective however,
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Figure 6.4 Left: Electrochemical stability limits of H,O for different pH in 1 M Li,SO,4 aqueous solution.
Right: Lithium-ion intercalation potential range of various electrode materials versus NHE and Li*/Li°
reference electrodes. (From Ref. 100, with permission of the Nature Chemistry.)
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a particular attention should be devoted to the optimization of the electron transport
throughout thick electrodes of LiABs. Another drawback relates to the absence of SEI
that serves to protect AMs against corrosion and to limit electrolyte consumption. These
issues together with Li* /H™ ion exchange or cointercalation on cycling should therefore
be considered as the main sources of failure for LiABs.

4.2 Electrolytes

When operating LiAB outside the thermodynamic potential window of the electrolyte,
evolution of Hy and O» may occur (Eqns (6.6) and (6.7)). These side reactions have
several important consequences: (1) the cell should contain an electrolyte reservoir to
compensate for electrolyte consumption, (2) significant local fluctuation of pH may arise
which can favor corrosions of AM and current collectors as well as proton cointercalation
reactions (the latter was shown to significantly increase the diffusion barrier for the

"% LiABs therefore clearly require the adjunction of buffering and/or

lithium ions
additives able to stabilize interfaces. However, besides one article that highlights the
advantageous use of vinylene carbonate (VC) as an additive (1 wt%) to improve the
capacity retention of Li1A05Cro.10Mn1.g5O4]()7 the literature lacks systematic reports in
this respect.

Typical lithium salts for LiABs such as LiNO3, Li;SOy4, and LiOH are cheaper than
salts of LiBs. Moreover, their solubility in water is so high that such high concentrations
can be obtained without increasing dramatically the electrolyte viscosity. This allows
postponing the electrolyte freezing at lower temperatures, keeping interesting kinetics
and good impregnation of the electrode even at low temperatures and may presumably,
limit proton cointercalation. Although, these points have seldom been studied in the field
of LiAB, the characteristics of LiNO3 (5 M) in natural pH make it an interesting
candidate.'”” Tian et al."”” studied the influence of the electrolyte composition versus
the cycling behavior of LiMn,Oy4, and showed indeed that LiNiO3s 5 M at neutral pH
was the most suited electrolyte in terms of capacity retention and rate performance.
Furthermore, Wessels et al. showed that a LiNiO3 5 M electrolyte has a stability window

) - .
"% Another important concern arises from solute O5 that

of 2.3 V on platinum electrodes.
leads to corrosion of the negative redox material. Luo et al. reports much better capacity
retention of the LiTix(PO4)3/LizSO4/LiFePOy system upon pH adjustment and O,
removal.'” Similarly, He et al. observed the alteration of the cycling properties of
LiFePOy-based electrode upon deliberate adjunction of O; in the electrolyte. Such
behavior was associated with side reactions resulting in the formation of Fe(IIl) solid
species at the surface of the LiFePOy particles.' "'

Recently, molecular grafting of glassy carbon electrode was shown to increase the
water reduction overpotential by up to 400 mV.''” Following a work by Tanguy
et al.,'"” this strategy was also applied to carbon-coated LiFePOy without impeding

112

significantly its electrochemical performance.
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4.3 Materials for Positive Electrodes

Spinel LiMnyOy4 was first tested in 1994 by Dahn and coworkers demonstrating the
feasibility in developing LiABs.”” Although interesting energy densities (55 Wh/ kgpack)
were projected when coupled to VO, the cyclability of the cell was found to be very
limited. Martin et al. suggested that the poor capacity retention of LiMn;O4 nanotubes
arises from water oxidation and that side reactions can be limited by controlling the
cycling rate. In agreement with Martin et al., Eftekhari showed that LiMn;Oy4 thin films
are stable in aqueous Li* electrolyte during electrochemical cycling''* while a study of
the capacity retention of LiMn, Oy particles in several electrolytes revealed good capacity
retentions can be obtained.'”” These results were confirmed by extended cycling over
more than 20,000 cycles at 6 mA/cm” (more than 5 months of cycling) with less than
5% capacity loss for a LiMnyOg4/activated carbon cell'® (we note, however, the depth
of discharge was not reported) and over 10,000 cycles at 9 C (1000 mA/g) with less
than 7% capacity loss for low loading (<3 mg/cm”) electrodes based on porous
LiMn,O4.''® In light of these results, LiMn,O4 appears as a very promising material
for LiABs.

Regarding layered oxides materials, their electrochemical stabilities appear to strongly
depend on the pH values on the one hand, and on the electrolyte salt and/or concentra-
tion on the other hand. Based on DFT calculations, Benedek et al.''” concluded that
proton intercalation in layer compounds is much more favorable than for the spinel
LiMn;Oy4 and impossible in LiFePOy. The electrochemical behavior of LiCoO; in
aqueous electrolyte is still controversial. Wang et al.''® have evaluated the electrochem-
ical behavior of this material in Li»SOy4 (1 M) at different pH values by cyclic voltamme-
try. The cycle capacity was found to be unstable below pH 9 while it starts being stable at
pH > 11. On the contrary, using LiINOj3 (5 M), Cui and colleagues,''” observed a
capacity loss lower than 15% over 90 cycles underlying the possible role of the electrolyte
Li concentration in inhibiting proton intercalation. In this respect, Wang et al. have
shown that LiNij,;3sMnq,3Co1,30, experiences significant capacity fading as soon as
pH < 11 due to proton cointercalation.'”" Similarly to LiCoO», LiNij3Mny,3Co1q,
305 becomes therefore stable from pH > 13, but O, evolution limits the accessible
capacity.

Polyanionic-type structures are well known for their Li intercalation properties. An
extensive review has been recently published by Masquelier and Croguennec'~' in this
regard. In aqueous media, LiFePOy intercalates Li in the vicinity of 0.45 V versus
NHE for 1 M supporting salt. However, He et al. have shown that LiFePOy is corroded
by both hydroxyl anions and O,. Therefore the electrolyte pH should be maintained
below 8, while O; should be rigorously withdrawn from the cell.''" However, such
side reactions can be significantly reduced by carbon coating of the material, which allows
much better capacity retention both in the presence of O, at neutral pH''" and at pH
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13."" Therefore, provided that the production cost of carbon-coated LiFePO4 can be
significantly lowered to match low cost criteria for LiABs, it may end up as an interesting

candidate when coupled to low potential material such as LiTip(POy)3.""

4.4 Materials for Negative Electrodes

Investigation of VO,(B) by J. Dahn”’ showed this material dissolves in the electrolyte but
that its dissolution can be limited by decreasing the pH in the 6—10 range. Optimum
capacity retention of 95% after 25 cycles (with poor coulombic efficiency) was achieved
at pH 8.2 in 0.1 M H3BO3 4 3.95 M LiNO3 upon saturation of the electrolyte by dis-
solved V species. Although carbon coating of VO,(B) was later shown to improve the
cyclability'** in LiCl 2 M electrolyte over 80 cycles, this material remains plagued
with relatively poor initial capacity and significant capacity fading. Similarly, both
LiV30g and V,Oj5 are hampered with low initial capacity (40—60 mAh/g)'* as well
as dissolution issues'~* and despite the use of conducting polymer coatings, cyclability

125,126

is still uncertain. Recently Li et al. have reported that nanowire of H,V3Og not
only allows better capacity retention with 70% of the initial capacity after 50 cycles,
but also higher initial capacity above 200 mAh/g at a current density of 0.1 A/g in
aqueous solution of 5 M LiNO3 + 0.001 M LiOH."*’

Wang et al. have reported the electrochemical behavior of the NASICON-type
LiTip(POy4)3 in 5M LiNOj. They show that most of the theoretical capacity
(139 mAh/g associated with intercalation of two Li ions per formula unit) can be ob-
tained before H, evolution occurs (Figure 6.5)."” Wessels et al.'*” used the Pechini’s
method to synthesize carbon-coated LiTiy(POy)3. An initial discharge capacity of
113 mAh/g and capacity retention of 89% after 100 cycles with a coulombic efficiency
above 98% was observed at a C/5 rate in neutral pH with 2 M Li,SOy.""" Therefore,
although further improvements can be expected, LiTi,(POy4)3 appears as an interesting
candidate for negative electrodes.

4.5 Full Li-ion Aqueous Cells

Since the pioneer work of J. Dahn, several full cells have been evaluated. A summary of
the more advanced ones is provided in Table 6.1.

In terms of cycling stability, Table 6.1 (entry 1), indicates LiMn, Oy appears as an ideal
material: it can be cycled 20,000 cycles at natural pH with little capacity loss and no sig-
nificant side reactions (note that the depth of discharge of the material is not reported
although it should be lower than 80%).""> Furthermore, the authors did not analyze
the influence of the electrode thickness and loading whereas their results correspond
to rather thin electrodes (12 mg/cm?). Entry 2,"”" suggests that an increase of pH to 9
does not significantly alter the capacity retention, while the substitution of activated car-
bon (entry 1) by LiTi;(POy4)3 (LTP) in order to provide higher energy densities appears to
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Figure 6.5 Cycling voltammogram of LiTi,(PO,)s-based electrode recorded between 0.20 and —0.80 V
(vs NHE) in 5 M LiNO; at sweep rate of 0.2 mV/s. (From Ref. 128, with permission of the Electrochimica
Acta.)

deteriorate the cyclability (entry 4'*%). This adverse effect is however, attenuated if LTP is
carbon coated (entry 3'°"). The cyclability of NMC (entries 5''® and 6'"") is clearly lower
than that of LiMn,Oy (entry 1) and C-LEP (entry 7'""). This lack of stability would be

100
How-

due to side reactions such as material dissolution and/or proton cointercalation.
ever, data reported in Ref. 104 show that upon thorough control of the cycling condi-
tions (such as O removal and electrode balancing) and carbon coatings, thin electrodes
(10 mg/cm?®) based on LiFePOy coupled to LiTir(POy); enables acceptable cycling

properties.

4.6 Conclusions and Outlook

One of the main features required for an energy storage device designed for stationary
application are low capital cost and high level of safety. For this reason, the concept of
LiAB where Li intercalation chemistry is paired with an aqueous electrolyte, appears
highly interesting, not only to avoid the prohibitive price of electrolytes and separators
pertaining to the Li-ion technology, but also because it brings intrinsic safety. The
main issue of LiABs relates actually to its poor cyclability that is mainly ascribed to the
absence of SEI and therefore to corrosion problems. For these reasons, research has
been focusing on AMs and their modifications in order to improve capacity retention
and optimize the coulombic efficiency. However, to date, although LiMn,Oy4 seems a
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Table 6.1 Performance of a Panel of LiAB Full Cells Selected in the Literature According to Two Main Criteria; (1) Best Performance and (2) Experimental Parameters
Allowing Possible Comparisons (AC = Activated Carbon, NMC = LiNi;,;3sMn;,3C0,,30,, C-LTP = carbon-coated LiTi,(PO,);, C-LFP = carbon-coated LiFePO,)
Typical Electrochemical Li-aqueous Systems

Estimated
Cyclability Duration
(% of Qjni Coulombic  of the
System/ Loading Voltage Energy;, -, at Final Number Nominal Efficiency Cycling
References Electrolyte (mg/cm?) (V) (Wh/gcen) Cycle) of Cycles  C-rate (%) Test (Days)
LiMn,O,/ Li,SO, 1M (+) 12 ~1.2 ~35at5C | ~95 20,000 10C ~100 >150
AC'” (natural pH) (—) 24 (6 mA/cm?)
LiMn,O,/ Li,SOy (+) 12 ~1.2 ~35at5C | ~100 3000 10C ? >22
AC™ 1M + LiOH (—) 24 (6 mA/cm?)
(PH 9)
LiMn,O,/ Li,SO, 1M (+) 10 ~1.5 ~ 40 ~80 200 (10 mA/cm?) ~100 ~1
C-LTP"! (natural pH) (=) 10
LiMn,O,/ LiNO; 5 M (+)? ~1.5 ~50 20 25 0.1C ~85 ~21
LTP'*® (natural pH) (—)?
NMC/ Li,SO, 1M (+) 12 ~1.2 ~ 40 85 3000 10C ? >22
AC'"® + LiOH (pH 13) | (—) 24 (6 mA/cm?)
NMC/ Li,SO, (+) 10 ~1.4 ~80 65 50 0.1C ? >30
c-LTp'" 1M + LiOH (=) 10
(pH 13)
C-LFP/ Li,SO4 1M (+) 10 ~0.9 50 90 1000 6C (6 mA/cm?) ? 33
c-LTp'" (—) 10 85 50 C/8 (0.1 mA/cm?) ~14
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very satisfying candidate for the positive side as it enables extended cycle life, no proper
intercalation material has been found so far as the negative one. Instead, activated carbon
is proposed in hybrid-type cells showing very interesting cycle life but at the expense of
low energy densities that could even turn out to be below that of lead acid batteries at the
battery pack scale. The number of possible materials being reduced in aqueous media,
thorough studies related to mechanisms responsible for capacity fading should be attemp-
ted in order to define suitable materials and current collector modifications as well as
proper electrolyte additives. Accordingly, there is still a long way to go before practical
applications can be considered. In this respect, the field clearly lacks investigations for the
production and evaluation of thick composite electrodes including the AM, binders,
conducting additives, and the electrolyte, with the purpose of adjusting the
power—energy ratio for stationary applications while reducing the overall cost of the bat-
tery. In this respect, it should be pointed out that homologous Na'-based aqueous bat-
teries are much more advanced with battery packs being already commercialized since
the beginning of 2014.'

5. GREENER OPPORTUNITIES OFFERED BY ORGANIC BATTERIES
5.1 Background

133

As reported by Scrosati and Garche, ™ the LiBs market alone already accounts for a
production of billions of units per year while the needs are expected to keep on growing.
To meet the current market demands as well as the emerging environmental concerns,
there is a need to design better but also “greener” battery technologies. Indeed, a few

1347196 have notably pointed out that a noticeable part of the envi-

studies on the topic
ronmental burden can be related to the chemical nature of components used in commer-
cialized cells. Basically, most of traditional batteries are based on the redox chemistry of
inorganic species (mainly metals, provided through mining operations), of which some
are scarce natural resources, often costly (even toxic) and energy greedy at the process
level."”” Concerning the recycling issue (see Chapter 7), many countries have already
adopted strict regulations about the management of spent electrochemical cells.'”* For
instance, the 2006/66/EC European directive sets precise objectives such as a recycling
of at least 50% by average weight of waste LiBs or technological developments for
improving their environmental performance throughout their entire life cycle.”” Along
that line, the implementation of organic electroactive materials (OEMs) could be
perceived as one of the possible alternatives since switching from metal-based compounds
to organic structures—which are made of quite naturally abundant elements (e.g.,
carbon, hydrogen, oxygen, and nitrogen)—offers several potential environmental bene-
fits including first the possibility to alleviate the pressure on scarce metals currently used
by the battery industry. Additionally, a better recycling management is expected for such

batteries because organics can thermally be eliminated with possible heat recovery.'””'*"
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Besides, some OEMs can be potentially synthesized by following some principles of
green chemistry and renewable raw materials. Last but not least, organic compounds pre-
sent also many other opportunities in terms of design flexibility and modularity as empha-
sized below.

5.2 Organic Redox Systems and Tailoring

An attentive literature survey shows that a lot of different organic structures can be redox-
active, which are basically related to general key systems summarized by Hunig’s
classification in the 1970s'*" (Figure 6.6).

Depending on the reaction stages, redox structures belonging to system A (or p-type)
involve the occurrence of positive charges on the organic backbone, which is balanced by
anion uptake. The opposite situation occurs with system B (or n-type) that exhibits
negative charges balanced by cations. Note that the implementation of OEMs belonging
to system B is thought suitable to promote metal-ion organic batteries, especially organic
LiBs with Li" as counterion. Finally, system C can be regarded as a mixed system able to
adopt both A and B electrochemical configurations. For all the considered structures,
both R and R’ substituents are possibly integrated within the same cyclic structure
making delocalization easier. From this starting point, molecular engineering allows
therefore to design and prepare quite an abundant diversity of molecular structures
from the simplest to the most elaborate with specific adjusted properties. Interestingly,
the formal potential of a given redox-active functional group can be widely tuned

142,143

by its surroundings for soluble species as well as solid compounds. For instance,

the standard one-electron potentials of various ortho-quinone derivatives can range

R . R . R
System A .X.chllz(ﬁn:X. -_—_>e_ 'X.{»Cltzcﬂ;).(@ _<—_'e_ ®X:$(I3~C#HZX®
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systemB OY{C=0)Y® == OV {l=chV == v=C-cEv
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Fully reduced state Intermediate (radical) state Fully oxidized state
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Figure 6.6 General key redox-active organic systems and their related charge transfer steps. X/Y could
be N, O, S, P, t-systems but also carboxylate, anhydride, or amide functional groups, R, R’ being po-
tentiality integrated within the same cyclic structure and n = 0, 1, 2 ... (Adapted from Hiinig’s clas-
sification Ref. 141.)
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from ~—0.5 to more than 1 V versus NHE, ** which is quite larger than the possibility
of tuning the formal potential through polyanion substitutions in Fe-based 3-D NASI-
CON structures by the inductive effect.*”'*
active organic structures can be possibly used both as positive or negative electrodes mak-

Therefore, if properly designed, redox-

ing the concept of all-organic rechargeable batteries possible. At this point, we have also
to point out that modularity can also be present when designing the cells themselves since
organics can operate from dissolved to solid states (including polymers) in aqueous or
nonaqueous electrolytes making them versatile in terms of electrochemical storage

7198 However, it is worth noting that the implementation of OEMs in the

devices.
dissolved state (c. redox flow batteries, RFBs) is beyond the scope of the present chapter;
the reader may refer to Refs 149—154.

[t may also be important to recall that the interest for OEMs is not new and can be
traced back 45 years ago. The electrochemical assessment of dichloroisocyanuric acid as a
high-energy density material for primary LIBs was reported in 1969'>” while coin-type
Li-Al/Polyaniline secondary cells have been tentatively commercialized in Japan in the
1980s."”° Nevertheless, OEMs have been sporadically studied due to the tremendous
success of inorganic materials. In fact, one major drawback of OEMs for promoting
organic batteries is their typical appreciable solubility in common organic electrolytes
(including low molecular weight polymers) together with their limiting density values
as compared to the inorganic materials. But with the continuing growing eagerness of
the battery market and the rise of environmental concerns coupled with ever new
applications for secondary batteries, we have seen a fantastic revival of interest for
OEMs since the beginning of the twenty-first century with the discovery of new prom-
ising redox-active organic electrode materials as recently highlighted (see for example

Ref. 148).

5.3 Most Representative Organic Electrode Materials

Table 6.2 shows representative examples for each family of OEMs in order to illustrate
with precise chemical structures the three general systems reported in Figure 6.6. Note
that numerous examples are polymers. There are two main reasons explaining this
fact. First, small organic molecules are typically plagued by solubility issues in electrolytes
commonly used in batteries. Second, the discovery of redox-active doped conductive
organic polymers in the 1980s (Table 6.2, entry I) opened new opportunities for
OEMs more stable than conventional liquid electrolytes. Relevant examples are
polyaniline (PANI),"”* polyacetylene (PAc), polypyrrole (PPy), polythiophene (PT),
polyparaphenylene (PPP), or polydimercaptothiadiazole (poly(DMcT)).' "

At the beginning of the century, a new class of polymers able to store electric en-
ergy was discovered and consists of a stable organic polymeric chain bearing stabilized
nitroxyl radicals like 2,2,6,6-tetramethylpiperidinyl-N-oxy (TEMPO) radicals, which
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Table 6.2 Typical Redox-Active Organic Functional Groups with Relevant Examples of Organic Electroactive Materials

Entry Family Redox mechanism Subfamily Example Chemical Structure
I Conjugated - p-doped: System A Conjugated Polyacetylene S
polymers P+ pe hydrocarbons (PAc)
n
R = R
-e n o pe -e t Conjugated Polyaniline (PANI) H
- n-doped: System B amines N
_ . n
_GR)_ — _GR)_ Conjugated Polythiophene (PT) s
n me n thioethers \
n
II Stable radicals | - bipolar: System C Nitroxyl radicals

@ . v S
R-Z-R === R-Z-R == R-Z—R'

System B

° +e o
R-Z-R == R-Z=R'

_e

Galvinoxyl
radicals

Poly(2,2,6,6-tetra-
methylpiperi-
dinyloxy
methacrylate)
(PTMA)

Poly(galvinoxyl-
styrene)




III Organosulfur
compounds

v Conjugated
carbonyls

System B

+e e
R-S-S-R" === R-§~ + S-R

System A

)
R-S-R' == R-S-R'

e

System B
O re Oe
e o r e

Organodisulfides

Thioethers

Quinonoids

Carboxylates

Poly-2,5-
dimercapto-
1,3,4-thiadiazole
(Poly(DMcT))

Poly [3,4-
(ethylenedithio)
thiophene]
(PEDTT)

Tetralithium salt of
tetrahydroxy-p-
benzoquinone

Dilithium-
terephthalate

O
i OLi
i OLi
O
(0]
o}

Note that Hiinig’s classification is used to qualify the redox mechanisms.
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led to the so-called organic radical batteries (ORBs) (Table 6.2, entry 11)."°7-1°% Basi-
cally, the main studied radical polymers are based on redox-active nitroxide moiety,
which is bipolar and so related to system C:

(|3 - ? - ?I
—_— —_— N
N ~ AN = “oN (6.9)
+e +e
aminoxyl nitroxide oxoammonium
anion radical cation

Upon oxidation the nitroxide radical gives an oxoammonium cation whereas an
aminoxyl anion is formed during the reduction making a totally organic polymer-based
rechargeable battery possible. Additionally, outstanding kinetics are observed with such
OEMs (short charging times) together with good processability making tailor-made,
printed, or physically flexible batteries possible.”” ™'’ The most representative element
of this family of OEMs is undoubtedly PTMA (Table 6.2, entry II), which has a theo-
retical capacity of 111 mAh/g.'®*'°° With lithium as a counter electrode, the output
voltage of 3.6 V matches the ones of LiCoO; or LiFePO,. However, the low
electronic conductivity of such redox-active polymers implies the use of high loadings
of conductive additive limiting the specific capacity of a practical composite
PTMA-based electrode to ~55 mAh/g.'” Nevertheless, quite good cyclabilities at
high rates have been reported'®” and ORBs are anticipated to reach the market within
a few years.'*%'%”

Entry III of Table 6.2 highlights sulfur-containing organic structures with two
relevant and different examples: Poly(DMcT) and PEDTT.'" As previously explained
in paragraph 2 of this chapter, the sulfur element is intrinsically interesting due to its mul-
tielectron redox chemistry but the production of soluble Ps as the discharge/charge pro-
ceed constitutes a brake in developing efficient Li-S batteries. Hence, the presence of an
organic backbone with S-bonding can be regarded as a potential response to solve this
problem. It is worth noting that sulfur-containing organic structures can electrochemi-
cally react according to system A or B (Figure 6.0), depending on the S-based redox func-
tional group used: disulfide (system A) or thioether (system B).

Concerning the disulfide reactivity, it mimics to a certain extent the redox activity of
elemental sulfur. In fact, as the reduction proceeds, S—S bonds are cleaved producing two
organic sulfides with cation uptake such as Li* (Table 6.2, entry IIT). However, if S—S
bonds constitute a part of the structural polymer backbone, the electrochemical cleavage
produces smaller units able to be readily solubilized into the electrolyte leading to rapid
capacity decay. For instance, Visco et al. studied the electrochemical behavior of various
171—173

organodisulfide polymers, and especially poly(DMcT). Although this polymer is
characterized by a theoretical capacity of 362 mAh/g, it suffers from a poor stability

upon cycling. Later, Oyama et al. demonstrated that a polymer composite cathode
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obtained from an intimate preparation by solubilization of PANI with DMcT allows a
better performance but at low current densities: 100 cycles with ~90% of retention of
the initial capacity giving an energy density of 600 Wh/kg.'”" Alternatively, some
research groups proposed polymers or organic structures bearing the disulfide unit not
in the main chain but on the side to circumvent the solubility issue (Figure 6.7). For
instance, poly(2,2'-dithiodianiline) (PDTDA, Figure 6.7(a)) was designed to reproduce
the success of poly(DMcT)/PANI mixtures but through a single material.'”> To achieve
better theoretical capacity values, other polymers exhibiting a higher S—S/C—C ratio
were also developed such as poly(anthrabistrithiapentalene) (PABTH, Figure 6.7(b))'’°
or poly(dihydro-tetrathiaanthracene) (PDTTA, Figure 6.7(c))."”” PABTH was prepared
in a two-step manner from low-cost raw materials and the first electrochemical tests gave
a reversible capacity of 300 mAh/g but with slow continuous decay upon cycling. A spe-
cific capacity of 422 mAh/g (2nd cycle) was obtained with PDTTA but without a stable
capacity retention profile.

Alternatively, it is also possible to take benefit of the redox activity of the thioether
bond through a p-type mechanism (system A) with anion uptake this time (Table 6.2,
Entry III). Derivatives of polythiophene like poly(3,4-(ethylenedithio)thiophene)
(PEDTT) proposed by Zhan et al. have shown promising results versus Lit/Li” with
high discharge specific capacity of 500—600 mAh/g owing to the possibility of multiple
formation of thioether cations.'”’ The same authors also proposed also poly(tetrahydro-
benzodithiophene) (PTBDT, Figure 6.7(d)) which exhibits a high discharge specific ca-
pacity up to 820 mAh/g but with a limited cyclability.'”® A less impressive specific
capacity of 122 mAh/g was reported by Oyama et al. with poly(tetrathionaphthalene)
(TTN, Figure 6.7(e)), but this polymer is able to sustain the capacity over 180 cycles
at C-rate at an average potential of 3.8 V versus Li"/Li’.'"”
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Figure 6.7 (a—c) Organic electroactive materials (OEMs) based on organodisulfide structures contain-
ing disulfide bonds not involved in the main polymeric chain. (d, e) Examples of OEMs based on the
redox activity of thioether bonds.
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Conjugated carbonyls as ketones, carboxylates, anhydrides, or amides in conjugation
with aromatic rings or embedded in a quinonoid structure are efficient and very prom-
ising OEMs.'””>'*% %" Belonging to system B (Y = O, with possible Li" uptake/release),
they can be implemented as polymer or low-weight molecular structure as shown in
Table 6.2, entry IV with tetralithium salt of tetrahydroxy-p-benzoquinone'®' or
dilithium—terephthalate,1?’72 for instance. The Eqn (6.10) summarizes the expected two-
electron redox reaction involved with conjugated carbonyls.

o) ) oe . 09
+e +e
C -—
Y T XY Y 6.10)
Conjugated Radical Anion
carbonyl anion
system

In the following part, a survey of relevant molecular structures bearing the redox-
active C = O moiety is proposed aiming at putting forward both potentialities and chal-
lenges of such materials toward the field of electrochemical storage.

5.4 Particular Case of the Redox-active C = O Moiety

Starting with quinone-hydroquinone redox couples that belong more precisely to

Wiirster-type redox systems in system B,' "'

it can be first stated that they are ubiquitous
in nature playing a pivotal role in biological functions including primary metabolic pro-
cesses like photosynthesis and respiration. They also constitute a large class of compounds
endowed with a rich and fascinating chemistry characterized, in particular, by a well-
known reversible two-electron reaction in dissolved state'™ with a formal potential
readily tunable.'*" Additionally, they can potentially be produced by using renewable
raw materials (e.g., glucose). In the field of electrochemical storage, only a few studies

were reported before the early 2000s." %'

However, over the past 10 years, numerous
quinonic-type compounds have been investigated as positive electrode material (charged
state) for LIBs motivated by the possible occurrence of multielectron transfer reactions.
Again, polymeric materials were mainly reported in the literature to circumvent the
solubility issues.'”’ For instance, Owen’s group studied poly(2,5-dihydroxy-
1,4-benzoquinone-3,6-methylene) (PDBM, Figure 6.8(a)) that reacts at ~2.8 V with
a capacity of 150 mAh/g but with limited performance upon cycling.'™ Nokami
et al. reported a polymer-bound pyrene-4,5,9,10-tetraone (PPYT, Figure 6.8(b))
showing remarkable charge—discharge properties with a high specific capacity of
231 mAh/g, even at a 30 C-rate.'” Song et al. prepared an anthraquinone-based poly-
mer (PAQS, Figure 6.8(c)) able to show both high capacity and high cychng stability in
1 M LiITESI/DOL + DME electrolyte (~ 180 mAh/g at the 200th cycle).'”’ Some olig-

omeric forms have been tested as well or even calixarene-type structures
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Figure 6.8 Examples of organic electroactive materials based on the redox activity of quinonic-type
structures. PDBM: poly(2,5-dihydroxy-1,4-benzoquinone-3,6-methylene); PPYT: polymer-bound
pyrene-4,5,9,10-tetraone; PAQS: poly(anthraquinonyl sulfide); Lis-p-DHT: dilithium (2,5-dilithium-
oxy)-terephthalate.

(Figure 6.8(d))."”""”* However, in the latter case, the use of a viscous gel polymer
electrolyte was necessary to achieve reasonable results.

Again, as a rule, when small molecules are used, poor cyclabilities are basically
observed due to dissolution phenomena that occur in commonly used aprotic electrolyte
media. This situation being highly detrimental to the development of high-energy
density organic batteries, Poizot and coworkers have pointed out the interest of using
redox-active structures bearing permanent negative charges (anionic backbone) to over-
come this unwanted dissolution."”” Beyond organic LIBs, all-organic LiBs can also be
envisaged on the condition of finding suitable organic electrode materials (1) a lithiated
organic structures that can reversibly release Li at sufficiently high potential (e.g., E(4) >
3V vs Lit/Li") and (2) an oxidized compound able to uptake Li ions at relatively low
potential (e.g., E(—) < 1V vs Li"/Li"). The first attempt was reported in 2009 through
the use of tetralithium salt of tetrahydroxybenzoquinone (LiyCsOg, Figure 6.8(e)), an
amphoteric redox compound able to cycle between LiCgOg and LicCeOs.' "' However,
the output voltage was limited to an average value of ~1 V. More recently, the success-
ful synthesis of dilithium (2,5-dilithium-oxy)- terephthalate (namely Liy-p-DHT or
LiyDHTPA, Figure 6.8(f) first reported by Renault et al.,'” enables the achievement
of another symmetric and all-organic LiB working at an average voltage of 1.8V
(130 Wh/kg)'”" thanks to a peculiar dual and antagonist redox-activity. One of them
is based on the quinonic-type backbone for a positive electrode application (i.e.,
C—OLi/C = O) whereas the other is based on carboxylate functional groups (i.e.,
CO,Li/CO3jLip, see below) for a negative electrode application. Note that both
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LisCO¢ and Liy-p-DHT materials could also be classified as sustainable electrode
materials since they can be synthesized from processes involving water and naturally

'181.]‘)3)

abundant starting reagents (e.g., myo-inositol, phytic acid, or glucose , making

the concept of “renewable LiBs” possible.”””"'*” Note that other “green” positive
electrode materials have been proposed such as ellagic acid (Figure 6.8(g)) or the redox
cofactor riboflavin (Figure 6.8(h)) but their oxidized state (nonlithiated compound)
prohibits a possible use in Li-ion cell.'”>'”

Conjugated carbonyls as carboxylates, anhydrides, or amides also appear as promising
OEM:s. Such structures that belong this time to inverse Wiirster-type redox systems, '
react typically at lower potential in comparison with quinonic-type structures previously
reported (i.e., in the range of 0.6—1.6 V vs Li*/Li"). Consequently, such compounds
have been more specifically investigated as negative electrode materials especially

137,140,193
d, the presence

conjugated carboxylates (Figure 6.9). As previously explaine
of permanent negative charges in the vicinity of redox active carbonyls in both oxidized
and reduced states enables a quite good stability toward aprotic liquid electrolyte (no
dissolution) but also a shift toward lower potential values as compared to carboxylic acids.

In 2009, a study performed by Armand and coworkers demonstrated the superiority
of aromatic lithium carboxylates over conjugated nonaromatic ones.'*” Lithium
terephthalate (Li,CgH4Oy4, Figure 6.10(a)) is able to react with 2 lithium per formula
unit leading to ~300 mAh/g of reversible capacity for an average potential of 1.0 V
versus Li"/Li’. However, nonaromatic dilithium frans—trans muconate (LizCgH4Oy,
Figure 6.10(b) with n = 2) can only insert reversibly the equivalent of one lithium.
Investigations on cis/trans alkene isomers established higher performances for trans
conjugated lithium carboxylates.'”’

Lithium 4,4’-tolane-dicarboxylate (Li>C6HgOy4, Figure 6.10(c)) is reported to possess
the lowest average redox potential for lithium insertion on carbonyls (0.67 V vs Li*/
Li%."” Tetralithium perylene-3,4,9,10-tetracarboxylate (Li4Cr4HgOg, Figure 6.10(d))
was demonstrated to exhibit stable capacity retention profiles up to 100 cycles.'””*"
Ogihara et al. probed electrochemically dilithium 2,6-naphthalene dicarboxylate
(L12C12H604, Figure ()10(6)) in a full Li-ion cell with LiNipsMn; 504 as pOSitiVC

LiO 0 +2e;+2L0° LiO OLi
Aromatic moiety —< >: Aromatic moiety =<
O OLi -2¢" - 2 L|+ LiO OLi
LiO te ;L LiO
! 2 Non-aromatic /<O > ! .> Non-aromatic /<O
d conjugated moiety OLi & el LiC conjugated moiety OLi

Figure 6.9 General redox-active systems for lithium carboxylate-based organic electroactive
materials.
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Figure 6.10 Examples of organic electroactive materials based on the redox activity of lithiated
carboxylate-type conjugated structures.

(

electrode.””’ With a resulting output voltage of 3.9 V, both high specific energy and
power values were achieved (300 Wh/kg, 5kW/kg) together with a quite good
cyclability (96% of the initial capacity after 100 cycles). Moreover, an 8-V bipolar cell
was also assembled with the connection in a series of two cells. Finally, due to their ionic
nature, organic lithium carboxylates are generally soluble in water unlike conventional
(inorganic) electrode materials. This property led to the development of alternative
formulation strategies in the preparation of the composite electrodes. For instance,
dilithium benzenediacrylate (Li,C1,HgOy4, Figure 6.10(f)) was mixed with a conductive
additive while in the liquid state in order to improve their contact area.”’” Note that the
process of freeze drying (or lyophilization) was also used to enhance surface area of
Li,C1p,HgOy4 or LipCipHgO4 particles taking advantage of water removal by

sublimation,”””"" an approach previously used for a quinonic-type electrode
._1205 o ; .
material.” ~ In short, in view of such potentials, the future of conjugated carboxylates-

based electrode materials seems very promising.

5.5 Conclusions and Outlook

To sum up, redox-active organic compounds seem highly promising from an electrochem-
ical point of view especially as an alternative to conventional inorganic intercalation elec-
trode materials. Besides, they can electrochemically operate both in solid and dissolved
states in aqueous or nonaqueous electrolytes making them versatile in terms of electro-
chemical storage devices. Hence, they could play an important role in the forthcoming
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battery technologies on large or very small energy scales. Specific arguments can also be put
forward in favor of organics such as their possible low-cost production (potentially from
sustainable biomass), high capacity values (multielectron reactions) as well as an easier recy-
clability potentially coupled with a low CO; footprint. Along this line, Renault et al. have
developed an environment-friendly method for recycling lithium from a spent negative
organic electrode based on dilithium benzenediacrylate as AM.™" It should be noted, how-
ever, that the development of organic batteries is clearly in its early stages and much remains
to be done especially to achieve high energy/power density and cycling stability simulta-
neously. For instance, efficient organic LiBs also require air-stable lithiated organic struc-
tures that can reversibly release Li at sufficiently high potentials. To date, most of the
cathode materials reported in the literature are typically synthesized in their fully oxidized
form, which restricts the operating potential of such materials and requires the use of an
anode material in its lithiated state. Finally, prompted by the greater abundance of the so-
dium element, recent studies have also been focused on the concept of Na-ion organic bat-
teries with quite encouraging results (see for example, Refs 207—210).
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CHAPTER 7

Lithium Batteries Recycling

Christian Ekberg, Martina Petranikova
Nuclear Chemistry and Industrial Materials Recycling, Department of Chemical and Biological Engineering,
Chalmers University of Technology, Kemivigen, Goteborg, Sweden

1. INTRODUCTION

Since the dawn of time we humans have used the resources of nature to our own benefit
and development. Up until the nineteenth century, the human population was rather
limited in its methods and the techniques to obtain raw materials were not extremely
efficient and so extraction of valuable metals was not really a problem. As the industrial
revolution advanced, more and more industries demanded resources and at the same time
the methods of recovery increased in efficiency, leading to increased depletion of several
minerals and metals.

Already during, e.g., the Viking era metal recycling was a common practice. Natu-
rally gold and silver was remolded and thus recycled but in addition iron was considered
rather expensive and old weaponry was often melted and refabricated. As time passed,
this recycling became a less-integrated part of society but now in the late-twentieth
and early twenty-first centuries recycling is again part of our normal life. New products
introduced to the market start to have their recyclability as a part of their selling
arguments.

We have more and more specialized industry with an increasing need for special
metals and minerals. The products produced have therefore become more or less a
necessity in the society of today and are therefore closely linked to the economy of states
and regions.

Regarding Li-ion batteries (LiBs) there is an on-going debate whether or not lithium
is actually a scarce metal. The deposits are huge and many of these are easily available
from a mining perspective. Politically however they may not be equally easy to obtain.
In addition, it is expected that the electrification of our vehicle fleet will consume huge
amounts of lithium.

In any case, scarce or not, history has taught us that sooner or later we will run out
of material. Today we have a unique possibility that while the natural resource is still
abundant we can design our use in such a way that we maximize recycling and thus
minimize the recovery from Nature.

There can be several different recycling strategies for different products or product
groups. Typically they can be placed somewhere in a coordinate system, as shown in
Figure 7.1.
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Centralised recycling

A

General recycling Dedicated recycling

Local recycling
Figure 7.1 Different recycling strategies.

If we now look at the end points in Figure 7.1 it is rather easy to see some advantages
and disadvantages.

Dedicated recycling can be made very specific, thus generating a minimal amount of
secondary waste and possibly resulting in high purities. On the other hand, it is sensitive
to changes in the product flow and the processes are typically also complicated and
require special competence.

General recycling is the typical fragmentation plant. Almost anything can go in and be
divided into smaller parts, which are then separated into more or less pure streams. This
kind of process is very robust and often rather simple as a principle (although not always
since some sorting techniques can be complicated). Except for the problem in obtaining
high purity streams there are often some secondary waste streams that have to be
landfilled or otherwise dealt with.

Local recycling is often placed close to the actual manufacturing site. Therefore it can
handle not only products but also manufacturing waste and discarded products. The
resulting product streams can then go directly into the manufacturing process again. Since
many of these are needed for different manufacturing sites there will be a need for a large
number of competent workers and specialist knowledge on site.

Centralized recycling profits from the large-scale operation. A small number of
facilities can serve large areas. Transport is naturally an issue but the gain in large product
flows typically makes these more profitable. The products often go onto the open market
rather than directly to the manufacturer.

In the case of batteries, it is possible to consider several of these alternatives. For small
and portable batteries general recycling is possibly the best, due to differences in size and
chemistries making efficient sorting of them difficult. When it comes to car batteries it
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may be better to have centralized, dedicated recycling where, e.g., a plant can be built up

to handle a specific type of battery but the collection area may involve several countries.
In this chapter, we will discuss some techniques and practices in relation to the

recycling of lithium (and other metals) from different types of lithium batteries (LIBs).

2. CHARACTERIZATION OF SPENT LIBs WASTE

LiBs composition varies from one technology to another, depending on their applica-
tions. For instance, it is clear that components and materials used in the next gener-
ation of LiBs for electrical vehicles will be quite different from those presently
developed for mobile phones or laptops due to health and safety, economic, and tech-
nological reasons.

In general, spent LiBs consist of a steel and aluminum casing, printed circuit boards,
plastic covers, copper and aluminum foils, separators, active material, carbon, organic
binders, organic solvents, salts, additives etc. According to the European Battery Recy-
cling Association (EBRA), spent portable LiBs are typically composed of Al foil
(15—25%), carbon (0.1—1%), Cu foil (5—15%), diethylcarbonate (DEC, 1—10%),
ethylene carbonate (EC, 1—10%), methylethyl carbonate (MEC, 1—10%), LiPFq
(1—5%), graphite (10—30%), LiCoO, (25—45%), PVDF (0.5—2%), steel, nickel, and
polymers." More precisely, the material safety data sheet for portable LiBs (3.7 V)
made by Varta introduces the following material composition: carbon (10—30%),
LiCoO; (20—50%), electrolyte (10—20%), Cu foil (2—10%), Al foil (2—10%), steel
(50—80%), polymers (2—10%).” Table 7.1 shows some examples of the material compo-
sition of spent LiBs reported in the literature:

Vassura et al.” studied the characterization of spent portable LiBs. In this work,
approximately 15 kg of spent materials were obtained after manual separation of LiBs.
After crushing, milling, and magnetic separation, two fractions with grain sizes of

Table 7.1 Material Composition of Spent LiBs According to Refs. 3—5

Components (wt%) 3 4 5
Anode material 39.1 16 —
Cathode material 17.8 27.5 -
Separator 2.5 - 5.2
Electrolyte 1.2 3.5 4.7
Cover 34.3 24.5 10.5
Polymers - 14 229
Cu/Al foils - 14.5 -
Cu foil — - 8.9
Al foil - - 6.1
Black mass — — 39.1
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0—1 mm and 1—3 mm, respectively, were obtained. Solid samples were dissolved in
aqua regia in a microwave oven at 210 °C. ICP-AES analysis of the leaching solution
is reported in Table 7.2 and the results are compared with those obtained in two other
studies.

It appears that cobalt content is approximately 23% and lithium content is 2—3% in
these samples after direct crushing. Table 7.3 shows anode and cathode compositions
from manually dismantled spent LiBs as reported in several studies:

According to these results, cobalt and lithium contents are approximately 40—50%
and 3—6.5% in the spent cathode materials, respectively, whereas 12% aluminum comes
from current collectors at the cathode. The anode consists mostly of copper (40—50%,
current collector) and carbon (active material). X-ray diffraction (XRD) analyses of
spent materials from LiBs show that these wastes usually contain LiCoO, C, Co30y,
Al, and Cu.”'*"

In a recent study, Zhang et al.'" characterized materials after applying chemical and
mineral processes to spent LiBs. Discharged batteries were crushed in shear and impact
crushers. Samples were sieved in order to obtain eight groups of different particle sizes.

Table 7.2 Metal Composition of Spent LiBs after Direct Crushing®

LiBs Metal Content (wt%)
Fraction Fraction

Element 0-1 mm® 1-3 mm® 7 8
Al 0.54 2.6 13.1 0.23
As — - - -
Cd - - - -
Co 26 22 233 22.7
Cu 1.9 12 12.2 0.29
Fe 0.56 0.092 1.8 6.15
Hg - - - -

K 1.1 1.4 - -

Li 3.2 2.7 2.7 2.34
Mg - - - -
Mn 0.91 0.54 0.11 -
Na 0.33 0.3 - -
Ni 11 11 1.41 0.78
Pb - - - -
Sb - - - -
Sn 1 0.44 - -
Tl — 0.91 - -

V — — — —
Zn 0.09 0.91 - -
Others <53 <45 - -
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Table 7.3 Metal Composition of Spent Electrodes from LiBs after Manual Dismantling

Element (Wt%) 3 9 10 11
Cathode Li 6.54 5 4.4 3.14

Co 52.9 43.3 53.8 47.96

C _ _ _ _

Al 11.03 10.2 12.2

Ni 1.14 0.8 -

Mn 0.97 —

Cu 0.7 - -
Anode C - — — -

Li - 0.5 - 0.79

Co — 0.047 - 3.22

Cu - 40.7 - 52.64

Al - 0.054 - 1.93

Before chemical and mineral characterizations, samples were frozen at —196 °C and then
ground. Table 7.4 shows the elemental analyses of each size fraction.

Battery waste is a significantly heterogeneous and polycomponent material. This
waste contains not only inorganic compounds, but also organic components. The chem-
ical composition of the fractions is highly dependent on the mechanical pretreatment.
Nowadays the main goal of recycling processes is to recover valuable components
such as cobalt, copper, nickel, (lithium), etc., which are concentrated in the black mass
with the exception of copper. Thus the efforts of the mechanical pretreatment are
focused on the recovery of the black mass and the separation of the particular compo-
nents (aluminum foils, copper foils, plastic and steel parts, etc.).

3. RECYCLING OF SPENT PORTABLE LiBs

In general there are four types of recycling technologies: mechanical treatment, hydro-
metallurgical treatment, combination of thermal pretreatment and hydrometallurgical
methods, or pyrometallurgical treatment.

Mechanical treatments include crushing and physical separation methods to separate
the particular components and recover the black mass, which contains the valuable metals
(mostly cobalt, nickel, manganese, lithium, etc.). Hydrometallurgical technologies
implement mechanical pretreatment and metals recovery from the black mass by means
of leaching, precipitation, solvent extraction, and ion exchange resins. Pyrometallurgical
technologies are focused on the production of the metal alloys. Spent LiBs are usually
processed without any mechanical pretreatment. The material recycling efficiency of
pyrometallurgical processes is lower than that of hydrometallurgical processes. Plastic
covers and all organic compounds are incinerated. Metals such as aluminum, manganese,
and lithium are lost in the slag.
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Table 7.4 Metal Composition of Spent LiBs after Mechanical Pretreatment and Separation'*

Element (wt%) C 0 Cu Co Al F Mn Ni Sn Fe

Size fraction (mm) 29.946 17.414 7.167 17.619 21.597 2.677 1.679 0.072 0.099 0.197
>2 28.079 5.564 0.962 1.265 59.55 1.203 0.742 0.103 0.164 0.329
<2 and >1 24.509 7.6 30.55 3.624 29.8 0.6 0.345 0.184 0.542 0.263
<1 and >0.5 11.102 9.8 48.3 3.891 22.3 1.4 0.372 0.039 0.193 0.308
<0.5 and >0.25 14.939 14 50.2 5.364 10.8 2.1 0.596 0.042 0 0.298
<0.25 and >0.1 33.526 25.9 1.42 29.88 2.44 3.95 1.674 0.043 0 0.102
<0.1 and >0.075 32.403 26 0.614 32.63 2.04 3.54 1.644 0.032 0 0.088
<0.075 and >0.045 | 34.204 25.8 0.611 29.42 2.4 4.1 2.138 0.048 0 0.1

<0.045 36.528 24 .4 0.601 26.86 2 3.6 4.472 0.06 0 0.136
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The main focus of the recycling activities is to recycle cobalt since this metal exhibits
high economic value (32.5$/kg'”), but the recovery of less economically valuable metals
(such as lithium) is also becoming an interesting option for recycling companies.

Lithium carbonate is the precursor for the active battery material production. Today,
depending on the purity of lithium carbonate, the price of the lithium carbonate is
6—15.5$/kg.'® Approximately 120,000 tons of lithium carbonate are produced per
year. More than 28—35% of that lithium production is used in the battery industry;
26—28% 1is used for the frits and glass production. Lithium is also needed for the
production of lubricating greases, the air conditioning industry, metallurgy, medical

16
areas, etc.

3.1 Dismantling and Mechanical Pretreatment

Mechanical pretreatment of spent LiBs consists of two main processes: disintegration of
batteries and separation of the particular fractions. Disintegration applies processes such as
crushing, milling, and shearing, etc. Separation techniques are intended to separate the
materials based on their difference of physical properties such as density, conductivity,
magnetic properties, etc.

Pyrometallurgical technologies of the portable LiBs usually do not require mechanical
pretreatment because the batteries are loaded into the furnace directly. On the other
hand, hydrometallurgical methods require not only size adjustment (crushing), but also
separation processes to separate all particular components. Figure 7.2 shows the general
flow sheet usually implemented for the mechanical pretreatment.

3.1.1 Discharging Spent Batteries

For safety reasons spent batteries usually undergo a discharging step before performing
manual dismantling to avoid short-circuits and sparks when the cells are not discharged
which might cause the ignition of volatile organic compounds during the crushing
process. This discharging step can be performed by different methods. The most
common method 1s based on the immersion of the batteries in a salt solution or distilled

Figure 7.2 General flow sheet of mechanical pretreatment.
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water to deactivate the cells.'* The discharging process might be performed using water
containing iron powder'’ or batteries can be pressed to evoke short-circuits inside the
battery while it is still closed.'® Lithium primary batteries are usually immersed in liquid
nitrogen to reduce the reactivity of the metallic lithium,'” but this method can also be
applied to deactivate spent secondary batteries.''

3.1.2 Dismantling of the Spent Batteries

While portable batteries are usually crushed directly without any previous special
handling, car batteries require manual dismantling. Particular cells have to be removed
from the battery. Plants for manual dismantling have been established, e.g., by Umicore
in Germany and the United States. Car batteries are dismantled and battery cells are
transported to the recycling plant.”’ General flow sheet of manual dismantling is shown
in Figure 7.3.

In general, spent batteries have to be discharged before dismantling. Afterward,
particular components such as cables, cooling units, printed circuit boards are sent to
the recycling facilities while battery packs are sent to the battery recycling plant. In order
to separate the black mass from the current collector, the organic binder made of
PVDEF has to be dissolved. Organic solvents such as N,N-dimethylformamide (DMF),
N,N-dimethylacetamide (DMAC), N-methylpyrrolidone (NMP), and dimethylsulfox-
ide (DMSO) can be used to dissolve PVDEF. For instance, LiCoO, was separated
from the current collect by dissolving PVDF with the three following solvent:
DMAC > DMF > NMP. NMP was able to separate both LiMn,3Nij,3Co1,305 and
LiCoO, from the current collectors at 40 °C after 15 min and at 100 °C after 1 h,

respectively.”' "> The disadvantage of this process is the price of NMP which makes

‘ Spent car battery ’

Discharging

Dismantling

Other components ‘ ’ Battery cells T

Recycling facilities Battery recycling

facility

Figure 7.3 General flow sheet of manual dismantling.
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difficult to apply NMP for larger scale operations. Thus the use of proper mechanical
pretreatment is necessary to achieve good and cheap separation of the black mass
from the other components.”*

3.1.3 Mechanical Pretreatment of Spent LiBs
Mechanical pretreatment is applied to disintegrate batteries, separate particular compo-
nents, and concentrate the black mass. Several processes have been proposed.

A series of mechanical processes involving crushing, sieving, magnetic separation, fine
crushing, and classification are carried out to yield enriched particles of the black mass in
sequence. Multistage crushing and sieving result in separation of the metal-bearing
particles from the waste. A magnetic separation is used to remove pieces of steel casing.
In order to eliminate small pieces of current collectors attaching to the particles of the
black mass, a fine crushing can be used.”

A separation process involving the air and electromagnetic separation was proposed
by Zhang et al.'* The crushed products of spent LiBs were divided by sieving into
four fractions with particle sizes >2 mm, <2 and >0.5 mm, <0.5 and <0.075 mm,
and <0.075 mm. The fraction with a particle size >2 mm was separated by air separation.
The aluminum casing and the separator were recovered by this method. Electrostatic
separation was used for the fraction <2 and >0.5 mm and the aluminum and copper foils
and separator were separated. The third fraction with particle size <0.5 and >0.075 mm
was ground and dry sieving was applied to obtain better separation of black mass from the
foils. After sieving, the fraction >0.075 mm was treated by electrostatic separation
together with the second fraction. Fraction <0.075 mm can be treated by flotation to
recover LiCoO; and graphite.'”

Electrodynamic separation was applied in the technology proposed by Granata et al.”
Spent LiBs were crushed with a two-rotor crusher and a hammer crusher, followed by
sieving and thermal treatment to separate the black mass. Electrodynamic separation
was used for material with a particle size greater than 1 mm. Fractions of ferrous metals
and nonferrous metals were obtained after the separation.

The black mass can be separated from the aluminum foil using ultrasound separation.”®
This process consists of three steps: (1) spent lithium batteries (LIBs) were crushed with a
12 mm aperture screen; (2) the smaller materials from the 12 mm aperture were put into
an ultrasonic washing machine with agitation equipment for 15 min; and (3) the washed
materials were put into a container with a 2 mm aperture screen. Through this process,
three types of products were obtained. The first product was a separator; the second one
consisted of the steel casing, aluminum, and copper foils; and the third product was the
black mass.

Air and magnetic separation are used to recycling LiB at the industrial scale by
Akkuser (Finland). The hydrometallurgical plant, Recupyl (France) implements
magnetic and density separation. Other companies such as Batrec and Retriev use
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mechanical pretreatment of spent LiBs as well. More details about the technologies
implemented by these companies to recycle LIB are given in subchapter 7.3.

3.2 Hydrometallurgical Processes

A major effort has been made to develop the hydrometallurgical technologies for the re-
covery of metals from spent LiBs. The main focus concerned the recovery of cobalt,
which is the most valuable component nowadays. On the other hand, hydrometallurgical
treatment enables the recovery of lithium with a high purity, while pyrometallurgical
treatment does not.

In general, two approaches have been applied when studying the possibilities of spent
LiBs recycling. Hydrometallurgical treatment or combined treatment, which consists of
thermal pretreatment and hydrometallurgical treatment.

Hydrometallurgical treatment starts by discharging the spent portable LiBs, followed by
dismantling, mechanical pretreatment, and separation stages. Processes such as leaching,
solvent extraction, precipitation, and ion exchange are implemented to recover metals.
Combined methods consist of mechanical and thermal pretreatment followed by hydro-
metallurgical treatment. Thermal pretreatment is used to remove organic compounds.
Organic binders cause problems during the leaching and solid—liquid separation stages.
The presence of graphite was considered to cause a lower lithium extraction, because of
lithium adsorption.” A general flow sheet for combined methods is shown in Figure 7.4.

Dismantling Crushing, milling

Mechanical separation

Thermal treatment

Leaching Flotation

Precipitation Solvent extraction

Electrolysis

Product

Figure 7.4 General flow sheet of the combined treatment.
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3.2.1 Thermal Pretreatment of Spent LiBs

In general, spent portable LiBs are recycled either by the hydrometallurgical or combined
method at the laboratory and industrial scales. The hydrometallurgical method mostly
includes mechanical pretreatment, leaching and extraction of the metal ions. The com-
bined method usually includes mechanical and thermal pretreatments, extraction of
metals by leaching and recovery of the metals. Thermal treatment is mainly used for
removing organic compounds and graphite. Organic compounds (e.g., PVDF) are
used as a binder and cause problems during the leaching and solid—liquid separation
phases. The thermal pretreatment is usually performed in the presence of oxygen
(incineration) or in the absence of oxygen (pyrolysis).

Lee and Ree”’ used two-step thermal pretreatment of the black mass. Cathode
material was heated in furnace at 150 °C for 1 h. After heating, the material was crushed
and sieved. A second thermal pretreatment was performed at 700—900 °C. It was
reported that the carbon and binder were burnt oft by incineration at temperatures above
800 °C. Paulino et al.” tested two processes. In the first one, cathodic material was mixed
with KHSOy at a ratio of 1:8—9. The mixture was melted at 500 °C for 5 h. Sample was
leached with distilled water for 1 h at 90 °C after melting. In the second process, material
was calcinated at 500 °C for 5 h to remove carbon. The material was then leached with
water. It was found that carbon removal before leaching increases lithium extraction, as
carbon could act as an absorbent for lithium salts. Shin et al.” incinerated black mass at
900 °C. Black mass before and after incineration was leached with 2 M sulfuric acid
with the addition of hydrogen peroxide. Total leaching efficiency of cobalt and lithium
was obtained after leaching of nonincinerated samples. Cobalt leaching efficiency was
lowered after leaching incinerated samples. It was concluded that molten aluminum
covered black mass particles and thus obstructed cobalt leaching.'’ Material was then
heated to 700 °C for 5 h to remove PVDF and organic material. Total lithium leaching
efficiency was obtained after leaching incinerated sample with citric acid. Petranikova
at al.”® incinerated black mass at 300, 500, and 700 °C for 1 h to remove organic
compounds. The thermal treatment of samples led to a higher cobalt leaching efficiency
in comparison to untreated samples. In general, positive effects of incineration on cobalt
leaching were observed.

Recently pyrolysis has been applied as a thermal pretreatment method for organic
component removal from spent LiBs. Pyrolysis is a thermal process performed without
the presence of oxygen. Considering the chemical composition of the organic
compounds in LiBs, pyrolysis seems to be a more environment-friendly process than
incineration.

Sun and Qiu”” studied the possibilities of thermal pretreatment of cathodes from
spent LiBs. Cathodes were pyrolyzed at temperatures from 450 to 700 °C in a nitrogen
atmosphere. The aim was to decompose organic compounds and separate black mass
from aluminum foil. It was reported that the optimal temperature of pyrolysis was 600 °C.
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Kim et al.”’ applied flotation and thermal pretreatment in their process. The
black mass was thermally pretreated at 500 °C to change hydrophobic properties of
particles to hydrophilic. Flotation of LiCoO; and graphite was performed using
kerosene (0—3.2 kg/t) as a collector and methyl isobutyl carbinol (0.14 kg/t) as a
frother. Approximately 92% of LiCoO, was recovered in a powder form with a
purity of 93%.

3.2.2 Leaching with Inorganic Acids
The concentrations and the nature of the leaching media, pH, solid to liquid phase ratio,
temperature, etc., influence the leaching efficiency of spent materials. Inorganic acids
such as H,SOy4, HCI, or HNOj are usually used as the leaching medium.

Considering that LiCoO; is the most common active material, the reactions of active
material with several acids are given by the following equations:

LiCoO, 4 1.5H,S0, = CoSOy4 4 0.5LixSOy4 + 0.250, + 1.5H,0 (7.1)
2LiCoO, + 6HCl = 2CoCl, 4 2LiCl + 3H,0 + 0.50, (7.2)
2LiCoO; + 6HNOj; = 2Co(NO3); + 2LiINO; + 0.50; + 3H,O0 (7.3)

Sulfuric, nitric, hydrochloric acids, aqua regia, ammonium hydroxide, and acetic acid
have all been used for leaching.” In addition, NH,OH.HCI has been compared with
H,SO3, and HCL”'

The highest leaching efficiency was obtained using HCI probably due to the ability of
chloride ions to destabilize the formation of a surface layer.”” It has been reported that
lithium leaching efficiency increases with an increase of the solid to liquid ratio.”’ The
experimental and optimal conditions for leaching are presented in Table 7.5.

Table 7.5 Summary of the Conditions Used in Comparison Studies for Different Leaching Media
Optimal Conditions

Temperature Leaching Leaching
Leaching  (°C)/Leaching Efficiency Efficiency
Source  Leaching Media Media Time (min) S:iL (g/L) Co (%) Li (%)
3 H,SO,, HNO;, 4 M HCI | 70/120 33/1 96.4 99.7
HC],
31 HCI, H,SO; 4 M HCI | 80/60 100/1 99 99
NH,OH.HCI,
33 H,SO,, HNOs, 5 M HCI | 80/60 100/1.5 | 84 —
HCI




Lithium Batteries Recycling

High leaching efficiency of cobalt and lithium leaching has been obtained using
inorganic acids, but as it has been mentioned, the highest efficiency was achieved using
HCI. To increase the leaching efficiencies, reductive agents have been added to the acid
in several studies.

3.2.3 Reductive Leaching

Since the chemical bonds between cobalt and oxygen are extremely strong, leaching
of lithium cobalt oxide is difficult. Very often hydrogen peroxide has been used as a
reduction agent. The addition of hydrogen peroxide generates oxygen that promotes
cobalt oxide dissolution by reducing Co’* to Co>*.”"

The reactions of the active material with leaching medium and reduction agent

proceed according to Eqns (7.4)—(7.6):
LiC002 + 1.5H202 + 1.5H2$O4 = COSO4 + 0.5LizSO4 + 3H20 + 02 (74)

2LiCo0O;, + H,0O, 4+ 6HCl = 2CoCl, + 2LiCl + 4H,O + O, (7.5)

2LiCoO, + H,05 + 6HNO3 = 2Co(NO3), + 2LINO3 + 4H,0 + O, (7.6)

By adding hydrogen peroxide as reduction agent, the cobalt and lithium leaching
efficiencies can be increased. For example, Zhang et al.”' reported that 40% of cobalt
and 75% of lithium was leached out by HNO3 without addition of hydrogen peroxide,
while the addition of 1.7 vol% increased the leaching efficiency to 99% for both metals.
The optimized experimental conditions used for the reductive leaching of cathodes
materials from spent LiBs are given in Table 7.6. Dorella et al.'" reported that the
addition of hydrogen peroxide increased cobalt leaching from 50% to 100%.

Table 7.6 shows that relatively high leaching efficiency can be achieved using
hydrogen peroxide as reductive agent. From literature data, it appears that the optimal
percentage of HyOyp was 1—10%.

Organic reducing agents can be also used to leach cathodes such as citric acid, malic
acid, ascorbic acid, oxalic acid, and glucose.38 Glucose has been used as a reduction
agent instead of hydrogen peroxide.”’ The main disadvantage of those agents might
be their price and negative impact on LCA (except Glucose). For the latter, the proposed
reaction was:

24LiCo0O; + 36H,S504 + CgH1204 = 24CoSO4 4 12L1,SO4 + 6CO, + 42H,0 (7.7)

The black mass was leached using sulfuric acid in the presence of an excess of 50% of a
reducing agent, such as glucose. The leaching efficiency of cobalt and lithium was 98%.
Glucose was also used as a reduction agent by Pagnanelli.”” It was reported that the
efficiency of glucose significantly depends on the time when it is added in solution.
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Table 7.6 Summary of the Conditions Used in Studies that Applied Reductive Leaching
Optimal Conditions

Temperature
Qv Leaching Leaching
Leaching Efficiency Efficiency
Source Leaching Media Leaching Media Time (min) S:L (g/L) Co (%) Li (%)
9 Aqua regia, HyO5, 4 vol% H,SOy, 1 vol% H,O, 40/—- 30/1 97 100
H,SO,4, NaOH,
17 H,SO, 3 M H,SO, 70/240 5/1 98 98
11 H,SO,, H>O, 6 vol% H,SOy, 1 vol% H,O, 65/60 30/1 75 100
18 HzSO4, H202 2M H2804, 6 vol% H202 60/60 100/1 99 99
35 H,SO,4, H>,O, 2 M H,SOy, 5 vol% H,O, 70/30 100/1 93 94
26 H,SO,, H,O, 3 M H,SO,, 1.5 M H,0, 70/60 - 99.4 99
36 H,SO,, H>,O, 3 M H,SO,4, H,O, - - 99 99
12 HCI, H,O, 3 M HCI, 6 vol% H,0O, 80/120 - -
37 H,SO,, glucose 2 g/g of black mass 90/180 100/1 98 98

144
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When glucose is added at the beginning of the leaching, the leaching efficiency of cobalt
is 60%, but when glucose is added after 2 h of 80% of leaching efticiency of cobalt is
achieved. It was reported that glucose can undergo different oxidation pathways during
leaching. In particular the accumulation of a limiting intermediate in the gluconic
pathway (preferentially occur when glucose is added at the beginning) could be the
reason for the lower reducing ability observed under these conditions. Lithium extraction
presented the same trend as cobalt. If glucose is added at the beginning, the extractive
yield increases from 65% to 90% by stepping up the glucose excess. In contrast, when
glucose is added after 2 h, the same extraction yields, i.e., 92% are obtained with both
glucose levels.

In general relatively high leaching efficiency of cobalt and lithium (80—99%) has been
obtained using HCl or HpSO4 with addition of hydrogen peroxide. The optimal
concentration varies from 2 to 4 M and optimal addition of hydrogen peroxide is
from 1 to 6 vol%. Leaching temperatures should be around 60—80 °C and a leaching
time of 1 h is sufficient for cobalt and lithium leaching.

3.2.4 Leaching with Organic Acids

Organic acids (citric acid, pL-malic acid) were also studied as a leaching agent for the

recovery of lithium and cobalt from LiCoO,. The leaching reactions are as follows’ :

7TH,C04 + 2LiCoO5 = 2LIHC,O4 4 2Co(HC,04)s 4+ 4H,O +2C0Os  (7.8)

5H2CZO4 + 2LiCOOg = 2LiHC204 + 2COC204 + 4H20 + 2C02 (79)

H0O; is usually employed during leaching with organic acids in order to accelerate
Co’" reduction into Co”" and to improve the leaching efficiency of cobalt occurring
according to the following equations:

3H,CrO4 4+ LiCoO; + 1.5H,0, = LiIHC,O4 + Co(HC,Oy4), + 3H,O 4+ O, (7.10)
3H2C204 + 2LiCOOZ + H202 = Li2C204 + 2COC204 + 4H20 + 02 (711)
2H,C,04 + CoO = Co(HC,O4)» + H,O (7.12)

H,C,0,4 + CoO = CoCr04 + H,0 (7.13)

Li et al."’ reported that the use of 1.25 M citric acid and 1 vol% hydrogen peroxide at
90 °C efficiently leached the black mass within 30 min. Sun et al.”’ developed an
environment-friendly process based on vacuum pyrolysis and oxalate leaching to recover
cobalt and lithium from LiBs. Cobalt was precipitated as CoC,04.2H,0O. Ascorbic acid
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was chosen by Li et al. both as a leachant and as a reducing reagent to improve cobalt
recovery. Leaching efficiencies of 94.8% for cobalt and 98.5% for lithium were achieved.
Li et al. reported that DL-malic acid (C4H5Og) in the presence of hydrogen peroxide can
also be used as an efficient leaching reagent of lithium and cobalt.*’

3.2.5 Bioleaching

Biometallurgical processes have been applied to recover metals from primary and
secondary resources. The advantages of bio methods are sufficiently their low costs
and low operational demands.”*

Mishra et al."' studied bioleaching of metals from spent LiBs using Acidithiobacillus
ferrooxidans. The chemolithotrophic and acidophilic bacteria A. ferrooxidans, which
utilizes elemental sulfur and ferrous ion as energy source was used to produce metabolites
such as sulfuric acids and ferric ion. The metabolites help dissolve metals from spent
batteries. Bioleaching of cobalt was found to be faster than lithium. It was discovered
that higher Fe*" concentrations resulted in a decrease of the dissolution yield due to
the coprecipitation of Fe>™ with the metals in the residues. A higher solid to liquid ratio
also aftected the metal dissolution by arresting the cell growth due to an increase of metal
concentration in the waste sample. Bioleaching of LiCoQO; at pH 2.5 with an S—L ratio
of 5:1 in the presence of A. Ferrooxidans, iron, and sulfur (1% elemental sulfur and 3 g/L
Fe’ ™) leads to the dissolution of 65% cobalt and 9% lithium, while only 20% of cobalt and
5% of lithium can be leached under the same conditions in the absence of bacteria. Xin
et al.”” reported that the mechanisms involved in the bioleaching of LiCoO» electrodes
are different depending on the nature of the media and the metal. For instance,
bioleaching of lithium occurs due to the biogeneration of sulfuric acid, whereas the
dissolution of cobalt is due to acid leaching and redox reactions involving iron and sulfur.
Indeed, in the presence of iron and sulfur, HySOy4 and Fe®" are generated resulting in
direct acid dissolution of Co”" and redox reactions leading to the formation of Fe®",
which subsequently promotes the reductive dissolution of insoluble Co> .

3.2.6 Solvent Extraction and Precipitation
Metal ions have been recovered from leaching liquors using solvent extraction or
precipitation. In solvent extraction, several organic extractants, such as bis(2,4,4-
trimethylpentyl)phosphinic acid (Cyanex 272), di-(2-ethylhexyl) phosphoric acid
(D2EHPA), 2-ethylhexyl phosphonic acid mono-2-ethylhexyl ester (PC-88A), or
hydroxy-oxime derivative (Acorga M5640) have been used to separate and recover metal
ions. Precipitation by NaOH is usually used to remove impurities such as Cu, Al, and Fe
from the leachate before solvent extraction of Co and Ni. Lithium is usually precipitated
by using NayCO3 or CO3 after cobalt and nickel removal.

Bis(2-ethylhexyl) phosphoric acid (D2ZEHPA) is the most versatile extractant of
phosphoric acids and has been used commercially for the extraction of many metal
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ions. Some particular advantages of the use of D2EHPA in solvent extraction processing
are its chemical stability, generally good kinetics of extraction, good loading and stripping
characteristics, low solubility in aqueous phase, and its availability in commercial
quantities. From sulfate solution the order of extraction as a function of pHj,, is:
Fe’t < Zn®" < Cu*t < Co*t < Ni*T < Mn®t < Mg™" < Ca® .

Bis(2,4,4-tri-methylpentyl) phosphinic acid (Cyanex 272) is commercially used for
Co/Ni separation but it extracts many metals, depending on the equilibrium pH. The
extractability of several metals at different pH is shown in Table 7.7."

2-ethylhexylphosphonic acid mono-2-ethylhexyl ester (PC-88A) is usually used to
selectively extract Co from Ni and Li. PC-88A is also widely used for the recovery of
rare earth metals.

The acidic form of the extractant Cyanex 272, D2EHPA, and PC-88A exist as
dimers, whereas the neutral forms exist as monomers. Both forms take part in the
extraction. The mechanism by which a metal ion (Me) is extracted from an aqueous
phase using the partially saponified extractant (HA) follows the reaction given by
Eqn (7.15). Saponification is usually performed using NaOH and the reaction is given
by Eqn (7.14)."®

Naj + 1/2(HA),,,, = NaAgg + Hy (7.14)

2org

Mep +xAg, +v/2(HA),,, = Me(A), (x+y —n)(HA),,, + (n = x)H}, (7.15)

2org org

3.2.6.1 Removal of Impurities from the Leaching Liquors
Depending on the method of mechanical pretreatment, the content of iron, copper, and
aluminum foils in the black mass differs. Leaching of copper and aluminum films must be

avoided in order to obtain a more efficient separation.”"*” The presence of aluminum,
copper, and iron in the leach liquor may hinder the separation of cobalt in the solvent

extraction step with Cyanex 272, because those metals will be fully extracted with cobalt.

Table 7.7 Equilibrium pH and Extraction Efficiencies of Several
Metals by Cyanex 272*

Metal Equilibrium pH % Extracted
Fe’™ 2.31 98.7
Zn>T 3.08 99.4
AP 3.14 97.2
Cu*t 4.08 94.8
Mn>" 5.66 99.8
Mg>" 5.81 97.4
Co*" 5.98 99.8
NiZ+ 7.47 92.8
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Table 7.8 Precipitation Agents Used to Remove Metal Impurities from Leaching Liquor

Precipitation Metals to be

Source Agent Removed pH Efficiency (%)

17 10% NaOH Al, Fe 5.5 98% Al

18 4 M NaOH, Al, Cu, Fe 6.5 99% (7% of cobalt

Ca,COs5 was coprecipitated)

11 NH,OH Al 5 80% (20% of cobalt
was coprecipitated)

37 NaOH Al, Cu, Fe 5 100% Al, 100% Fe,
60% Cu

7 Na,S Cu 99.9% Cu

For this reason it might be advantageous to reduce the concentration of aluminum,
copper, and iron in the leach solution by precipitation.'' To separate those metals
from the leaching liquors, precipitation is usually used before solvent extraction of cobalt.
Some examples of precipitation agents are given in Table 7.8. Precipitation provides a
simple operation and relatively high recovery rates of metals from spent LiBs.

To remove impurities from the leaching liquor, solvent extraction can be used as well.
Table 7.9 shows typical extraction solvent used to remove impurities from the leaching
liquor.

To remove impurities Cyanex 272 or Acorga 5640 have been used. Pranolo et al."”’
studied the synergistic effects of two extractants. Mixtures of 7 vol% PC-88A and 2 vol%
Acorga M5640 were used to separate Fe’™, Cu®", and A" from Co” ", Ni**, and Li' .
A significant shift of the copper pH isotherm by the addition of Acorga M5640 to
PC-88A was observed, with little effect on the iron and aluminum isotherms. Complete
separation of iron, copper, and aluminum from cobalt, nickel, and lithium was achieved
at pH 4.0—4.5.

Table 7.9 Removal of Impurities from Leaching Liquor by Solvent Extraction

Metals
to be Stripping from

Source  Extractant Removed pH Efficiency (%) Organic Phase

45 0.3 M Cyanex 272 Al 2.5-3 100% Al -

17,46 10 wt% Acorga 5640 Cu 1.5-1.7 | 98.5% Cu 2 M H,SOy,
O:A 1:1
two stages

47 7 vol% PC-88A and Al, Cu, Fe 4-4.5 | 100% Al, 100 g/L H,SO4

2 vol% Acorga 5640 Cu, Fe O:A 1:8
two stages

48 10 vol% Acorga 5640 Cu 1.5-2 100% Cu 3 M H,SO,

10 vol% PC-88A Al 5-3 100% Al
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3.2.6.2 Recovery of Cobalt (Nickel) and Lithium from the Leaching Liquors

As previously mentioned, Cyanex 272, D2EHPA, and PC-88A are usually used to
recover cobalt and separate it from nickel and lithium. Precipitation has been used to
recover cobalt as well, but this method has been mostly used to recover lithium. Electro-
winning has been applied to recover nickel.

Cyanex 272 is widely used for the separation of cobalt and nickel. The advantage of
that extractant is low coextraction of lithium, which can be recovered with a relatively
high purity by precipitation. Mantuano et al.”” extracted cobalt at pH 4.5 using 0.3 M
Cyanex 272. It was reported that lithium was not extracted and stayed in solution.
Nan et al.'” used ammonium oxalate to precipitate cobalt (97% of cobalt was precipi-
tated). The rest of the cobalt was recovered using 1 M Cyanex 272 at O:A = 1:1.
Approximately 96% of cobalt was recovered. Na,CO3 was used to precipitate Li as
Li,CO3. About 80% of lithium was recovered and used with cobalt oxalate to produce
new LiCoQ,. Kang et al.'® separated Co and Ni with saponified 0.4 M Cyanex 272 at
pH 5.5—6.0. Cobalt recovery was 98%. The quantitative recovery of cobalt with a
minimum lithium coextraction was achieved using 1.5 M Cyanex 272, an initial pH
of 5 and an O:A ratio of 1.6 in a single stage. Subsequently, the rest of the cobalt was
extracted with 0.5 M Cyanex 272, an initial pH of 5.35 and an O/A ratio of 1 in a single
stage. Solvent extraction was followed by three-stage lithium scrubbing using 0.1 M
Na,COj solution with an O:A ratio of 3.8.”” Nan et al.™® developed a process for the
recovery of metals from mixed spent batteries. Rare earth elements (RE) from mixed
spent batteries were precipitated as sodium RE double sulfate, copper was extracted as
CuSOy4 with 10 wt% Acorga M5640 at pH = 1.5—1.7, cobalt and nickel were extracted
as their sulfates with 1 M Cyanex 272 at pH = 5.1—5.3 and 6.3—6.5, respectively. The
experimental results showed that the recovery exceeded 94% for all metal values. Pranolo
etal.""" separated cobalt from nickel and lithium using 15 vol% Cyanex 272 in kerosene
at pH 5.5—6.0 and finally lithium and nickel were separated using Dowex IX resin.

D2EHPA and PC-88A were studied to recover cobalt. Better extraction was
achieved using PC-88A at O:A 0.85:1 and pH = 6.7 (99.99% Co a 13% Li). After cobalt
separation, lithium was precipitated as LipCO3 using NayCOs. Efficiency of precipitation
was 80%. Both reagents have shown a quite similar behavior with pH in the extraction
step. Cobalt extraction increased with pH and it was fully extracted at pH > 6.5. The
extraction of lithium started only at pH > 5.5 and it increased very slowly with pH
(around 18% at pH 7.0). Large separation factor values BCo/Li have been obtained
for the operational conditions studied (710 and 88,000 for D2EHPA and PC-88A,
respectively), so it was reported that PC-88A is more selective than D2EHPA for
separating cobalt from lithium.”’

D2EHPA also grants a high degree of selectivity toward manganese, even with respect
to nickel. Selective separation of manganese from cobalt and nickel can be achieved
by multistep extraction procedures in which each single step gives a low extractive
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yield with a high selectivity for manganese, but the quantitative recovery of manganese
is ensured by the execution of more extractive steps using 2 M D2EHPA per mole of
manganese at pH 4.”> The possibilities of selective metal ion separation or the removal
of impurities by precipitation have been studied as well.

Saponified Cyanex 272 and D2EHPA were used for a first hydrometallurgical route,
where solution was purified using solvent extraction followed by precipitation of metals
using NayCO3. The second hydrometallurgical route applied only precipitation by
NayCOj3. When solvent extraction was performed, high purity cobalt carbonate (47%
w/w of cobalt) was obtained by precipitation. Performing the same operation without
solvent extraction, a product containing 36—37% (w/w) of Co was obtained. Lithium
was recovered by crystallization (yield 80%) with 98% purity.”’

Juolie et al.”* have described the possibility of selective recovery of cobalt and nickel
by oxidative precipitation using sodium hypochlorite. It was reported that cobalt can be
recovered by oxidative precipitation. The optimum operating conditions of precipitation
have been determined for a molar ratio of NaClO/Co of 3 and pH 3. Regarding nickel
recovery, this is completely precipitated by the addition of sodium hydroxide to achieve
pH 11 in a second step. The experimental results show that the efficiencies of cobalt and
nickel recovery are respectively 100% and 99.99%. The purity of cobalt hydroxide and
nickel hydroxide has been measured respectively at 90.25 wt% and 96.36 wt%.

As previously mentioned electrowinning can be applied to recover nickel from
the leaching solution. Lupi and Pasquali’’ recovered nickel from spent LiBs using
electrowinning, but cobalt had to be removed before the process. Synthetic and real
solution was used for the electrowinning. Real solution was obtained by leaching
cathode materials with H,SO4 and H,O,. Cobalt was removed by solvent extraction
using preneutralized Cyanex 272 diluted in kerosene. In the electrometallurgical process
for nickel electrowinning, aluminum mesh was used as an anode and titanium mesh was
used as a cathode. Nickel electrowinning performed at 250 A/m? current density at
50 °C, pH 3—3.2, with an electrolyte containing about 50 g/L Ni and 20 g/1 H3BO:s.
The resulting Ni deposit exhibited a good aspect with a current efficiency and a specific
energy consumption of about 87% and 2.96 kWh/kg, respectively. The electrolysis at
constant potential of a solution containing 1.7—1.8 g/L of Ni produced a very pure
powder in 80 min, leaving less than 100 ppm of nickel in solution.

Freitas and Garcia'~ studied the electrochemical recovery of cobalt form spent LiBs.
Spent batteries were manually dismantled and washed with distillate water at 40 °C.
Material was leached with 3 M HCI with addition of 6 vol% H;O, at 80 °C for 2 h.
NaOH was used to adjust the pH of the leachate. The largest charge efficiency found
was 96.90% at pH 5.40, when a potential of —1.00 V was applied at a charge density of
10.0 C/cm?. It was discovered that the charge efficiency decreased with the decrease in
pH.
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Hydrometallurgy is one way of recycling spent LiBs. Sulfuric acid with addition of
hydrogen peroxide as a reducing agent is mostly used for leaching this material and a
high extraction efficiency can be achieved. Literature date shows that the presence of
aluminum and copper foils leads to negative effects on the process, especially when
solvent extraction is used. Therefore, those metals have to be removed before solvent
extraction to prevent coextraction. Combined methods are based on thermal pretreat-
ment to remove organic compounds, plastic components and carbon followed by
hydrometallurgical processing. Incineration is applied in most cases, but the pyrolysis
of black mass has also been studied. It can be considered that pyrolysis can be used as a
more environment-friendly method for organic compound removal.

3.2.7 Production of New Material by Recycling

Several works have focused their research on the synthesis of new cathodes from materials
produced from recycling. For instance, Liu et al.”’ studied synthesis of LiCoO, from
black mass of spent LiBs. Black mass was thermally pretreated at 120 °C for 12 h. Material
was milled and heated to 450 °C for 2 h. The temperature was then increased to 600 °C
for 5 h. Material containing LiCoO, Co030y4, and LiCO3; was mixed with LiCOj3 and
calcinated at 850 °C for 12 h. The quality of the material produced was comparable to
primary material used in the production plant.

Bahgat et al.”' prepared composite based on Li/Co ferrite. Spent LiBs were disman-
tled and cathode material was thermally pretreated between 150 and 500 °C for 1 h. The
black mass was mixed with Fe>O3 and calcinated at 900, 1000, and 1100 °C for 1 h. Final
product, Liy sFe 504/CoFeOy4 was produced at 1000 °C after 4 h.

Kang et al.” studied cobalt recovery from spent LiBs as Co3Q4. Spent batteries were
dismantled, dried, crushed, and pressed. Sulfuric acid (2 M) and addition of 6 vol%
hydrogen peroxide was used as the leaching medium. Precipitation agent Na,S was
added to the solution after 30 min to precipitate copper. After filtration 1.5 M
H,C,04 was added to the solution to precipitate cobalt. Precipitate CoCrO4.2H,O
was calcinated at temperatures from 150 to 600 °C for 2 h. Approximately 99.9% of
the copper was precipitated when a 3:1 ratio of NayS:Cu was used. More than 98% of
the cobalt was recovered after precipitation with oxalic acid.

4. INDUSTRIAL TECHNOLOGIES FOR SPENT LIBs RECYCLING

Spent LiBs have been recycled mostly in Japan (where the majority of LiBs are produced)
and in North America (where LiBs are widely used by the army). Recently several
companies such as Batrec (Switzerland), Umicore (Belgium), Akkuser Oy (Finland),
etc., have started to recycle spent LiBs.
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According the EU Battery directive, spent LiBs have to be recycled because of the
heavy metal content and the presence of harmful organic compounds. On the other
hand, spent LiBs are a secondary raw material for the extraction of valuable metals. It
has been shown that 1kg of spent LiBs contains 250 g Co, 110 g Ni, 31 g Li, and
120 g Cu.’

Today, there are mainly four types of recycling technologies. Some companies focus
their activities on the mechanical pretreatment of spent batteries. Separated components
are then sold to other companies, usually to metal producers. Other companies develop
hydrometallurgical treatment of spent LiBs after mechanical pretreatment. In particular,
hydrometallurgy enables lithium to be recovered with a high purity. Pyrometallurgical
treatment might be considered to be quite robust in general, but plastic components
and lithium are not recovered. Lithium is lost in the slag and hydrometallurgical
treatment is needed to recover it. The technologies of several companies are described
below, based on the method of treatment.

4.1 Recycling Technologies that Apply Mechanical Treatment

and Separation
Mechanical pretreatment and different physical separation methods for spent batteries are
applied to separate casings, current collectors, separator, and black mass after crushing.
Separated fractions are sold to other producers, usually to the primary metal industry,
or wastes are disposed depending on their properties. The presence of harmful organic
compounds and lithium metal (if primary LIBs are processed) requires the use of a
controlled atmosphere.

4.1.1 Akkuser (Finland)

Akkuser recycles nickel—cadmium (Ni-Cd), nickel—metal hydride (Ni-MH), LiBs, and
zinc alkaline batteries. The company is focused on battery recycling only. Separated
components are sold within the country to metal producers.

Approximately 1000 tons of spent LiBs are processed per year and the material mostly
comes from the European market. Spent batteries are manually separated according to
chemical composition into the four groups previously mentioned. Separated batteries
are then crushed using a two-phase crushing process. The crushed material is separated
by air and magnetic separation. An inert atmosphere is used during the crushing process.
The black mass is mixed with aluminum and copper foils, and paper, plastic material, and
a steel fraction are the products of the process. The black mass recovered after separation
is sold to a hydrometallurgical plant, where cobalt is recovered using a hydrometallurgical
process. The process consists of leaching, iron precipitation, and the recovery of copper
and germanium by a solvent extraction process. Cobalt is also recovered by solvent
extraction. Different cobalt compounds or cobalt powder are the final products of the
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process. Cobalt oxides produced from spent LiBs are used as precursors for making new
cathode materials for lithium ion and lithium polymer batteries.””

4.1.2 Batrec Industrie AG (Switzerland)

Batrec is a recycling company located in Switzerland. The company is focused on the
recycling of several wastes using mechanical treatment and pyrometallurgical treat-
ment. Spent LIBs are recycled by mechanical treatment. Batteries are presorted and
supplied to the crushing unit in batches. The batteries are crushed in a controlled
atmosphere of CO; gas. Released lithium is neutralized by reaction with CO; and forms
a protective layer. After crushing, moist air is added to the CO, atmosphere. Water
vapor neutralizes the lithium, enabling the further handling of scrap of the dismantled
cells or batteries. When the waste is neutralized, the protective atmosphere is released.
The individual components, such as chrome-nickel steel, cobalt, nonferrous metals,
manganese oxide, and plastic are separated in a multistage separating plant and sold to
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other producers.”””

4.2 Pyrometallurgical and Combined Treatment of Spent LIBs

Spent batteries are a secondary raw material for the extraction of metals and they are very
often added to the processes of the pyrometallurgical primary metal production. Spent
batteries wastes do not require special mechanical pretreatment such as crushing since
smelting furnaces are designed for large volumes of raw materials. Furthermore, no
separation step is required if several types of batteries are processed. The organic
compounds and polymer components present in the electrodes are burned. In pyromet-
allurgical processes, all metals cannot be recovered from the waste. In general metals such
as cobalt, copper, and nickel are recovered as alloys. Lithium, manganese, and aluminum
end up in the slag and hydrometallurgical treatment is needed to recover those metals.
The alloys that are produced also require a refining step to obtain higher purity.

There are several companies developing pyrometallurgical or combined treatments,
such as Accurec (Germany), Umicore (Belgium), and Xstrata.

4.2.1 Accurec (Germany)

Approximately 1500—2000 tons of spent LiBs are recycled per year by Accurec in
Germany. The technology is based on a multistep process that begins with mechanical
pretreatment to remove covers and printed circuit boards. During pretreatment the
Li-ion battery packs are disassembled and the single battery cells are laid open. Thereby
a material fraction that contains electronic parts and plastics is generated. The second
process step comprises pyrolysis in a resistance-heated retort furnace at a maximum
temperature of 250 °C. The battery cells are deactivated safely for further processing.
The volatile organic electrolyte evaporates and is caught in a downstream condenser.
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In the third-process step the deactivated cells are crushed safely in a second mill and in
a disintegrator. After crushing, classification and sorting are performed by means of
a vibrating screen, magnetic separation in a drum separator and air separation in a
zigzag classifier. The generated material fractions are an iron—nickel and an aluminum
fraction (both from battery casings), an electrode foil fraction, and a fine fraction, which
contains the electrode material. For better handling and charging into the electric arc
furnace the fine fraction is agglomerated to pellets using molasses as a binding agent.
The pellets have a cobalt content of approximately 30 mass % and a lithium content
of approximately 3 mass %. Due to the high graphite content of approximately 30
mass %, and problems during pyrometallurgical processing, a thermal pretreatment is
performed. The pellets are charged into a rotary kiln to halve the graphite content to
approximately 15% at a temperature of 800 °C. Cobalt is recovered as an alloy. The
slag and the flue dust are further processed in a hydrometallurgical route to recover
lithium. Because of its high vapor pressure and its high oxygen affinity, lithium leaves
the furnace via the oft-gas as oxide during processing. The material is leached with
sulfuric acid and lithium is precipitated with sodium carbonate. A lithium carbonate
with a purity higher than 99 mass % can be generated. A process flow sheet is shown
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in Figure 7.5.77 "

4.2.2 Umicore (Belgium)

Unmicore uses the patented ultra high temperature (UHT) process based on plasma tech-
nology to treat and recycle spent LiBs and Ni-MH batteries. No pretreatment is needed
except in the case of HEV batteries.”” Capacity of the pilot plant is 7000 t/year (which
equals to 250,000 million mobile phone batteries or 150,000 HEV batteries).””’ During
the smelting process, the alloy based on Co-Ni-Cu-Fe is produced. Metals are recovered
using hydrometallurgical treatment involving leaching with sulfuric acid and solvent
extraction. Slags as a by-product containing Al-Ca-Liis used as a constructing material.”**
Cobalt compounds are used as precursors for battery active material production.

A simplified process flow sheet is shown in Figure 7.6.

4.2.3 XStrata Nickel International Ltd

Falconbridge is primarily a nickel mining industry and it is the fourth largest Ni producer
in the world. The Xstrata process can be considered to be a centralized recycling method.
Only small rechargeable batteries (from portable devices) are recycled by Falconbridge.
Such batteries should be dismantled prior to smelting and this is not feasible at Falconbridge.
The smelter’s electric furnace converts the mineral concentrate into a high-grade matte
containing Ni, Cu, and Co. The smelted and granulated matte is shipped overseas, to
Nikkelverk in Norway, for refining into pure metals. In the particular case of batteries,
LiBs are incorporated either into the smelter or the converter. Parts of the plastics and
carbon are used for providing the necessary energy to the process (and some function as
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a reducing agent, even if the process is more oxidizing than reducing). The organic volatile
compounds inevitably formed during the thermal step are just diluted into the huge flow of
exhaust gas and are not taken into account as their relative volume is negligible (they remain
under the legal limit). The converter gives rise to two products: a Ni/Co matte that is
further granulated and a Ni/Co-rich slag that is further retreated in the first smelter, which
produces a purer slag still containing some potentially leachable amounts of Co and Ni.
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The management of this slag is performed internally and the slag is used to partially refill
the mining areas under strict and special conditions, but cannot be sold as a product.
This represents the main disadvantage of this process, especially when looking at the
recycling efficiency. The Nikkelverket refinery uses chlorine leaching, solvent extraction,
ion-exchange, and electrowinning processes to separate and recover metals. Matte is milled
and leached. Iron is precipitated. Cobalt is recovered from the feed by solvent extraction.
After cobalt recovery, nickel solution is purified and lead is precipitated and removed.
Cobalt is produced by electrowinning (cobalt concentration in the electrolyte = 53 g/L,
temperature = 60 °C, current density = 220 A/m?).*” "¢’

4.2.4 Sony-Sumitomo (Japan)

Sony Electronics Inc. has developed, in close collaboration with Sumitomo Metal
Mining Company, a process specifically devoted to cobalt oxide recovery from spent
LiBs used in electronic devices such as laptop computers, camcorders, digital cameras,
and cellular phones.

The process involves the calcination of spent cells and utilizes cogeneration that results
from burning electrolytes at temperatures below 1000 °C. This route is capable to
recover cobalt oxide with a sufficiently high quality to reuse it directly in the fabrication
of new LiBs. This technology is well established and the recycling of spent LiBs
is performed in Japan today with a current processing capacity of 120—150 tonnes

68
per year.
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4.3 Hydrometallurgical Treatment of Spent LIBs

Hydrometallurgical processes have been applied in metal recovery from primary raw
materials but recently those processes have been used for metal recovery from secondary
raw materials as well. Processes such as leaching, solvent extraction, precipitation,
ion-exchange, and electrowinning, etc., are used to separate and recover metals with a
high purity of the final products. Nowadays hydrometallurgy is widely used in waste
processing because it enables the recovery of metals without the need to apply high
temperatures, as required in pyrometallurgy. Also, while pyrometallurgy requires
relatively large volumes of input material waste, hydrometallurgy is able to adapt to
lower volumes of input material, as well as to a changing composition of the waste.
On the other hand, hydrometallurgy requires mechanical pretreatment of the waste.

4.3.1 Recupyl (France)

The recycling process described below was developed in the VALIBAT project within
the European Commission’s Fifth Framework Program (FP5). The process has been
tested in an industrial pilot plant at Recupyl SA in Domene outside of Grenoble (France),
and it was industrially implemented in Singapore in April 2007 by Recupyl TES-AMM
Singapore Pte Ltd.”’

The mechanical treatment is performed in a tight chamber wherein two mills are
arranged in series. After the chamber has been scavenged by means of a gas composed
of 20% argon and 80% carbon dioxide (the use of carbon dioxide during the preparation
will reduce the reactivity of any elemental lithium present by the formation of Li,CO3),
mixed cells and batteries are fed as inputs in a continuous manner via a double air-lock.
The output gases are treated by washing with water and neutralized with soda. The
homogenate is extracted by means of an endless screw, via a double air-lock. High-in-
duction magnetic separation and a densimetric table are used for mechanical separation
of the material. Fine and dense charge are composed of lithium cobalt oxide, carbon
and lithium carbonate. Material is leached with water to recover the soluble lithium.
After solid—liquid separation, the solution is sent for recovery of the lithium by precip-
itation, whereas the solid fraction is recyclable by metallurgy in processes where cobalt
has to be added. The lithium contained in the aqueous solution is precipitated by
reducing the pH of the solution to 9 and using the CO;-containing inert gas from the
mechanical treatment as a source of precipitation agent. The precipitated Li,COj3
obtained is subsequently washed with carbon dioxide saturated water, followed by drying
at 105 °C. The remaining aqueous solution is still rich in dissolved lithium, due to the
solubility of Li;COj3, and thus requires additional treatment.””

The metal oxides obtained in the suspension from fines leaching are dissolved in
sulfuric acid at 80 °C. The pH in the mixture is less than 3. This leaching step results
in a solution and a carbon-containing pulp. Copper impurities are cemented out with
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Figure 7.7 Flow sheet for the Recupyl process.

steel shots. Iron present in the solution is precipitated by raising the pH to 3.85 by the
addition of soda. The solution resulting from the purification is then oxidized by the
addition of sodium hypochlorite (NaClO) to precipitate Co’ " hydroxide. Alternatively,
the separation of cobalt can be carried out by electrolysis. The lithium remaining in the
solution is sent to a step where lithium is precipitated out of solution as described above
(Figure 7.7).%"°

4.3.2 Retriev Technologies (Canada)
Retriev Technologies was formerly known as Toxco. The Toxco process has been in
commercial operation since 1993 in Trail, BC, Canada, for the processing of LiBs of
varying chemistry, as well as for other battery types. The company was given a grant
in 2009 by the U.S. Department of Energy to recycle LiBs at its plant in Ohio.”"""”
The Toxco process was designed to treat primary lithium metal batteries, mainly
from military applications, but it has also implemented treatment methods for
lithium-based battery systems. The technology is also suitable for recycling LiBs from
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hybrid and electric cars, but those are manually dismantled before processing. Firstly,
the battery packs are discharged for safety reasons, and the propylene glycol in the cool-
ing tubes is recovered. The control circuits are removed. The wires and some other
metals are removed for recycling.”' Primary batteries, which contain metallic lithium,
are treated by cryogenic cooling in liquid nitrogen. This makes the process relatively
safe and allows the treatment of virtually any type of lithium-based battery, but it is
also energy intensive.

In the first step, portable batteries and cells from HEV and EV are transferred via a
conveyor belt into a crusher. This mechanical treatment step is carried out by a hammer
mill while the batteries are submerged in a process solution consisting of lithium brine.”’
A fraction called Li-Ion Fluft is separated after the initial crushing and this is a mixture of
plastic and steel from casings.”” A shaker table is used for separation of the fraction called
Copper Cobalt Product. This is a mixture of black mass, copper, and aluminum foils.
This material is sold to other metallurgical plants for separation and metal recovery.
The slurry remaining after this separation step is subsequently transferred to a mixing
tank, where it is heated and allowed to react before it is transferred to a holding tank.
A filter press is used to separate the rest of the black mass containing cobalt and carbon
from the dissolved lithium. Cobalt filter cake and filtrate containing lithium are the
products of the solid liquid separation. Lithium brine (filtrate) is sent to a primary lithium
line.”" A process flow sheet is shown in Figure 7.8.

4.4 Pilot Plants for Spent LiBs Recycling

Several pilot plant technologies have been developed for spent LiBs recycling. As previ-
ously mentioned, hydrometallurgical treatment only, or in combination with thermal
pretreatment, can be performed with lower volumes of input material, allowing spent
LiBs to be recycled in smaller scale plants.

4.4.1 SNAM (France)

SNAM constructed a pilot facility with a processing line to convey, sort, break, ther-
mally treat, and crush spent LiBs. The project developed an efficient pyrolysis treat-
ment, which involves heating the collected batteries so that their constituent
elements (copper, iron, and small compounds) can be separated by grinding and sifting.
The small compounds are then chemically treated to extract cobalt and nickel, which
are sold to manufacturers for reuse. Using this process, up to 60% of the battery’s com-
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ponents can be recycled.””""

4.4.2 AEA Technology (England)

The hydrometallurgical recycling process described below was developed in the United
Kingdom by AEA Technology Batteries. The first step of the process is to remove
the casing from the rest of the battery components. This step is carried out in an inert
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atmosphere, composed of dry nitrogen, in order to prevent the electrolyte from
undergoing hydrolysis in contact with water, and, by avoiding the presence of oxygen,
to reduce the potentially violent impact from internal short-circuits.”* Under a constant,
dry nitrogen atmosphere, the cell components are introduced into a dissolver vessel,
followed by the addition of acetonitrile. Acetonitrile is an organic solvent suitable for
dissolving and extracting the electrolyte. The vessel and its contents are heated to
50 °C and the solvent is recirculated over the course of a few hours to allow for complete
dissolution of electrolyte and the electrolyte solvent. The liquid phase is then separated
and the electrolyte dissolved in the electrolyte solvent can be recovered for reuse through
the use of an evaporation vessel, in which the acetonitrile is evaporated from the solution
and subsequently recovered to be recycled back into the process.”’

A second dissolution step follows the first, as N-methyl-pyrrolidone (NMP) is used to
dissolve the binder (PVdF). The procedure from the first dissolution is repeated, with
heating of the solvent and recirculation for a couple of hours. To separate the
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PVdF-containing solvent and the anode and cathode particulate material suspended in
the solution, consisting of lithium cobalt oxide and carbon, the solution is pumped
through a filter. The remaining solids (aluminum, copper, steel, plastics) can be extracted
from the vessel and sorted according to their physical properties. The NMP is evaporated
from the filtrate to be recovered and recycled back into the process. The particulate
material is recovered by backwashing the filter with water, and the suspension is
subsequently transferred to an electrolysis cell. After drying the filter with nitrogen gas,
it can be reused again.’’

Through the electrochemical reduction carried out in the electrolysis cell, the
dissolved lithium cobalt oxide is converted into solid cobalt oxide and lithium hydroxide
in the aqueous solution. To avoid the generation of hydrogen gas, aqueous lithium
hydroxide is used as the electrolyte and the current collector is graphite.”* After the
electrolysis has been carried out, the solid carbon and cobalt oxide is collected and
washed. The aqueous lithium hydroxide can either be recycled back into prior process
steps, or recovered from the process.”’

5. CONCLUSION

Current efforts in the recycling of spent LiBs have resulted in increasing material recov-
ery rates and recently research activities have been motivated to further develop pro-
cesses for lithium recovery. Spent LiBs are heterogeneous waste and efficient
mechanical pretreatment methods and separation are needed to recover the majority
of the black mass, which contains valuable components such as cobalt, nickel, and
lithium as well.

Hydrometallurgy seems to be an efficient method of spent LiBs recycling because, in
comparison to pyrometallurgical treatment, lithium can be recovered during the process.
Pyrometallurgical treatment is considered to be less efficient when talking about material
recovery rate. Materials such as plastic components and carbon, and also metals such as
lithium or manganese are lost in the process and hydrometallurgy is needed to recover
those metals from the slag.

Hydrochloric acid or sulfuric acid with addition of hydrogen peroxide as a reducing
agent is mostly used for the leaching step and relatively high efficiencies of metal leaching
are obtained. Solvent extraction processes or precipitation are used for recovery of the
metals. Cyanex 272 or D2EHPA are usually used as extractants for the solvent extraction
of cobalt from the leachates. Relatively high recovery rates can be achieved. High
operating costs are the main disadvantages of this process. Precipitation with oxalates
(ammonium oxalate or sodium oxalate) is usually used for recovery of cobalt from the
stripping solution. It is considered that most of the cobalt can be recovered by precipi-
tation as oxalate, reducing treatment costs efficiently compared with solvent extraction
or electrolysis methods. Lithium is possible to recover by precipitation using NayCOs.
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Electrolysis can be used for nickel recovery from solution after previous treatment. The
presence of aluminum and copper foils has a negative effect on the process, especially
when solvent extraction is to subsequently be used, and those metals have to be removed
to prevent coextraction. Combined methods applying thermal pretreatment, followed by
hydrometallurgical processing to remove organic compounds, plastic components and
carbon might improve recovery of the metals. Incineration has been applied in most
cases, but pyrolysis of black mass has also been studied. It can be considered that pyrolysis
can be used as a more environment-friendly tool for the removal of organic compounds.

There are several industrial processes for the recycling of LiBs. Some of these apply
only mechanical pretreatment and separation methods to separate batteries components,
which are then sold to other producers. Both hydrometallurgical and pyrometallurgical
methods have been applied in practice, but as mentioned previously, pyrometallurgy
has to be combined with hydrometallurgical treatment to recover lithium. Current efforts
of researchers and also recycling companies show an increasing focus on the recovery of
lithium from spent LiBs and we can assume that these activities will lead to the develop-
ment of more effective lithium recycling processes.
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1. INTRODUCTION

The concept of sustainability was developed in order to improve the present human
living standards while maintaining the availability of the natural resources for future gen-
erations. According to this definition, technological development is a way to improve the
sustainability, because it enables to meet human needs by transforming natural resources
into useful products.’

By 2050, the urban world population is expected to approximately double to an esti-
mated 6.4 billion” and we are aware that the Earth’s natural resources are already limited.
In this context, less impacting and more efficient industrial processes’ design represents a
real challenge for engineers. From now on, the impacts of new technologies have to be
assessed in detail, all along their life cycle, even before their massive industrial deploy-
ment. We should be sure that the generated impacts are actually counterbalanced by
the improvement of the living standards on Earth.

In this chapter, we will consider new technologies related to the development and
treatment of lithium batteries (LIBs). In the first part, we will demonstrate how existing
studies are already taking into account environmental impacts assessment and we will
particularly emphasize the main assumptions realized using life cycle assessment (LCA)
approaches. In the second part, we will focus on the end-of-life (EOL) of LIBs to
demonstrate that the entire value chain has to be considered while arbitrating on the
acceptability or not of a design decision from an environmental perspective.

2. LCA APPLIED TO LIBs “CONCEPT, METHOD, AND KEY RESULTS”

According to the United States Geological Survey (USGS), LIB market is expected to
increase by approximately 200% by 2017° and the main application of this technology
would be electric/hybrid vehicles. This incoming technology is apparently environmen-
tally friendly because of its zero emissions during utilization phase due to the absence of
any combustion processes. Nevertheless a closer look is needed in order to understand the
impacts of the battery throughout the entire product life cycle, from minerals’ extraction
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step to its EOL, and not only during the use phase. Thus, the question raised here is,
whether the use of LIBs in electric cars will provide a real environmental benefit
compared to the former solutions.

To answer this question, a LCA has to be realized, taking into account all the steps (or
stages) of the product life cycle, by determining the amounts of energy consumed, mass
balance of all the components and by quantifying all emissions and wastes generated by
the battery all along its life span. The use of the LCA methodology gives a multicriteria
vision of the different environmental impacts generated by the products or services
considered (e.g., ozone depletion, global warming, raw material consumption, etc.).
This approach facilitates also the comparison between them. Actually, it can be used
during the design process to make decision and improve the products, services, or orga-
nizations under design from an environmental point of view.

LCA is a standardized methodology described in the ISO 14000 environmental
management standards. According to the ISO 14040 series, an LCA is carried out in
four iterative steps: goal and scope definition, life cycle inventory, life cycle
impact assessment, and interpretation (Figure 8.1).

In the following paragraph, the objectives of each phase of the life cycle analysis will
be explained and illustrated with different LIBs LCAs published in the literature. Then
the key points issued from those LCAs will be raised here in order to improve the future
LIBs LCA:s.

To illustrate the four steps of LIB LCA, six major scientific contributions” ' will be
analyzed in the following sections. The Table 8.1 synthetizes the main characteristics of
the six selected studies, namely:

e the functional unit (FU) that has been chosen for each case,
* the cathode chemistry of the solution under assessment,

* the life cycle phases considered,

» key characteristics for each product.

Goal and Scope
Definition

;

Inventory
Analysis

;

Impact
Assessment

P

-+—— Interpretation

-

Figure 8.1 Steps of life cycle analysis.”



Table 8.1 Comparison of Discussed Studies

Life Cycle and Sustainability

Life Cycle
Cathode Phases Key
Authors Functional Unit  Chemistry® Considered Characteristic
EPA’ Kilometer LMO, LFP, All 10 years
traveled by NMC Lifetime
vehicle (1 battery
per vehicle)
Majeau-Bettez 50 M] NMC, LFP Extraction of No difterences
et al.” minerals, between
fabrication PHEV" and
and use phase EV" batteries
Zackrisson et al.” | 10 kWh LFP All Battery
capacity:
93 Wh/kg,
3000 cycles
at 80% depth
of discharge
Dunn et al.” Kilogram of LMO Cradle-to-Gate Global
battery but no use warming
phase potential and
energy only
Ellingsen et al.'’ | One battery NMC Extraction of -
pack minerals and
fabrication
Notter et al.” Kilometer LMO All (but -
traveled by landfilling)
vehicle

"LMO, Lithium manganese oxide; LFP, Lithium iron phosphate, NMC:

bPHEV, Plug-in hybrid vehicle; EV, Electric vehicle.

Nickel manganese cobalt oxide.

These studies are difficult to compare due to different hypotheses, assumptions,

and objectives taken into account. Owing to this remark, an analysis will be pro-
vided here for each step of the LCA methodology in order to guide future LCA

studies.

2.1 Goal and Scope Definition

The goal and scope definition step aims to define the following required elements of the

LCA:

e the FU which is used as a basis for the comparison of several solutions,

* the system boundaries,

* the selected impact categories,
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* the allocation methods used to partition the environmental load of a process when
several products or functions share the same process.
These elements will further be explained and discussed in the following paragraphs.

2.1.1 FU Definition

The FU is based on the service provided by the product/system/solution and focuses on
the main functionalities. It allows the comparison between several solutions that provide
the targeted service. The good practices for FU definition specify that a well-defined FU
shall contain an infinitive of a verb to define the service provided, a technical criterion
that qualifies the performance of the system and an operating time for the whole life
cycle.

The following studies’~ "’ have defined FU that is conformed to the best practices
stated above. Majeau-Bettez et al.” and Zackrisson et al.” define their FU in terms of
quantity of energy stored in the battery (and provided to the vehicle) during the lifetime
of a vehicle. Majeau-Bettez et al.” directly define the FU in terms of energy stored and
release during a charge and discharge cycle. Zackrisson et al.” use a definition which is
related to the batteries performance, whereas the capacity of the battery, the depth of
discharge, and the number of charge and discharge cycles are given. The US Environ-
mental Protection Agency (EPA) researchers’ and Notter et al.” define their FU as a
driven distance over the average life span of a car vehicle (around 200,000 km). “Kilo-
meter driven” based FU presents the main advantage to allow an immediate comparison
of the results with other systems that provide energy to vehicles (like petrol or hybrid
systems or fuel cells). On the other hand, the use of this kind of FU will not permit the
comparison with batteries used for very difterent applications like those used for oft grid
systems. For the purpose of comparing batteries used in various applications, “energy
stored” based FUs enable a direct comparison.

Unfortunately, there is no consensus about the choice of an FU, even among the
researchers working in the same science field. Consequently, it is recommended to
provide all the performance criteria that allow converting the selected FU into another.

2.1.2 System Boundaries Identification

Providing the service stated by the FU generally requires a lot of activities along the
product life cycle. The aim of system boundaries definition is to state which activities
are actually taken into account in the study and which are insignificant or constant for
the compared solutions. Actually, excluding a significant activity from the inside of the
system boundaries might hide some transfers of environmental impacts. Thereby, a clear
justification or explicit risks related to this decision have to be given in the final LCA
report. These boundaries can be defined at two levels. At first, the decision is taken about
the life cycle’s stages which will be included or not in the study. Next, for each life cycle
stage included in the study, it is also necessary to specify which activities are included in
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the model. For example, in the case of the LIB LCA, the lighting and the heating of the

manufacturing plant would not be considered and thus will be beyond the system

boundaries.

Concerning the life cycle stages, the analysis of the previously cited studied” '
reveals that six stages have to be considered for the LCA of a LIB pack. These stages are:
o Extraction of raw materials required for the entire battery system (including materials for

battery management system (BMS), passive cooling system etc.). These materials

include lithium, aluminum, copper, and some other rare and heavy metals like cobalt,
manganese, ...

»  Active material processing includes all the production steps of anode, cathode, electro-
lyte, and separator materials required to assemble a battery cell.

*  Manufacturing of battery stage includes all the required activities to assemble a battery cell
from active materials and the processes used to construct a battery module from the
cells.

*  Manufacturing of additional components like cooling system, BMS, packaging, ....

*  Use phase in the vehicle including the energy necessary to charge the battery.

o Choice of the EOL strategies for each component (incineration, landfilling, recycling etc.).
The Table 8.2 synthetizes the stages taken into account by the different authors.
The details concerning the choice of the activities (extraction, assembly, heating,

lighting etc.) included in each life cycle stages are not given in all of the six analyzed

studies. Data from existing databases were surely used and the impacts related to the
building of remanufacturing plants and the impacts related to the infrastructure (produc-
tion of machine tools, lighting and heating of factories...) were certainly neglected.

However, some details are given concerning the EOL stage. Dunn et al.” have proposed

a comparison between three different recycling strategies, namely pyrometallurgy,

hydrometallurgy, and direct physical recycling. EPA researchers’ have built a mean

EOL scenario which includes landfilling, metal recovery, and incineration. Finally,

Notter et al.” have considered the worst scenario to model the EOL of the battery

(i-e., landfilling).

From the theoretical point of view, the wider the boundaries are, the less chances are
to hide an impact transfer. Consequently, in order to avoid impact transfer, the LCA
practitioner would like to choose wide boundaries. On the other hand, the amount
of the work required to collect data and the associated uncertainties grow rapidly
when boundaries of the system go wider. As a consequence, the boundary definition
must be relevant to the studies expectations (comparison with other studies, design
activities, etc.).

In the particular case of LIBs, it seems irrelevant to exclude any life cycle stage of the
study area. As a matter of fact, the six life cycle stages proposed previously for the assess-
ment of LIBs environmental impacts would generate significant impacts. Excluding one
of them from the scope of the study would highly raise the probability to hide an eventual
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Table 8.2 Life Cycle Assessment Stages Taken into Account by the Different Authors

Raw Materials Active Material  Battery Additional
Extraction Processing Manufacturing  Components Use Phase End-of-Life
EPA’ Inside Inside Inside Inside Inside Inside
boundaries boundaries boundaries boundaries boundaries boundaries
Majeau-Bettez et al.” Inside Inside Inside Inside Inside Not included
boundaries boundaries boundaries boundaries boundaries in the study
Zackrisson et al.’ Inside Inside Inside Inside Inside Inside
boundaries boundaries boundaries boundaries boundaries boundaries
Dunn et al.® Inside Inside Inside Inside Not included Inside
boundaries boundaries boundaries boundaries in the study boundaries
Notter et al.” Inside Inside Inside Inside Inside Inside
boundaries boundaries boundaries boundaries boundaries boundaries
Ellingsen et al."’ Inside Inside Inside Inside Not included Not included
boundaries boundaries boundaries boundaries in the study in the study
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significant impact transfer. More specifically, the EOL stage has been excluded from the

. 6,7,10
scope of three studies’

and the three others”®” have used models that are not com-
parable. As the EOL of LIBs seems to be a strategic issue, a more developed model of the
different EOL possibilities (i.e., open and close loop recycling, remanufacturing, inciner-

ation, landfilling) should be done.

2.1.3 Impact Categories Choice
According to the purpose of the study and system under assessment, different environ-
mental impacts can be retained and different methods exist to estimate these impacts.
The Table 8.3 shows the environmental indicators used in the reviewed studies. Global
warming potential (GWP) and energy consumption (Energy) are used as indicators in all
studies. Moreover, in the majority of the studies, abiotic depletion potential (ADP),
acidification, Eutrophication, and some ecological toxicity indicators are also used.
Among all existing impact categories, some of them are more pertinent to illustrate
the environmental impact of a LIB. The most appropriate indicators are discussed below:
* Batteries are devices made to convert and to store energy. Consequently it seems
relevant to assess the energy needed along the life cycle in order to assess the
performance of the system regarding the energy of the battery able to be released
during its use phase.
» Taking into account the fact that batteries are supposed to replace a combustion tech-
nology, GWP is a good indicator to compare these two technologies. It also provides
an idea of fossil energy dependence of the system during its life cycle.

Table 8.3 Environmental Impact Categories Selected by Authors
Authors Impact Categories

EPA° Energy, ADP, GWP, acidification, eutrophication, ODP, POP, ecological

toxicity, HTP, land occupation, cancer and noncancer hazard

Majeau-Bettez Energy, GWP, FDP, FETP, FEP, HTP, METP, MEP, MDP, ODP,
etal.’ PMFP, TAP, TETP

Zackrisson et al.” Energy, GWP, acidification, ODP, photochemical smog, eutrophication

Dunn et al.® Energy, GWP

Notter et al.” ADP, nonrenewable cumulated energy demand, GWP

Ellingsen et al.t? Energy, GWP, FDP, ODP, POFP, PMFP, TAP, FEP, MEP, FETP,

METP, TETP, HTP, MDP

Impact categories: abiotic depletion potential (ADP) kg Sb eq, photochemical oxidation potential (POP) kg O3 eq,
global warming potential (GWP) kg CO, eq, fossil depletion potential (FDP) kg oil eq, ozone depletion potential
(ODP) kg CFC11 eq, photo oxidation formation potential (POFP) kg nonmethane volatile organic carbon, particulate
matter formation potential (PMFP) kg PM10 eq, terrestrial acidification potential (TAP) kg SO, eq, freshwater
eutrophication potential (FEP) kg P eq, marine eutrophication potential (MEP) kg N-eq, freshwater toxicity potential
(FETP) kg 1,4-dichlorobenzene eq, marine toxicity potential (METP) kg 1,4-DCB eq, terrestrial eutrophication
potential (TETP) kg 1,4-DCB eq, human toxicity potential (HTP) kg 1,4-DCB eq, and metal depletion potential
(MDP) kg Fe eq.
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* As batteries often contain some strategic metals like cobalt, lithium, copper, and
others, ADP is a good indicator to quantify the scarcity of these resources as environ-
mental impacts.

*  Most of the industrial processes for manufacturing and treatments at the EOL use acid
attacks/leaching. Consequently, assessing acidification seems relevant.

* In order to take into account impacts to the ecosystem of phosphoric substances like
lithium iron phosphate (LFP), eutrophication potential is used.

e The chemical processes use various toxic substances; consequently assessing
ecotoxicity indicators is relevant (marine ecotoxicity potential, freshwater ecotoxicity
potential, human toxicity potential).

Depending on the objective of the assessment, the most relevant indicators, as those
already used in the previous studies, can be retained. It is generally recommended not to
exceed more than five to six indicators in order to facilitate the results interpretation.
Nevertheless, it is also necessary to check quickly the other indicators, just to control
if there is no impact transfer between indicators when redesigning the model.

2.1.4 Allocation

In the industry, some production equipments might be shared between several products.
For instance, the dry room required for the assembly of battery cells generally contains
several production chains of different technologies. In that case, LCA practitioners
need to assign a percentage of the shared process to its inventory. This operation could
be critical if the shared process has significant impacts.

Moreover, another difficulty faced by researchers is the scale of the experiment: the
same process running at the laboratory scale is generally more energy and material
consuming than at industrial scale as some products could be reused several times in
closed loops; some reactors might be continuous, etc. Some key rules have then to be
established and shared by the allocation and no information is clearly stated on this aspect

in the cited studies.”” "

2.2 Inventory Analysis

Inventory analysis consists in listing explicitly all the activities that are inside the system
boundaries and which are required to provide the service described by the FU. LCA
practitioners are invited to establish the list of processes included in all the product life
cycle stages. Then as schematized in Figure 8.2, for each process, it is necessary to
quantify its:
 inputs: raw material and energy necessary,
* outputs: emissions and products resulting from the process.

The greatest part of the LCA practitioner’s work is to select relevant data to use and
to create appropriate life cycle scenarios with the processes. One can distinguish two
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INPUTS OUTPUTS

Raw materials ‘ T ‘ Emissions to the air, soils, water
T ‘ Products
Energy M) ) Energy

Figure 8.2 Inventory schema where inputs and outputs define a process.

types of data used in an LCA: primary data and secondary data. Primary data states for
data that are collected especially for the purpose of the study. These data have the advan-
tage to be relevant to the study purpose because they are especially collected for. All
other data are called secondary data. Secondary data can come from various sources
such as bibliography, manufacturers, environmental databases, etc. Using secondary
data is often time saving but needs controls to be sure that the data are relevant to the
study purpose.

From all the six LCAs selected,” ' all of them have used the secondary data.
Researchers from EPA” are the only who have collected primary data. These data are
those used for the active material processing and battery manufacturing which are,
according to them, the cores of the process. All the other data of this study come from
secondary sources.

Because of the recent interest for some rare resources on earth, the secondary data
concerning these rare resources are expected to evolve in a near future and the indicators
related to their scarcity would probably evolve too in order to better integrate their
environmental impact.

2.3 Impact Assessment

Substances present on the inventory list cause generally certain environmental impacts
that can be quantified and grouped into the so-called environmental indicators, whereas
each indicator is specifically related to a physical or biological phenomenon. For a given
environmental indicator, each substance has a different contribution. For instance, the
GWP can be calculated using the following equation:

GWP = ZGWmei

where GIWWP; is the individual GWP of each substance released and m; stands for the
quantity of the ith substance released in kilogram. Individual GWP of each substance
can be found on the IPCC report”. For instance, Figure 8.3 shows that the individual

*IPCC Third Assessment Report “Climate Change 2001”".
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Substances Midpoint Indicator Units

m
Global Warming ) kg CO2 eq.
v

“Ozone Layer . kg CHC 11 eq.
,_,,_7_7_7Depletion >

Photochemical
oxidants

_hadtiation 2 19 5029

Figure 8.3 Calculation framework of midpoint indicators from life cycle inventory.

kg ethylene eq.

GWP of methane (CHy) is 25. The total GWP can thus be calculated using the previous
equation as follows.

GWP = 25 * MCH, + 120 * mycpc + 1 * MCO, + .-

Moreover, a given substance can contribute to several indicators at the same time
(Figure 8.3). The calculation of the value of the indicators is always coded as a calculation
method in LCA software.

Impact indicators can be classified in two categories; midpoints and endpoints impacts
as shown in Figure 8.4. Midpoints indicators are grouped by the nature of the physical
effect induced by the release (or consumption) of the substance. For example, global
warming potential, ozone layer depletion, and acidification potential are midpoint indi-
cators. Endpoint indicators are grouped according to the effect they produce on their
environment. For example, human health, ecosystem quality, and resources are endpoint
indicators. In general, environmental indicators are not comparable among them because
they are linked to very different physical effects (and use different units).

Finally, these three endpoint impact categories can be grouped in a single score. This
is the last indicator that resumes all the previous indicators. It has the advantage of being

Midpoint Endpoint Single
Indicators Indicators Score

Inventory

Global Warming
Ozone Depletion
Photochemical Ozone Creation
Acidification
Eutrophication
Ecotoxicological Impact
Human Toxicological Impact
Abiotic Resource Depletion
Biotic Resource Depletion
Land Use

Figure 8.4 Impact categories grouped into midpoints, endpoints, and single score.
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easily comprehensible but it lacks accuracy, therefore the midpoints are generally more
often used in the scientific community than endpoints and the single score indicator.

As mentioned previously, the choice of the indicators depends on the objective of
the study. The choices realized by the different researcher groups are summarized in
Table 8.4.

Certain calculation methods include a limited number of midpoint indicators, so it
may be necessary to use more than one method to include all the desired indicators.
As an example, CML calculation method includes the following midpoint indicators:
ozone layer depletion, human toxicity, freshwater aquatic ecotoxicity, marine aquatic
ecotoxicity, terrestrial ecotoxicity, photochemical oxidation, global warming, acidifica-
tion, abiotic depletion, and eutrophication.'”

Results of the impact assessment are usually represented by graphics, where the
contribution of the given impact or the given life cycle stage to the indicator value is
pointed out.

The Figures 8.5—8.7 give an example of the representation of the results (extracted
from Zackrisson et al.’) for all life cycle phases. The global warming potential was
selected here as an example of an indicator (Figure 8.5).

On the contrary in the Figure 8.6, life cycle impacts are presented for only one life
cycle phase: the use phase, whereas the contribution of each cause (transport, weight,
electricity losses) to the given impact is visualized.

Another classical way to present the LCA results is shown in Figure 8.7. The
distribution of the global life cycle impacts as a function of the life cycle stages (transport,
usage, and manufacturing) is shown here.

Thus, different focuses have to be done on the life cycle impact assessment results in
order to emphasize the real causes of the impacts. Those figures have to be analyzed with
respect to the initial objectives as defined in the first step of the LCA study in order to
simplify the final interpretation.

Table 8.4 Calculation Methods Used by Each Researcher

Authors Calculation Method
EPA’ Several methods depending on the indicator
Majeau-Bettez et al.” ReCiPe '’
Zackrisson et al.” Several methods depending on the indicator
Dunn et al.” BatPaC", for mass inventories.
GREET model” ,
Notter et al.” Ecolndicator EI199 H/A"
CML"
Ellingsen et al.'’ ReCiPe'”

*http://www.cse.anl.gov/batpac/index.html.
bhttpﬂ://grcct.e%.;ml.go\'/.
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Global warming (GWP 100) kg CO2eq
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production, recycling
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Figure 8.5 Comparison of the global warming potential (GWP) impact of two lithium-ion batteries
along their life cycle. One uses water as solvent during fabrication and the other battery uses NMP
solvent. (Zackrisson et al.”)
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Figure 8.6 Use phase analysis results (global warming, photochemical smog, eutrophication, acidifi-
cation and ozone depletion) for a 10-kWh lithium-ion battery, used in a plug-in hybrid electric vehicle.
(Zackrisson et al.”)

2.4 Interpretation

The interpretation of an LCA study entirely depends on the three previous steps of the
methodology (Figure 8.1). From the six studies reviewed for this chapter, the following
hot spots have been identified.

EPA” and Majeau-Bettez et al.” agree on the fact that Ni and Co extraction generates
high impacts. This fact is confirmed by Notter et al.” and Ellingsen et al."” who also show
that metal extraction—Ilike Cu and Al—induces high impacts.
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Figure 8.7 Life cycle assessment results (global warming, photochemical smog, eutrophication, acid-
ification, and ozone depletion) for a 10-kWh lithium-ion battery, used in a plug-in hybrid electric
vehicle (PHEV). (Zackrisson et al.”)

EPA,” Majeau-Bettez et al.” and Zackrisson et al.” agreed on the fact that electricity
grid for use phase 1s an important parameter that raises several indicators, especially GWP
since, in some regions of the earth, electricity power plants are using fossil fuel.

Dunn et al.,® in agreement with the statement of Notter et al.,” demonstrates the
environmental benefit of LIBs’ recycling. Unfortunately, recycling is not assessed in all
the studies because the EOL scenarios are not steady yet as there are several possible
chemical compositions of LIBs. This point will be further discussed in the second part
of the chapter.

Notter et al.,” Majeau-Bettez et al.,” and Ellingsen et al.'’ reported the importance of
considering also the auxiliary elements of the battery pack inside the boundaries. For
instance, they report that the BMS that includes copper has significant environmental im-
pacts. Ellingsen et al.'” and the report of EPA” highlighted the importance of the elec-
trode processing, especially of their active materials (for both the cathode and the anode).
In more detail, Ellingsen et al.'’ and Zackrisson et al.” agree on the importance of the
impacts generated by the N-methylpyrrolidone (NMP) solvent used to process the cells’
active material.

Finally, it is also important to notice that Dunn et al.” and Ellingsen etal.'” disagree on
the quantitative assignation of the dry room process. But as none of them explain in detail
how this assignation is done, it is difficult for the reader to make his own opinion. This
shows the importance to clearly state the hypotheses which are taken to make such
assignations.

As the six selected studies do not share the same hypotheses concerning FU, bound-
aries, and objectives, it is impossible to compare the obtained results. Moreover some of
the studies have used the LCA to assess the performance of the batteries along the entire
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life cycle, whereas some of the studies have excluded certain stages (steps). In some cases,
environmental benefits were emphasized with the use of several EOL scenarios.

2.5 Conclusions

The manufacturing technology seems now to be mature and the batteries life cycle can be

well described, even if certain processes are still evolving. Different studies have already

assessed the environmental impact of LIBs” packs and this section has demonstrated that

the way how the LCA methodology is applied, influences significantly the final results.

But it is also highlighted that LCA can provide new indicators to guide the design of the

LIBs if the LCA is well conducted, that means if:

¢ the FU i1s well defined,

* the impact indicators are carefully selected in relation of direct environmental con-
cerns while some other indicators are just chosen to avoid impact transfers,

* the data collection is adapted with a clear allocation when needed,

* the interpretation is clear and assumptions are well defined.

The question now is: how to address the EOL of those products and particularly how
to recover rare resources inside the batteries? Indeed, all the realized studies were devel-
oped on an existing or well-defined solutions with limited boundaries and without
considering closed loop life cycle strategies. Thus, it seems necessary to enlarge the perim-
eter of the studies and to propose a model of the product itself and the necessary industrial
chains required to manufacture and recycle it. The objective here is to be able to choose
the best compromise between the performances of the batteries, the manufacturing stra-
tegies, and the recycling strategies. Such a model is required to avoid any impact transfer
from an environmental impact to another impact or from one life cycle stage to another.

In the next section, the existing EOL processes for batteries will be presented. This
section will also identify parameters to be taken into account in the future LIB LCA
model integrating the EOL processes.

3. FROM RECYCLING PROCESS DEFINITION TO SUSTAINABLE
INDUSTRIAL SOLUTIONS

As discussed in the previous section, the recent emergence of hybrid and electric vehicles
together with a rapid development of portable electronics has provoked increasing need
for performant energy storage systems. Accordingly the world battery market is expand-
ing. Researchers and industrials have thus focused their effort on the development of
more performant rechargeable batteries. In particular, lithium-ion technology appears
currently as the most performing system due to its high energy density, good cyclability,
and high energy yield and tends to supplant older technologies, such as lead-acid batte-
ries, nickel metal hydride (Ni-MH), or nickel-cadmium (Ni-Cd). In the European
Union, the recycling of all used batteries is regulated by the 2006/66/EC directive.'”
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Table 8.5 Recycling Threshold Depending on Battery Technology According to EU 2006/66/CE
Directive'”

Recycling
Type Rate (% w)* Heavy Metals (% w)°
Lead-acid 65% Around 100%
Ni/Cd 75%
Other chemistry (Ni-MH, 50% -
Li-ion, ...)
*Compulsory.

"R ecommended.

This directive enforces the principle of extended producer responsibility and imposes
recycling rates depending on the technology (see Table 8.5). In particular, according
to the batteries technology, recycling rates of 65%, 75%, or 50% by average weight of
batteries and accumulators shall be achieved for lead-acid, Ni-Cd, and all other types
of batteries, respectively. Furthermore, it is recommended to attain the highest techni-
cally feasible degree of material recovery for cadmium and lead.

Taking into account that the sources of raw materials are limited and that their supply
could become uncertain or difficult due to geopolitical tensions, the necessity is to ensure
the sustainability of their supply for not only environmental but also economic reasons.
This implies the establishment of an efficient recycling chain.

3.1 Recycling Process

LIBs’ recycling process is nowadays essentially driven by economical profits,"” since the
recovery of battery constituents (such as cobalt, nickel, and copper) is cost-effective.
Nevertheless good candidates for electric vehicles applications are cathode materials based
on lithiated manganese or iron phosphate salts, which are less toxic and less expensive.
This should be taken into account when designing their future recycling chain. This pro-
cess should be whether less expensive than the actual processes or whole components
(e.g., cathodes, anodes, electrolytes...) should be recovered instead of chemicals products
as done currently in order to keep the so-called “added value.”

The efficiency of the whole recycling chain is obviously depending on the efficiency
of the recycling process itself but is also conditioned by the efficiency of both collection
and sorting steps. Currently only metals are recovered from spent batteries and both py-
rometallurgical and hydrometallurgical processes are employed. A combination of the
two processes can also be used. Indeed, the pyrometallurgical recycling process consists
in a high-temperature treatment, reaching around 1400 °C, where battery cells are
smelted in a furnace and afterward valuable metals as cobalt, copper, and nickel are recov-
ered. Generally, neither aluminum nor lithium are recovered since it is not energetically/
economically efficient and they leave the process in the form of a slag that can be used as
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an aggregate in concrete.'* In such a process, there is no need to sort batteries by chemical
composition. The only necessary pretreatment is their dismantling and grinding. The
pyrometallurgical process is commercially exploited by UMICORE, in Belgium.
Regarding the hydrometallurgical recycling, the process is mainly used to recover the
metals from battery’s active materials (both cathode and anode).'® It is based on a
leaching process, whereas different acids or bases or solvents can be used as leaching
agents combined eventually with a precipitation/filtration step. Since it is a low-
temperature process it is less energy consuming than pyrometallurgical treatment. It
enables the recovery of copper and other valuable metals as pyrometallurgical process
does, but aluminum and lithium salts can also be recovered and reused later in the active
material construction chain. On the other hand, this process would benefit from a higher
degree of batteries’ sorting prior to the recycling process. As well as for the pyrometal-
lurgical treatment, the batteries are dismantled at the beginning of the process. Some
of current recycling processes combine both pyrometallurgical and hydrometallurgical
steps to recover more valuable metals. Each technique presents several disadvantages
(energy consumption, waste water production ...). A comparison of pros and cons of
both processes is summarized in the Figure 8.8.

As an alternative to both mentioned processes, the direct physical recycling technique

8,16

was proposed in the literature. This treatment deals with the recovery of battery

constituents in order to be reinserted directly into the battery supply chain with little
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Figure 8.8 Hydrometallurgy versus pyrometallurgy processes.
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or no additional processing. Nevertheless, this process has not been commercialized yet. '
Theoretically this technique enables the recovery of electrolyte, cathode active material
with a little relithiation (whereas about 5% of new lithium are needed), anode, and all
metallic components present in the battery. The negative point of this technique, despite
being still in R&D, is that a very advanced sorting would be necessary at the entry of the
process.

Another important point which has already been mentioned above is a need of a high
collection rate via an appropriate chain. Currently, the collection rate of used Li-ion
batteries (LiBs) is very low or even nonexistent in particular because of their life span
(a decade) and their dissemination in various portable applications. Furthermore, the cur-
rent recycling processes and the associated industrial infrastructure cannot assume the
future task of recycling of a large flow of spent LIBs, since the recycling chains and pro-
cesses are not designed for this type of batteries. Furthermore, the industrial facilities are
not even present in many countries, where the collection and sorting should be done.
Thus, the recycling of LiBs requires a robust EOL infrastructure not existing nowadays.

Moreover, the complexity of the new electrodes composed of several different ele-
ments (Co, Ni, Li, Zn, Mn, Fe, etc.) in diverse proportions will certainly be the most
important obstacle to be overcome in the future Li-ion recycling chain, especially the
focus should be put on the development of appropriate collecting and sorting steps
according to their composition. Indeed, the composition and the proportions of these
elements will vary significantly. Thus, it seems to be very difticult or even impossible
to develop a unique process technology for future generations of LiBs. Currently, several
industrial processes for efficient and economical recycling of Li-ion and also Ni-MH
batteries exist already. For instance, to recover the various elements of the electrode
materials, the UMICORE process combines pyrometallurgical and hydrometallurgical
steps and the TOXCO process is purely hydrometallurgical. But the question is whether
these processes would be adaptable for the future generation of LiBs and whether these
processes would still be cost-effective when the proportion of valuable metals in these
batteries will decrease.

Up to now, only the metals were recovered from the spent batteries. Nevertheless
researchers and industrials should focus their efforts on the recycling of other components
of the battery too. Especially, the extraction and recycling of electrolytes from LiBs,
which can account for 20% of the weight of the battery, should be studied. Regarding
the recycling of metals, much effort should be still done in order to develop efficient
recycling technology for the electrodes’ active materials as these electrodes will certainly
have, in close future, very complex composition as already mentioned above. Indeed
different manufacturers will certainly adopt different compositions of their active mate-
rials based whether on Li-ion oxides (LiCoO3, LiMnQO», LiNij,3Mny,3Co1,305...) or
on phosphate-based salts (LiFePOy). The organization of the whole recycling chain
should also be reflected.
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All those EOL processes have their own environmental impacts, and we need to
better know the data related to those processes, in order to be able to assess them. But
as mentioned in the previous part, to avoid impact transter between the life cycle phases
of LiBs, it is necessary to focus not only on the recycling technology itself, but to consider
the whole life cycle of the product when assessing the environmental impact.

3.2 Life Cycle Model, Analysis of the Whole product’s Life Chain

The researchers and the industrials should not only focus on the EOL of the product, but
the entire life cycle of the product should be considered. As shown in the Figure 8.9, the
sustainability of the battery life cycle depends on four ecoapproaches going from the
design of the new active material up to the EOL management, whereas the development
of an appropriate recycling chain is only the last of them. In order to facilitate the EOL
treatment of the batteries, this problem should be kept in mind from the beginning of the
design process (ecodesign approach) and the feasibility of recycling of the future active
materials should be one of the concerns during the R&D phase. This concern is of the
same order of importance as the product improvement from performance point of
view. The optimization of the production process is in the heart of ecoproduction
approach. The transport should be minimized, the number of production operation
should decrease also, the minimum of harmful products should be used etc. The optimi-
zation should also concern the utilization phase (eco-use approach), whereas the life span
of the product should be maximized, while the energy consumption should be mini-
mized. Nevertheless the previous elements should not be optimized separately, but a

Regulations
(RoHS, WEEE, ELV,
ERP, specific)

Optimization of the
use phase

Battery Eco-efficient use

Development of the end
of life treatment
processes

Eco-efficient end of life

Material Reuse
recovery

Issues Strategies Approach for sustainable life cycle of the battery
Product improvement Battery
(active materials) Eco-Design
Serious environmental
issues A
(resources, energy, Opslmlzatlon of the . Batte;ry )
pollution) production processes co-manufacturing

Surpokoar speroIe

Figure 8.9 Ecodesign of the whole battery life chain.
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global simultaneous optimization process should be preferred in order to avoid the impact
transfer. In order to perform this global optimization, it is necessary to well define the life
cycle model. This model conditions the ability to challenge the design of the whole
industrial chain (Figure 8.9).

Up to now, most of the impacts downstream in the life cycle of a product comes from
the concept and design phase, whereas these impacts are traditionally omitted during this
phase. Nevertheless, the prevention is better than cure and it is much easier to prevent
these impacts by taking into account the criteria imposed by regulations and other criteria
(social, economic, environmental) up from this phase than to intervene a posteriori. Though
the decisions made at this early stage will affect the whole life cycle of the product.

Regarding EOL phase from an environmental point of view, the objective at this
stage 1s to minimize the impacts of the end of the life of the product as well as of its
recycling. At the same time the aim is also to try to recover the maximum of materials
that can be reused in the next life cycle of the product (closed loop). This activity presents
several difficulties, mostly originated during the design phase as mention above.

As described in the introduction, one of the major problems in LIBs recycling is the
difference in active material technologies (LFP, lithium nickel manganese cobalt oxides,
etc.) in the input stream, since there is no steady technology yet, and it does not seem that
the situation is going to change in the next few years.

The efficiency of a recycling process is directly affected by the battery technology
sorting before the spent batteries enter this process, as well as the battery configuration,
i.e., the way it is assembled, modules and auxiliary components disposition, etc.

Thus it seems today difficult to create a universal—and effective—recycling pro-
cess that would be independent from the global industrial chain. Moreover, the design
of an effective couple of battery system and its recycling process with low environ-
mental impacts require the assessment of the environmental performances early in
the design process. To perform that task, designers would need a model of the whole
battery life cycle that supports environmental assessment which does not exist at the
present time.
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Lithium-ion battery (LiB) is a mature technology used in various applications.
Compact, lightweight, dependable lithium-ion secondary batteries are essential com-
ponents of many electrical and electronic appliances, such as cellular phones, portable
PC, tablets, power tools as well as of a wide range of other applications, for instance in
aeronautics, defense, or space. More recently, LiB also appears as the good candidate for
energy storage device of electric transportations due to its high energy density. The
development of new technologies for the production of lithium batteries (LIBs) is
one of the most dynamic research domains in modern materials science. As explained
all along this book, the next generation of LiBs must exhibit high specific energy and
must be safe and environmentally friendly, the Wh cost must be as low as possible and
batteries must be resource-efficient.

Since the commercialization of the first LiB by Sony in 1991, better electrochemical
performance, longer life, higher safety, and lower cost have been achieved. Such
improvements have been possible mostly with the development of new generations of
electrodes. The LiBs are composed of negative electrode like graphite and positive elec-
trode like LCO (LiCoQ3), which represents 99% and 43% of the electrodes used in LiBs,
respectively. Only 1% of LiBs use other materials than graphite such as Sn- or Si-based
composites. However, it must be emphasized that the alloy-type Sn- or Si-based electrode
will be undoubtedly applied as the negative electrode materials in future LiBs due to their
high energy density, high charge capacity (>>2.5 time when comparing to actual sys-
tems), elevated cycling potential (so no problem of Li deposition), no risk of solvent coin-
tercalation, high melting point, relatively low cost, environmental compatibility, and safe
operation potentials. The type of positive electrode materials are more versatile and apart
of the LCO, other electrode materials are used in commercialized LiBs like the lithium
nickel manganese cobalt oxide, NMC (in 32%), lithium nickel cobalt aluminum oxide
NCA, (in 11%), lithium manganese oxide, LMO (in 6%), or lithium ferrophosphate,
LFP (in 8%). Their application depends on the purpose of the battery. The forthcoming
modifications of the LiB system will be to apply the high rate and high energy density
positive electrode materials, which means that the LCO-layered cathode will be replaced
for example by the spinel (NCA), olivine materials. The research and development of
LiBs is based on different strategies such as: chemical modifications of electrode materials
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and/or electrolytes (including the application of electrolyte additives), nanostructuration
of electrode materials, surface-modification of electrodes. The surface chemistry related
to reactivity of electrode materials with electrolyte resulting in formation of solid electro-
lyte interface (SEI) layer is still also one important issue of the LiBs, which needs to be well
understood and controlled.

However, all these developments of LiB systems are not enough to overcome the
energy density limits of these types of batteries and new chemistries are necessary. The
next promising Li-based battery technologies could be Li-chalcogen (S and O,) batteries
particularly interesting for e-transportation due to their high energy densities (350 Wh/kg
and 500 Wh/kg, respectively) in comparison with the LiBs reaching today maximum
180 Wh/kg. The research on Li/S technology is far advanced (as evidenced by achieve-
ment of several battery companies like Oxis Energy, NOHMS Technologies, and Poly-
plus) and can revolutionize the battery market during the next few years. Still some more
improvements are necessary to stabilize the Li metal-electrolyte interface (related to the
limitation of the polysulfide diffusion), safety issues, self-discharge, and rate capabilities.
Contrary to the Li/S batteries, the promising Li/O; batteries are still under development
due to the several limitations, which include the ingression of water and carbon dioxide
from air, the precipitation of Li»O; on the porous carbon air electrode and its subsequent
re-oxidation, the poor energy efficiency, or the poor rate capability. It must be mentioned
that the prognostics for application of commercialization of Li/O; batteries are not very
optimistic due to the number of severe obstacles to overcome and it seems that only pri-
mary aqueous Li-O; cells are commercially viable products. Another possibility can be the
Li-aqueous batteries, which offer also some attractive perspectives to promote low-cost
electrical storage solutions, potentially interesting for stationary applications. This type
of batteries is also far from application due to the poor cyclability that is mainly ascribed
to the absence of solid electrolyte interphase (SEI) and therefore to corrosion problems
and also low capacity retention and low coulombic efficiency. It should be pointed
out that homologous Na-based aqueous batteries are much more advanced with battery
packs being already commercialized since the beginning of 2014.

Finally, electroactive organic compounds could play an important role in the forth-
coming battery technologies since they exhibit several assets such as the possibility of
being prepared from renewable resources and eco-friendly processes coupled with a
simplified recycling process. However, it should be clearly stated that the development
of organic batteries is clearly in its early stages and much remains to be done especially
to achieve high energy/power density and cycling stability.

As a conclusion, it is clear that LiBs are the most promising candidates as efficient and
mature electrochemical energy storage systems for many applications within the forth-
coming years. However, many efforts must be made such as the development of stable
high-voltage materials and the development of new electrolytes compatible with these
cathode materials. Last but not least, LiBs recycle should not be neglected and the
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eco-design approach must be considered very early during batteries development.
As mentioned above, the future electrodes will likely still contain valuable metals such
as nickel, cobalt, and lithium. Today, cathodes and electrolytes in a 100 Ah high energy
cell of LiBs represent 41% and 8.5% by weight of the cell components or 48.8% and
23.4% of the cell price, respectively. The presence of nickel and cobalt is mainly respon-
sible for the cost of the cathodes in the LiBs whereas lithium is responsible for the price of
the electrolyte. Securing these resources is vital to ensure the production of LiBs at mod-
erate prices. Nickel and cobalt are produced from mining while lithium is produced from
three types of deposits: lithium brine, which is the most important lithium deposit type as
it represents about 58% of the global resources, sediment-hosted deposits such as hector-
ite and jadarite as well as pegmatites and highly difterentiated granites. Presently, the price
of lithium on the market is lower than that of cobalt or nickel but the deal will likely
change in the forthcoming years. Although lithium is used in many applications such
as glass and ceramics industry, lithium greases, air treatment, primary aluminum produc-
tion, or production of pharmaceutical products and polymers, most of the market of
lithium concerns the LIBs (27%). This trend will likely increase exponentially with the
emergence of electric transportation, which require more and more lithium under the
form of high-grade lithium carbonate, lithium hydroxide, and lithium chloride.

Lithium, cobalt, and nickel supply could be the limiting step of the emergence of
electric vehicle over the long term since these resources are usually available only in a
specific geographic region that can be subject to government instability. Recycling
LiBs can limit the supply risk by enlarging nickel, cobalt, and lithium availability. Recy-
cling is also considered as a priority from environmental and health points of view because
LIBs can represent a significant hazard since the batteries contain reactive materials,
organic, and inorganic compounds that can explode at high temperature or can pollute
the environment. Thus, government regulations are more and more strict concerning the
obligation to recycle LiBs in the sake of sustainability and safety hazards associated to
disposal of spent LIBs even if recycling is not sufficiently attractive economically.

In general, pyrometallurgical, hydrometallurgical, or combined pyrohydrometallur-
gical processes can be used to recycle spent LiBs. Although great efforts were made to
develop hydrometallurgical methods for recycling spent LiBs at the laboratory scale,
most of the industrial recycling processes are currently based on pyrometallurgical pro-
cesses (e.g., Batrec, Toxco, and Valeas for LIBs, Sony, Recupyl, and Batenus for all kinds
of batteries, etc.). However, the hydrometallurgical routes may be more and more imple-
mented for LiBs recycling because pyrometallurgical processes are expensive, not adapt-
able for recycling LIBs from the electric vehicles, consume too much energy and may not
be applicable to recover future generations of electrodes, which will likely be polymetal-
lic materials. Hydrometallurgical treatment starts by discharging the spent portable LiBs,
followed by dismantling, mechanical pretreatment, and separation stages. Processes such
as leaching, solvent extraction, precipitation, and ion exchange are implemented to
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recover metals. Despite the EU batteries directive, recycling lithium is an expensive
process and many efforts must be done to develop new efficient and cheap recycling
technologies that can adapt to the large variety of LIBs.

This book is the first overview of the research, development on lithium chemistry
from the lithium resources, through production with a special emphasis on energy storage
systems up to recycling. We sincerely hope that this book is clarifying many aspects of
lithium chemistry and LIB-related chemistry and will be helpful for battery designers
in the academic and industrial areas by having also its input in sustainable development
of new electrochemical energy storage systems for many applications with a particular
focus on e-transportation being the most significant technological revolution after the
cellular and the Internet.
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