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Abstract Graphite is currently the state-of-the-art anode
material for most of the commercial lithium ion batteries.
Among different types of natural graphite, flake graphite
has been recently recognized as one of the critical materials
due to the predicted future market growth of lithium ion
batteries for vehicular applications. Current status and
future demand of flake graphite in the market are dis-
cussed. It was found that flake graphite could become a
critical material in the near future for countries such as the
United States and members of the European Union with no
graphite production. Recycling of flake graphite from its
different waste resources is proposed as a potential solution
to meet the future demand of graphite. The current status of
graphite anodes in the present recycling technologies of
spent lithium ion batteries was reviewed. The limitation of
current technologies and a new perspective towards the
future concept of “battery recycling” were also pointed
out. Challenges in recycling battery grade flake graphite
from spent lithium ion batteries and possible research
opportunities in this regard were introduced.
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1 Introduction

World demand for lithium ion batteries (LIBs) as the energy
source for cell phones, laptops, power tools, medical
equipment, entertainment devices, and the automobile
industry has shown a rapid growth over the past two decades
[1]. Low self-discharge rate, high rate capacity (1C),
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excellent cycling behavior (>1200 cycles), high energy
density, temperature tolerance, long life-time, and no
“memory effect” are the advantages that LIBs offer over
other batteries [2]. Apart from portable devices, a consid-
erable market growth is predicted for LIBs in the future as
part of the automobile industry where they are used to power
hybrid electrical vehicles (HEVs), and electrical vehicles
(EVs) [3]. Many companies such as Audi, Toshiba-Mit-
subishi JV, BMW, Ford, Honda, General Motors, Nissan,
Toyota, and Mercedes Benz have already announced
launching in the market lithium-ion powered automobiles
[4]. Many researchers and consulting firms have published
reports that forecasts LIBs market growth. Merrill Lynch
estimates that the LIBs market will reach $70 billion by
2020 while the Boston Consulting Group predicts that the
market for EV LIBs alone will reach $25 billion by then [5].
Most of the LIBs being used in portable devices use a
material such as LiM,O4 as cathode. For example,
LiNig sCoq 15Alp 050, is the cathode of the LIBs in cell
phones, cameras, and laptops. LiMn,Oy, LiCoy/3Ni;;3Mn;,530,,
and LiFePO, are the cathode materials for power tools,
medical equipment, HEVs, Plug-in HEVs, and EVs [4, 6, 7].
Till date, the anode in most of the commercial LIBs is gra-
phite since it stores lithium ion well when the battery is
charged and has a long-term cycle stability [8]. LIBs’ elec-
trolytes are lithium salts (such as LiClOy4, LiNiO, and LiPFg)
dissolved in organic solvents [9—12]. Other parts of the LIBs
are binder, current collectors (copper and aluminum), plas-
tics, steel, and thermal insulation. The estimated weight
composition of the materials in the battery is 5-20 % cobalt,
5-10 % nickel, 5-7 % lithium, 15 % organic chemicals,
7 % plastics, 12-21 % carbon, and the remaining weight is
related to copper, aluminum, and steel [6, 7, 13].
Currently, some of the main challenges of LIB tech-
nology are the overall production cost and the long-term
material supply for future demand. Cost of the materials
being used in a lithium ion cell is at least 33 % of the
production cost mainly because of expensive raw materials
such as cobalt, lithium, nickel, and manganese [14].
Moreover, the primary resources of these metals are limited
around the world, while the amounts of easily minable
metal ores are in decline [15]. In addition to the metallic
compounds used in LIBs, and their cost, it is important to
consider the supply of graphite as the commercial anode
material for LIBs because a lithium ion cell contains at
least 11 times more graphite than lithium depending on the
battery type and application [6, 16]. For example, Table 1
summarizes the content of lithium and graphite in LIBs
with LiMn,O, cathode for HEVs, Plug-in HEVs, and EVs.
The content of graphite in mid size HEVs, PHEVs, and
EVs can approximately reach up to ~4, 8, and 47 kg,
respectively, and in HEVs, PHEVs, and EVs sport utility
vehicles (SUVs) up to ~5, 21, and 65 kg, respectively
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[6, 7]. Using the values reported above, and the data from
vehicle sales during the first six months of 2014 in the
United States (287,761 vehicles from January Ist to June
31st 2014 [17]), graphite consumption would be at least
1.6 x 10* metric ton for year 2014 in the automobile
industry alone [6, 7, 17].

The increasing worldwide demand of graphite started
from the last half of 2009 and its growth was steady
throughout 2012 and into 2013. This increase is predicted
to continue mainly due to conversion from nickel-metal
hydride batteries to LIBs and the growth of the LIBs sector
for vehicles [18]. In 2010, the global market for natural
flake graphite was estimated to be around half of million
metric ton per year [19, 20]. Based on industrial analysis,
this demand could potentially exceed one million metric
ton per year by 2020 [21, 22]. Accordingly, the growth of
EVs in upcoming years is expected to coincide with a
dramatic raise in the graphite cost. Only from 2009 to
2013, the cost of imported flake graphite to the United
States increased more than 100 % [18]. This evidence
indicates that in the near future graphite would be in the list
of the most critical materials for high performance LIBs.

From an economical point of view, a possible solution to
meet future supply of raw materials necessary for LIBs
production is through recycling of the battery components
to the grade that could be reused in LIBs. Although, several
companies in the United States, Asia, Europe, and Canada
are currently recycling battery scraps to recover some
valuable materials, the focus has been on the recovery of
the cathode components for LIBs. Not much effort has
been dedicated to the recycling and reusing of graphite in
the LIBs. Within this context, this paper presents a review
of recycling technologies for graphite in LIBs, challenges,
and opportunities that can be enable by new processes such
as the use of surface modified anode materials.

2 Battery grade graphite

Graphite is the most commonly used anode material in
commercial LIBs due to its stable thermal and mechanical
structure, electrical conductivity, non-toxicity, abundance,
and prevention of dendrites formation in the battery [2, 23].
However, in the LIBs field, using the term “Graphite” may
not be precise enough since not all kinds of naturally mined
graphite can be used in these batteries. This section pre-
sents a review of the type of graphite grades that are used
in LIBs.

2.1 Natural graphite

In general, differing in purity and morphology, there are
three different types of natural graphite (NG): (1)
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Table 1 Graphite and lithium .

content for HEV, PHEV, and Component Mass (Kg)

EV lithium ion batteries using Mid-size vehicles Sport utility vehicles

LiMnOy as cathode material

[6, 71 HEV PHEV EV HEV PHEV EV
Graphite 4.08 8.35 47.40 4.80 21.00 64.65
Li as cathode active material 0.37 0.76 4.22 0.44 1.99 5.76
Graphite to Li ratio 11.02 10.98 11.23 10.90 10.55 11.22
Mass of battery pack 34.00 67.00 316.00 40.00 176.00 431.00

Mass ratio of graphite to lithium is at least 10 times larger

amorphous, (2) flake, and (3) vein graphite. Amorphous
graphite has the lowest carbon purity ranging between 60
and 90 % and its flake plates are relatively small in size
[24]. Flake graphite is 75-97 % pure and highly crystal-
lized with isolated, flat, plate-like particles [25, 26]. Vein
(lump) graphite occurs mainly in Sri Lanka. It has the
highest purity ranging between 98 and 99.9 % and the
highest crystallinity ranging from flaky to fine powders
[26-29]. Table 2 summarizes the classification of NG
based on flake size and carbon purity as reported by LIB-
ERTAS group [16].

Since the battery grade graphite should be highly pure
and crystallized with large flake sizes [26], only flake and
vein graphite can be used as the raw material for anodes in
LIBs due to their high degree of graphitization [30].
However, vein graphite is mined commercially in a few
countries and has a limited availability. Therefore, it is
relatively expensive and not abundant enough to be con-
sidered as a source of raw material for LIBs. As a result,
practically, flake graphite is the main natural source of
graphite for producing battery grade graphite [16]. Figure 1
shows a scanning electron micrograph (SEM) of the flaky
morphology of natural flake graphite (NFG). NFG has a
layered structure. In each layer, the carbon atoms are
arranged in a honeycomb lattice and the distance between
the planes is 0.37 nm. A distribution of graphite flake sizes
can be seen in the micrograph. Graphite particles mostly
have prismatic platelets and the basal planes and edge
dimensions are well-defined.

However, NFG cannot be used directly in advanced
LIBs, because (1) NFG is not pure enough for battery

Table 2 General natural graphite properties [16]

Graphite product Carbon content (%) Graphite size (um)

Large flake 94-97 >177
Medium flake 94-97 149-177
Fine flake 94-97 <149
Amorphous 80-85 >37

Fine and medium flakes graphite types are used in graphite electrode
production predominantly

applications [31]; and (2) NFGs are not isotropic, i.e. the
dimensions of NG flakes in the parallel and perpendicular
directions to the basal planes are not the same. This type of
morphology adversely affects uniform distribution of the
particles on the current collector. Furthermore, NG flakes
tend to adhere to the current collector with the basal-plane
surface in the direction of the current flow and with edge-
plane surface vertical to the current flow. Figure 2 shows
the SEM images of basal and edge planes of NFG and the
schematic of highly oriented NFG coated on a copper foil.
As a result of this orientation, it becomes more difficult for
Lit to intercalate into the graphite structure since the
intercalation of Li" occurs through edge-plane surfaces.
Subsequently, NFG demonstrates poor rate capacity.
Therefore, upgrading processes are necessary to provide
highly pure NFG and solve the problem of low rate
capacity due to the high orientation of NG flakes.

The upgrading processes of NFG include (1) purification
steps by different methods such as heat treatment [32, 33]
and chemical treatment [31], and (2) rolling of the graphite
flakes into a spherical shape by different mechanical
methods. In the mechanical methods, small NG pieces
could be folded into a compact ball by pressure from both
sides of the planar graphite fragments. Figure 3 shows the
structure and morphology of spherical graphite. The end
product of upgrading flake graphite is potato-shape type
particles with more than 99.9 % carbon purity, which is
known as spherical graphite [34-37]. Unfortunately, the
yield of spherical graphite production is only 30 %, thus
spherical graphite is three times more expensive when
compared to flake graphite [16].

2.2 Synthetic graphite

Apart from NG resources, the demand for graphite is ful-
filled with synthetic graphite (SG), especially for those
countries with limited or no NFG resources. SG is pro-
duced by heat treatment of unstructured carbon such as
crushed calcined petroleum coke and coal tar pitch at
temperatures as high as 2500 °C under exclusion of oxy-
gen. Using high temperatures, disordered layers of the
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Fig. 1 Scanning electron (a)
microscopy images of natural

flake graphite. Particle size

a 20 pm; b 40 pm. Reproduced

with permission [185].

¢ Schematic illustration of

carbon atoms and graphene

layers arrangement in the

structure of graphite

(b) Current Flow

! | Basal plane
I I
[ I ]

]«—— Edge plane
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Fig. 2 a Scanning electron microscopy images showing basal and
edge planes. Reproduced with permission [186], b schematic views of
the raw natural graphite flakes spread on copper current collector. The
basal and edge planes are parallel and perpendicular to the current
collector, respectively [35]

Current collector
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carbon source become orientated similar to the graphitic
structure. One of the biggest advantages of the SG is that it
contains significantly lower impurities than the original
carbon source due to the high temperature used during the
synthesis process [16, 26, 38]. The purity of the end pro-
duct is usually as high as 97-99.9 % [39]. By using high-
purity coke as raw material, purity levels above 99.9 % can
be achieved as well [38]. The morphology of the end
graphite ranges from fine and flaky powder to larger, fine
size and irregular grains [16, 26]. Several different factors
such as crystalline make-up, maximum heat-treatment
temperature, and furnace processing atmosphere affect the
electrochemical performance of the SG [40]. The electro-
chemical characteristics of SG anodes have been reported
[41-44]. Aurbach et al. [43] performed a comparative
study on the electrochemical behavior of SG and NFG as
anode materials in propylene carbonate (PC) solutions for
LIBs. Figure 4a shows the galvanostatic cycles of SG and
two types of NFG. The irreversible capacity of the NFG
electrodes is much smaller than that of the SG electrode.
Two dimensional (2D) atomic force microscopy (AFM)
images and in situ surface height profiles of NFG and SG
during the first cathodic polarization show differences in
the particle morphologies and their crystal structure
(Fig. 4b). More intense changes in the height profile are
observed in the SG electrode than in the NFG electrode. SG
particles have a lot of crevices in their edge planes, thus the
build-up of internal pressure due to PC reduction inside
these crevices is pronounced. This increases their active
surface area, resulting in bigger irreversible capacity.
Hence, for NFG with smoother edge planes, the above
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Fig. 3 Scanning electron
microscopy images of a general
view of potato-shape natural
graphite. The particles show
only a small variation in shape,
b individual potato-shape
natural graphite. Reproduced
with permission [31];

¢ schematic illustration of
spherical graphite production
from NFG. The NFG particles
are folded concentrically to
form potato-shape graphite

unfavorable process is observed less and the irreversible
capacity is relatively small [43].

SG accounts for a significant share of the graphite
market, in particular in North America. In 2011 SG con-
tributed 56 % to the global graphite market. The produc-
tion of SG powder typically involves a small number of
specialized producers in North America, Europe and Japan.
However, its application as anode material for future
demand of LIBs is limited by its price [45, 46] as the price
of SG is usually 1.5-3 times higher than NFG with the
same quality [16].

2.3 Expandable graphite

Expandable graphite (EG) is a special form of intercalated
graphite with distinctive properties. The raw material for
EG production is usually NFG. Basically, EG is graphite
with dramatic enlarged distances between its graphene
layers. The production of EG has two essential steps. Ini-
tially, flake graphite is intercalated by a type of strong
oxidizing agent such as sulfuric acid to insert sulphate ions
into the graphite’s crystal lattice. The intercalation process
can be done by chemical (CI) and electrochemical (EI)
methods [47]. The end product of this step is called “gra-
phite bisulphate”. Then by immediate exposure to high
temperatures, graphene sheets fall apart and graphite
expands. Depending on the temperature, mildly or fully
expanded graphite can be achieved. By using tempera-
tures >800 °C during the heat treatment, graphite expands
at least 300 times. As a result of this expansion, the surface
area of graphite increases about 1000 times [16, 26]. Pro-
cessing conditions such as oxidizing agent amount, heat

treatment temperature, and duration affect the structure of
the EG. Figure 5 Electrochemical performance of the EG
as anode materials for LIBs has been extensively investi-
gated in the literature [48-50].

Bai et al. [49] performed a comparative study on EG and
NFG as anode materials for LIBs via a variety of electro-
chemical testing techniques such as galvanic cycling.
Figure 6a, and b show the galvanostatic cycles of the first
three cycles of NFG and EG, respectively. The reversible
capacity of EG is almost twice that of NFG. However, the
first-cycle Coulombic efficiency and capacity retention of
NFG is much larger than EG. The large irreversible
capacity in EG comparing to NFG was attributed to the
disorder-induced structure instability. Moreover, the sec-
ond cycle curves of EG indicates smaller crystallite struc-
ture and high specific surface area. EG electrodes exhibit a
broad electrochemical window as a function of lithium
capacity and a large voltage hysteresis between discharge
and charge voltage curves, which is more similar to the
nongraphitic carbons. The kinetics properties of EG and
NFG electrodes were also compared by Altering Current
impedance measurements as shown in Fig. 6¢c, d. EG
electrodes exhibit higher electrochemical activity during
the charge and discharge process. The presence of func-
tional groups at the unorganized carbon sites results in
more irreversible lithium inserting in the electrode with the
growth of cycle number, which could lead to the increase
of electric conductivity of EG. On the contrary, for the
NFG electrode, the radius of the semicircle in Fig. 6¢
increases with the cycle process, which is explained by the
fact that the SEI on the surface of NFG electrode grows
thicker with the cycle process [49].
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Fig. 4 a First consecutive discharge/charge cycles of electrodes
comprised of synthetic graphite flakes (KS25), and two types of
natural graphite flakes (NGF and TNGF) in EC:PC = 2:3/1 M
LiClO4 solutions. b 2D atomic force microscopy images of KS6
and NGF electrodes measured in situ during the first galvanostatic
cathodic polarization in EC-PC/LiClO, solutions. The images were

3 Market analysis

Worldwide demand for high quality NFG started to face a
considerable raise since 2009. Based on Roskill Global
Commodities market reports, annual demand growth of
flake graphite will be 10-12 % per year from 2010 to 2016
mostly driven by the dramatic annual growth in the pro-
duction of LIBs [51]. Mining and production of NG are
limited to several countries around the world. Figure 7
represents the world NG producing countries in 2013.
Among these countries, China, Canada, and Madagascar
are the main suppliers of worldwide flake graphite [18, 29].
Besides, due to China’s new policies in decreasing export
rate of flake graphite and increasing utilization of China’s
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presented. The height differences in the profiles for the initial and the
polarized states are marked. AAZ values marked near the images are
the differences in AZ between the initial and polarized states.
Reproduced with permission [43]

flake graphite to manufacture the end products, the price of
flake graphite has raised more than 100 % and it is pre-
dicted that this will have remarkable effects on flake gra-
phite’s prices in the near future [39].

As a consequence, the United States and countries from
the European Union with no graphite production deem
flake graphite as a critical material [45, 52]. Accordingly,
future supply of graphite has become a considerable con-
cern for the United States due to the estimated dramatic
future cost increase, being 100 % relied on importing flake
graphite from other countries, and the fact that the United
States plans to be one of the main manufacturer of EVs in
the future. For example, it is expected that by 2015, the
United States would have 1 million plug-in hybrid vehicles
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precursor

EI Milled EI

Fig. 5 Scanning electron microscopy images of expanded graphite obtained by chemical (CI) and electrochemical (EI) intercalation of natural

flake graphite. Reproduced with permission [47]

on the roads [53]. Table 3 summarizes the price of
imported flake graphite to the United States from 2009 to
2013 [18]. The cost of graphite has increased from $694
per metric ton in 2009 to $1360 per metric ton in 2013
(~100 % increased in the prices).

Accordingly, in order to meet future demand of graphite
for battery production, recycling the waste sources of flake
graphite should be considered for countries like the United
States. In addition, considering the fact that NFG under-
goes many upgrading processes and expenses to become
qualified for LIB manufacturing, recycling used graphite
anodes to the grade that could be reused in LIBs could be a
key solution to these challenging issues.

4 Potential recycling sources

Flake graphite recycling has not been a major consideration
in the past due to its abundance and favorable price. Apart
from the battery industry, there are several other industries
that use NFG as raw material. Therefore, their products
could be considered as potential NFG recycling sources at
the end of their life-time. Major applications of flake gra-
phite are in the production of steel furnace refractories,

casting processes, crucibles, brake lining, and lubricants
[19, 25, 54]. Table 4 specifies different applications of
flake graphite.

Among these applications, steel furnace refractories are
the consumers of almost 40 % of the NFG [21]. The waste
that comes from steel making industry is known as “kish”
and the graphite content of this waste is called kish graphite.
A considerable tonnage of kish graphite is produced daily in
steel production [55]. X-ray diffraction analysis has shown
that the structure of kish graphite is almost identical to that of
NG [56, 57]. Generally, industrial kish graphite exhibits a
flake like appearance and the majority of the flakes are coarse
size flakes [58]. The feasibility of recycling high quality
flake graphite from kish has been investigated in the litera-
ture and reported to be successful in producing flake graphite
with even improved crystallinity when compared to raw
NFG [59, 60]. Therefore, kish recovered flake graphite could
be a potential source of spherical graphite production for
LIBs. Although the demand and future market growth of
high quality NFG has been recognized since 1997, no
commercial kish recovered flake graphite is available
[18, 59]. Recycled flake graphite from other refractory
industries goes to brake linings and thermal insulation pro-
duction due to the lower level of quality [18].

@ Springer
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Fig. 7 The world natural graphite producing countries in 2013 [18]
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Batteries, as one of the major consumers of flake gra-
phite, could be considered a significant source for recycling
battery grade materials. LIBs have been recycled using
various methods from laboratory to successful commercial
scale and the quality of the recycled products could vary
from basic elements to battery-grade-materials [6, 9, 14,
61-67]. Most of these processes focus on recovery of
lithium, cobalt, nickel, manganese, aluminum, and copper
[38] in form of metallic alloys, compounds, or solutions
containing metallic ions [9]. However, the carbon content
of the batteries is either eliminated from the battery scrap
by burning in furnaces or remains in after-filtration cakes
as residue of the recycling process. The residue gets dis-
carded or sent to steel-making industries.

Apart from flake graphite recycling, obtaining battery-
grade carbon form various renewable and sustainable waste
resources such as cherry stone, olive stone, mangrove
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Table 3 Prices and import percentages of imported NFG to the United States [18]
Salient statistics—United States 2009 2010 2011 2012 2013
Price of imported flake graphite (average dollars per ton at foreign ports) 694 720 1180 1370 1360
Net import reliance as a percentage of apparent consumption 100 100 100 100 100
Table 4 Specification of .. . -
graphite for different Application Type Carbon purity (%) Flake size (um)
applications [25] Refractories

Steel furnace refractories (magnesia graphite) F 80-95 150-170

Casting processes (alumina graphite) F >85 50-500

Crucibles A F 80-90 >150

None-refractories
Brake lining AE,V >08 <75
Lubricants A F,V 98-99 53-106

Waste resources of steel furnace refractories and casting processes could be potential recycling resources of
flake graphite. Reproduced with the permission of the British Geological Survey ©ONERC. All rights

Reserved

A amorphous, F flake, V vein

charcoal, rice husk, peanut shell, cotton wool, banana
peels, and nonedible chicken egg-based waste have been
reported in literature [68]. The recycled carbon from these
resources structurally may belong to different types of
graphitized or non-graphitized carbon. The carbon derived
from the rice husk is in porous fibrous form showing
superior electrochemical performance, especially in terms
of rate performance (137 mAh g~ ' at 10C) [68]. The car-
bon synthesized from chicken egg is in the form of nitro-
gen-rich mesoporous carbon. This material exhibited a
reversible capacity of 1780 mAh g~' as LIB anode, which
is among the highest value achieved with carbon-based
materials. Even the capacity at the 100th cycle (1365 mAh
g~ ") has shown to be more than 3 times higher than the
theoretical capacity of graphite (372 mAh g~ ") [69]. Anode
material synthesized from waste banana peels (Banana
peels pseudographite (BPPG)) has shown to work very well
for LIBs, achieving 3 times the capacity of graphite. The
graphite produced with this method has highly accessible
near-surface nanopores for Li metal filling at low voltages
and also substantial defect content in the graphene planes
for Li adsorption at higher voltages [70].

Furthermore, non-renewable waste resources such as
waste tires have been investigated for the production of
functionalized carbon black. Recovery of such waste
resources is beneficial for the recovery of carbon for LIBs
as well as for controlling environmental hazards caused by
waste tire stockpiles. The carbon recovered by this method
has shown to have an ordered assembly of graphitic
domains. Electrochemical studies revealed that this

material had a higher reversible capacity than that of gra-
phite with a reversible capacity of 390 mAh g~' after 100
cycles [71].

5 Recycling processes

The quality of the recycled materials from waste
resources of batteries can vary from basic elements to
battery grade material. Based on the quality of the
recycling end products, recycling processes for LIBs can
be categorized into three main classes: (1) Pyrometal-
lurgical recycling or thermal treatment process, (2)
Hydrometallurgical recycling or chemical process, and
(3) direct physical process.

5.1 Pyrometallurgical recycling or thermal
treatment process

This type of recycling involves thermal treatment by
smelting of battery components at elevated temperatures,
from which only metals such as nickel, cobalt, lithium, and
zinc are recovered. In this approach, the role of thermal
treatment is to concentrate and liberate materials from
current collectors followed by carbon electrodes elimina-
tion and other organic compounds. Carbon electrodes are
either burned or served as reductant for some of the metals
[6, 66, 72]. In pyrometallurgical recycling, LIBs may or
may not undergo pre-separation of battery components
before smelting. Therefore, graphite and other negative
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electrode materials may be fed into smelting furnace along
with positive electrode materials. This approach considers
batteries as a source of raw materials and is only capable of
recovering metals as elements. The recovered metal ele-
ments may subsequently be used in battery materials pro-
duction or other chemical industries such as steel making
companies [9, 66, 67].

Umicore Company located in Belgium has developed
the VAL’EASTM process for recycling some sort of bat-
teries including LIBs. This process is mainly based on
pyrometallurgical methods. Battery scrap is introduced to
ultra-high temperature smelters without any sort of pre-
separation where organic materials (plastics, electrolyte,
and solvent) are burnt and carbon electrodes are used as
reducing agent for some of the metals. Figure 8§ shows a
schematic of the Umicore pyrometallurgical recycling
process. The primary focus of the process is to recycle Ni
and Co as Ni(OH), and LiCoO,, respectively; the latter of
which can be used in manufacturing new LIBs. Umicore
method has a limited application in the recycling of LIBs
with LiMn,0,4 chemistry because lithium ends up in the
smelter slag. Umicore claims that using recycled Co
reduces the production energy for LiCoO, by 70 %, which

Dismantled Lithium lon Batteries
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SandSlag |  Smelter 1400°C g
Slag
Alloy: including
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Fig. 8 Schematic of Umicore pyrometallurgical battery recycling
process. Reproduced with permission [6]
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would be a tremendous improvement. If there is a reduc-
tion of cobalt use in LIBs, the concomitant lower yields of
Co in the recycling stream could make Umicore’s pro-
cesses uneconomical. Up to now, pyrometallurgical meth-
ods are not considered a suitable choice for recycling LIBs
neither economically nor environmentally. Also other
metals such as Cu, Fe, Zn are recovered as elements in this
process while Li and Al end up in the recycling slag. In
addition high value graphite anodes get lost [14, 61, 66,
67].

Accurec company—located in Germany—employs a
mechanical pre-treatment process to remove plastic com-
ponents, Al and Cu foils, and steel compounds before
introducing the LIBs waste to the pyrometallurgical step.
This process focuses on recovering Li, Mn, and Co in the
form of lithium oxide, lithium chloride, and cobalt-man-
ganese alloy by using a vacuum distillation furnace. There
is no indication or emphasis on separating graphite elec-
trodes in the pre-treatment step. Hence, one can hypothe-
size that graphite ends up in the slag as the residue of the
recycling process [9, 73].

SNAM Company—Ilocated in France [9, 63, 74]—,
XStrata Nickel International Company -located in Canada
and Norway [14, 75]—, and INMETCO Incorporated—
located in the United States [9, 76]—recycle LIBs as a part
of their battery recycling programs via pyrometallurgical
technologies. SNAM produces a cobaltiferous mixture
called “MELCO” from recycling LIBs. XStrasa is only
interested in the recovery of Cu, Ni, and Co content of
LIBs and INMETCO recycles Fe, Co, and Ni as alloy for
stainless steel production. All other organic materials
including carbon and graphite electrodes go to the slag or
are burned as energy source or fed into the chamber as
reducing agents in these processes [76].

Apart from commercial LIBs recycling, using thermal
treatment has been investigated in laboratory scale in dif-
ferent stages of the recycling process. Lee and Rhee used a
combined process for recycling spent LIBs shown in
Fig. 9. By a two-step thermal treatment followed by
shredding, and two screening steps, cathodic active mate-
rials were separated from other materials. All of the battery
materials—including graphite—are introduced to the first
thermal treatment furnace without pre-separation. It can be
assumed that a part of the graphite anode has been sepa-
rated as filtrate. The rest of the graphite and carbon content
of the batteries that are not separated via screening are
burned off by calcination at 500-900 °C [77]. Bahgat et al.
[78] reported a process for recycling LIBs using the same
route with minor modifications. They separated cathode
and anode electrodes by means of shredder before the
thermal treatment process. However, there is no informa-
tion about recycling the separated graphite electrode in
their process [78].
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Fig. 9 Schematic of proposed recycling process for spent LIBs by
Lee and Rhee. Reproduced with permission [77]

5.2 Hydrometallurgical recycling or chemical
process

Hydrometallurgical processing technique consists of acid
or base leaching for dissolving battery materials followed
by purification processes such as chemical precipitation,

filtration, solvent extraction, and electrochemical pro-
cesses. This method is capable of recovering almost all of
the active materials. Negative electrode materials, includ-
ing graphite, could potentially be recycled if the negative
electrodes were separated from the positive electrodes by
applying some types of mechanical separation processes
before the leaching process [6, 63]. However, most of the
pilot and commercial processes mainly aim on recovering
electrolyte and valuable metals from the positive electrode,
and even with the pre-mechanical separation steps only
plastics, papers, iron, and copper sheets get separated and
graphite goes to the leaching step and burns off by calci-
nation [63, 67].

Most of the developed laboratory and commercial
recycling processes for LIBs are hydrometallurgical based.
Toxco Incorporated—located in Canada and the United
States—has designed a series of low temperature
mechanical and chemical procedures for recycling LIBs,
shown in Fig. 10. The output of the mechanical separation
process is three streams of materials, two of which contain
valuable materials. The first stream is rich in Co, Cu, Ni,
and Al. The second stream is called “Cobalt Filter Cake”
which contains carbon mix, some cathode materials, and
lithium carbonate. Lithium carbonate is separated from the
second stream by adding soda ash. Currently, these two
streams are sold for other products and there is no indi-
cation of graphite or carbon recovery from this process [61,
65-67, 79].

AEA Technology Batteries—located in the United
Kingdom—has developed a set of mechanical, solvent
extraction, and electrochemical processes for the recovery
of LIBs. The electrolyte is recovered by extraction. Then,
by dissolving the binder and filtration, lithium cobalt oxide
and carbon mix are separated from current collectors, steel,
and plastics. Eventually, electroreduction of lithium cobalt
oxide separates lithium and cobalt from each other. The
graphite present in the carbon mixture is left in the lithium
cobalt oxide solution to increase the electronic conductivity
for the electrochemical reduction of cobalt. There is no
indication of graphite or carbon recovery from this process
[79].

Recupyl’s process—a company located in Switzer-
land—involves mechanical and chemical treatment steps.
Copper, aluminum, and steel can be recovered by
mechanical treatment. Cobalt and lithium products are
generated by chemical treatment [61, 80]. Similarly,
Chemetall—company based in the United States—mostly
targets recovering lithium in the form of LiOH by a series
of leaching, solvent extraction, crystallization, ion
exchange, and electrodialysis steps. Again, no graphite
recovery step has been reported [61].

In summary, there are many hydrometallurgical-based
LIB recycling research studies that have been performed
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Fig. 10 A flow sheet of Toxco physical LIBs recycling process.
Reproduced with permission [6]

from lab to the pilot scale, most of which aimed to recover
metallic components of the LIBs. In the majority of these
procedures, graphite and carbon contents are mostly sep-
arated by filtration as residue and at the best condition are
suitable for re-use in lower quality applications not for high
quality graphite recovery [13, 77, 81-84]. Figure 11 shows
an overview of such recycling processes.

5.3 Direct physical recycling process

The direct physical process is designed for the recovery of
battery grade materials for reusing in new LIBs production
with little or no additional modification. The process
involves multiple physical and chemical processes with a
low temperature and energy requirement to separate battery
components. This process can recover all active materials
and metals, except the separator. In order to re-use the
recovered materials in new batteries, extra purification or
reactivating steps maybe necessary. Notably, this process is
not commercialized yet [6, 67].
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Eco-bat Technologies—housed in multiple countries in
Europe—is mainly focused on recycling lead-acid batteries
in a closed recycling loop, i.e. the recycled materials are
used directly in new lead-acid batteries production [61, 66,
85]. Eco-bat has also developed a bench scale scheme for
recycling valuable materials from LIBs as high quality
battery grade materials. The process uses low-temperature
units and consumes minimal energy. Figure 12 demon-
strates this process for spent LIBs with LiCoO, as the
cathode active material. By minimal disassembling of bat-
teries’ packages and using supercritical CO,, the electrolyte
(ethyl methyl carbonate—EMC—, dimethyl carbonate—
DMC—, LiPFy) is extracted and then the remainder parts
undergo pulverization or size-reduction steps. Subse-
quently, battery components are processed by a series of
separation processes based on electronic conductivity and
density differences using methods such as using a capacitor
plate, a cyclone fluidized bed, and through solution dis-
persion coupled with decantation and filtration. Using this
low-temperature process, electrolyte, metals parts, graphite
anodes, and salts are recovered without taking them back to
elements. The recycled graphite has the potential to be
valuable as an anode material. These carbons have under-
gone lithium intercalation and have not been reintroduced
to air or water in the recycling treatment program. There-
fore, they have established pathways for lithium ion
movement and their surfaces have been stripped of reactive
functional groups. Only the separator is not recycled. The
recycled components may undergo some treatment proce-
dures before reinsertion into new batteries [66, 86]. The
active-material structures are maintained, and the devel-
opers have demonstrated that new batteries can be produced
from them with only minimal treatment. Over 80 % of the
material is actually recycled to useful products. Thus, the
potential value of the recovered materials is quite high. The
cost of recovered cobalt is well below the current market
price for virgin material. The authors reported a good cycle
life performance of cells made with the recycled material.
Experimental results show promise for both cobalt and
phosphate cathodes. Recognizably, processing a mixed feed
would require additional separation steps to yield high-
quality final products. There is no obvious barrier to scaling
up this process [66].

Due to the recent increasing demand and subsequent
cost growth of battery grade graphite, more research
studies have been dedicated to recycling graphite from
LIBs. Recently, a new patent has been found in this
regard. The authors claim that by means of this process
pre-lithiated graphite is re-produced by recycling LIBs.
Through this process, batteries are disassembled in a
specific state of degradation and the unique route of the
process allows tunable levels of pre-lithiation of the
graphite. It has been stated that the recycled graphite has
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the proper quality for high energy/power applications
[87].

Zhang et al. [88] compared impact of using wet versus
dry crushing to minimize loss of valuable battery materials
including graphite during recycling processes of spent LIBs
used in mobile phones. Wet crushing involves using a
blade crusher with water flow, which results in dissolution
of fine graphite powder into water and loss of the active
negative electrode material. Due to the water flow in wet
crushing, the crushed anodes can quickly go through the
mesh of the crusher. Therefore, the fine powder cannot be
liberated from the copper foils in time, they all pass
through the mesh together with water, which lead to an
incomplete liberation; consequently, graphite does not stay
on the mesh and is wasted, whereas using dry crushing,
graphite electrode materials can be separated selectively
from copper foil. However, screening fine particles is dif-
ficult by using dry screening; thus, there are finer particles
in each fraction. Compared to dry screening, wet screening
on wet crushed products provided a better screening effect
in which particle sizes are homogeneous in each fraction.
Comparing these two kinds of crushed products, it was
manifested that fine particles of active electrode materials
(LiCoO,, graphite) in wet crushed products kept the orig-
inal polymerization condition because of the presence of
binder. Although in dry crushing more time was taken for
electrode materials such as graphite and LiCoO, to liberate
from copper foil and aluminous foil, dry method can bring
selective crushing into full play. Electrode materials such
as LiCoO, and graphite fully shed from aluminum foil and
copper foil, then concentrate in fine fraction with less
impurities and in loose structure, which created a favorable
condition to subsequent recycling. This work demonstrates
the potential of using dry crushing as one of the steps in
future recycling processes, and in the case of the anode,
recycling graphite [88].

Xiang et al. [89] studied the aging mechanism of gra-
phite anodes by investigating a method for measuring
specific capacity of graphite anodes in cycled LIBs. As a
part of this research, they investigated recycling of graphite
powder from cycled LIBs and re-using it in a new battery.
The process proposed by the authors involves the following
steps:

(1) Disassembling the LIBs and taking out the graphite
electrode plates followed by washing them with an
organic solvent (e.g., DMC) to remove collected
residue electrolyte from the surface of the electrode.

(2) Drying of the plates for evaporation of the solvent.
The drying temperature is preferably 85-100 °C.

(3) Soaking the dried graphite electrode (from previous
step) into HCI acid solution under ultrasonic vibra-
tion to separate the graphite film from the copper foil

@ Springer

and membrane completely. Moreover, the acidic
solution step purifies graphite from the by-products
of charge—discharge cycles, solid electrolyte inter-
face layer, and carboxy methyl cellulose (CMC)
thickener.

(4) Separating the graphite powder from the acidic
solution by centrifuging, rinsing, and drying.

(5) Sieving, polishing, and preparing a negative elec-
trode material from the dried powder to be inserted
in a new battery.

Although, graphite anodes in real used batteries are aged
and damaged in higher levels compared to cycled graphite
of this study, the introduced method can be modified for
recycling graphite anodes from used LIBs [89]. One of the
challenges of this process is the recovery of the copper. An
opportunity could be the integration of this process with
electrowinning for the recovery of the copper dissolved in
the acid [90-93]. Botte has proposed a new process -se-
lective reduction electrowinning (SRE)- that allows the
recovery of metals by using a sacrificial reductant such as
ammonia and/or urea with significant advantages on the
reduction of energy consumption when compared to clas-
sical electrowinning. Integration of the process proposed
by Xiang et al. with electrowinning and SRE provides
opportunities for the holistic recovery of the different parts
of the battery [94].

Ellis and Montenegro [95] investigated a magnetic method
for separating active electrode materials including graphite
from electrochemical cells scrap containing used LIBs. Using
multiple magnetic separators with different magnetic inten-
sities, lithium metal compounds and nickel-containing com-
pounds were separated. Graphite was recovered as non-
magnetic fraction of the scrap. Afterwards, using magnetic
separators with higher magnetic field intensity or field gra-
dient, one electro active material was separated from other
components. Figure 13 illustrates the cell recycle process and
system using a staged magnetic separation of electrode active
materials by increasing magnetic field intensities. The steps
involved in the process include:

(I)  Collection of cell devices

(2)  Sorting to lithium-ion and non-lithium-ion devices
(e.g., devices comprising lead-acid and nickel
metal hydride chemistries)

(3) Disassembly of LIBs into cells and non-cell
components

(4)  Solvent extraction with an extraction solvent, such
as supercritical CO,

(5) Commuting operation into particles using one or
more of a knife mill, slitter mill, ball mill, pebble mill

(6) Classification operation which separates anode and
cathode materials into a black mass comprising
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(7)  Washing and/or rinsing of black mass on the recovery of N-methyl-2-pyrrolidone in LIBs pro-
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slurry containing a mixture of graphite, LiFePOy, and is difficult to dispose [96-101]. Adding solvent
LiMn,0,, and LiCoO, recovery units to the whole recycling system may or may
(9) Stage 1: Drum separator to recover the most  not justify the economical feasibility of this process.
magnetically susceptible material LiFePO, In conclusion, pyrometallurgical and hydrometallurgical
(10)  Stage 2: Drum separator to recover the second  recycling processes mainly recover electrode active mate-
magnetically susceptible material LiMn,O, rials as elements or alloys. The materials recovered through
(11) Stage 3: Drum separator to recover the third these processes do not keep their structural and chemical

magnetically susceptible material LiCoO, and the
non-magnetic graphite in a non-magnetic fraction

In this specific process, graphite was separated in the
last stage by applying a magnetic field. This process may
produce highly pure electrode active metallic components
and graphite with unaffected particle sizes and crystallog-
raphy during the separation process. This environmentally
friendly process may allow direct-reuse of the recycled
metallic components without further chemical and thermal
treatments. [95]. Recycled graphite may need to get more
purified to be used again in new LIB cells. However,
special attention should be focused on the recovery of the
solvents used for washing and treating the black mass in
the step 7 and/or the economic cost that this adds into the
process. In step 7, the black mass may be treated with a
wash solvent to dissolve and remove polymeric electrode
binder from the electrode active materials. Suitable wash
solvents introduced in the patent are N-methyl-2-pyrroli-
done, tetrathydrofuran, ethanol, dimethyl carbonate, die-
thyl carbonate, dimethyl acetamide, diethyl formamide,
methyl isobutyl ketone, and combinations of any thereof.

form as they are in the original batteries. Therefore, more
energy consumption and additional financial costs are
needed to upgrade the recycled materials for re-using in the
production of new cells. In contrary, direct recycling pro-
cesses may offer promising results in recovering anode and
cathode active materials from used LIBs in the structural
and chemical forms present in the original cells. Conse-
quently, recycled material may be directly re-used in new
LIBs manufacturing. Table 5 summarizes major charac-
teristics and graphite recycling status of the different LIBs
recycling processes reviewed.

6 Challenges in recycling battery-grade graphite
from spent LIBs

6.1 Economical justification
In the previous sections, the predicted increasing cost of
the NFG was introduced as the main economical motiva-

tion for recycling reusable NFG from used LIBs. Further-
more, the potential strategies for recycling NFG from used
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Table 5 Classification, characteristics, and status of graphite recycling processes for LIBs

Recycling process Pyrometallurgical

Hydrometallurgical

Direct physical

Temperature High Low
Materials Ni, Co, Li, Mn, Fe, Zn in alloy

recovered
Graphite Used as reducing agent or burned as

recycling status energy source

Metal salts, Li,CO5; or LiOH

Graphite can be separated if pre-mechanical
separation is applied

Low

Cathode, anode, electrolyte,
metals

Recovers potentially high-
quality graphite

Recycling of graphite anodes could be potentially feasible via hydrometallurgical and direct physical recycling processes

LIBs have been discussed. However, from an economical
standpoint, the competitive advantage of recycling NFG
will depend on the cost of the recycling process, the market
price of the battery-grade NFG, as well as the cost of
disposing the NFG in used LIBs. For instance, Ellis and
Montenegro’s direct-recycling method that was described
in a previous section involves the use of significant quan-
tities of hazardous solvents [95]. Nowadays, regulations
and laws pertaining to the recycling and disposal of haz-
ardous waste are becoming stricter [102]. Solvent recovery
and multiple unit operations associated with separation of
components would increase the cost of the recycling pro-
cess. Therefore, meeting the cost target in recycled NFG
from LIBs may become one of the main challenges in
recycling NFG from used LIBs.

6.2 Purity

Another important and challenging aspect associated with
use of recycled graphite in LIBs is purity. As mentioned in
previous sections, the purity of battery-grade graphite is
99.9 %. Therefore, the recycled graphite should be purified
to the same level for reuse in the preparation of new
electrodes. In preparation of graphite electrodes, NFG is
mixed with a kind of polymeric binder (usually
polyvinylidene fluoride) and possibly a type of carbon as
an additive for conductivity improvement. Moreover, the
electrode is in touch with the electrolyte and during the
battery usage, the depositions from the electrolyte on the
surface and into the structure of the electrode affects the
purity of graphite. Consequently, removing all of the
mentioned materials from graphite and achieving high
purity recycled graphite may become challenging. Addi-
tional pre and/or post-treatment steps may become neces-
sary to achieve the desired purity and thus the economical
justification of recycling graphite gets affected.

6.3 Aging mechanism
Graphite anodes undergo various aging mechanisms, two
of which prohibit re-using the recycled graphite in manu-

facturing new LIBs. These aging mechanisms affect the
microstructure, crystallinity, and morphology of graphite
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causing a decay of its electrochemical performance. The
first aging mechanism is the graphite surface destruction
and capacity loss during the first lithium intercalation/
deintercalation cycle due to the formation of the solid-
electrolyte-interface (SEI) film. The second mechanism is
associated with the exfoliation and destruction of the gra-
phite structure due to the co-intercalation of solvated
lithium ions through the SEI film into the graphite layers
[103].

Natural SEI film forms as a result of the irreversible
reduction of the electrolyte at the electrode’s surface during
the first charging cycles of the cells. Two major reactions
take place during the formation of the SEI: (1) chemical or
electrochemical reaction of solvent and/or salt on the gra-
phite surface (2) electrochemical reduction of the solvent
molecules between graphene layers through a solvent co-
intercalation with solvent ions [104]. At the SEI formation
stage, lithium ions are consumed in the irreversible reac-
tion. As SEI formation continues, not only more Li" ions
are consumed, but also the thickness of the film increases.
The increased thickness of the passive SEI layer imbeds
Li* transfer. Therefore, the Li* ions must tunnel through
the layer. This mechanism results in the degradation of the
graphite structure in fully charged batteries at storage
conditions [105—-108]. Moreover, formation of the SEI film
is responsible for the irreversible capacity loss of graphite
anodes. The theoretical capacity of graphite is 372 mAh g~ ',
while its reversible capacity is only 251 mAh g’
(columbic efficiency of 64 %) in the first cycle and its
capacity fades to 105 mAh g~' in the first 10 cycles [109].
Ideally, the SEI film should be stable because unstable SEI
film facilitates co-intercalation of solvated lithium ions and
other solvent molecules. However, the SEI layer has an
inhomogeneous and brittle nature [110]. Through the
insertion and de-insertion of the big solvated molecules,
graphite particles crack and split, which results in pulver-
ization and exfoliation of crystalline graphite. Botte
developed a mathematical model (VCP) that predicts sig-
nificant changes in the radius of a single carbon fiber due to
lithium intercalation/deintercalation when kinetics limita-
tions are important, that is, at small particle size and low
scan rates. Since LIBs are usually designed to operate
under kinetics limitations (e.g., small particle size) volume
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changes may play a significant role when predicting their
performance. Based on this model the radius of a carbon
fiber particle with initial radius of 1 pm can increase up to
7 % during lithium intercalation [111]. Combining a VCP
model with particle size, porosity, and density distribution
along with dimensions of the electrode, one can calculate
the expansion of an electrode during lithium intercalation
and this may be the key to understanding and predicting
capacity fade during the cycling of LIBs. For instance,
assuming the same increase in the radius of spherical
graphite particles predicted by carbon fiber VCP model
during lithium intercalation in an electrode and considering
homogenous particle size distributed evenly (constant
porosity) in a simple cubic structure and also assuming the
particles are rigid bodies and neglecting interaction of the
particles with binder, the volume of the electrode can
change up to 21 %. Assuming rigid boundaries for the
electrode inside of the battery package and a partial
expansion accommodation by the void area available
within the electrode, the expansion of the electrode causes
cracks within the structure of the electrode. Figure 14
shows surface cracks on the graphite electrode from
degradation. Although aging mechanisms do not normally
change the crystal structure of graphite, they certainly
make these particles less oriented, change the rhombo-
hederal/hexagonal content during battery operation, and
decrease the size of the original platelets [112—-115].

In spite of the unfavorable outcomes of the SEI, its
formation on the anode’s surface is still necessary for
maintaining electrode’s stability and a smooth intercalation
and deintercalation of lithium, since this film prevents the
direct contact of graphite’s surface and electrolyte [116,

WD 10.7mm

X1500 10gm

20.0kV

Auburn

Fig. 14 Surface cracks on the surface of an aged anode electrode.
Reproduced with permission [103]

117]. It also lets lithium ions move from the electrolyte
solution into the carbon matrix due to its porous nature [2].

Overall, to benefit from the positive impact of SEI film
on the performance of the anode and to minimize its
adverse effects, numerous research studies have focused on
the suppression of the irreversible capacity loss and pre-
vention of the degradation of graphite by (1) proper choice
of electrolyte components and electrolyte additives. Addi-
tives improve battery performance in several ways such as:
facilitating formation of SEI on the surface of graphite,
reduction of irreversible capacity and gas generation for the
SEI formation and long-term cycling, and improving
physical properties of the electrolyte such as conductivity
and thus, decreasing electrolyte decomposition and SEI
thickening, [118-124], and (2) surface modification of
graphite by chemical, and electrochemical methods. The
purpose of surface modification is to cover or modify
graphite surface defects or edge sites where solvent
decomposition mostly occurs [110, 125-128]. This method
will be fully discussed in the next section.

Graphite’s surface properties have a significant effect on
the SEI formation, structural stability of the electrode, and
the resulting electrochemical performance [129-134].
Therefore, among the different methods introduced above,
surface modification is of great interest. Upon surface
modification, the direct contact of graphite with the elec-
trolyte solution is prevented; thus the decomposition of the
electrolyte on the surface of graphite, the co-intercalation
of the solvated lithium ions, and the charge-transfer resis-
tance are decreased [2, 135]. All of these effects contribute
to minimize irreversible capacity loss and deformation of
graphite layers. Consequently, upon protecting graphite’s
surface and structure from degradation, the quality of the
cycled graphite is expected to enhance and this will
increase the potential for graphite recycling. Latest pro-
gress in research on surface modification methods adopted
to mitigate these aging mechanisms in graphite anodes is
described in the next section.

7 Potential solutions to aging mechanisms
in graphite anodes

7.1 Surface modification of graphite anodes

Previous studies have investigated various methods of
surface modification of graphite electrodes such as mild
oxidation [136-139], deposition of metals, metal oxides
[135, 140-152], metal phosphate [153], coating with
polymers [154—156], and other kinds of carbons [104, 157,
158]. Depending on the modification method, the following
advantages could be achieved: (1) smoothing the active
edge surfaces by removing some reactive sites and/or
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defects on the graphite surface (2) forming a dense oxide
layer on the graphite surface (3) covering active edge
structures on the graphite surface, (4) creating nanochan-
nels/micropores, (5) increasing the electronic conductivity,
(6) reducing the thickness of the SEI layer, and (7)
inhibiting structural changes during cycling. Among all of
the mentioned methods of surface modification, deposition
of certain metals or metal oxides which are hosts for
lithium, provides an additional advantage: an increase in
the number of host sites for lithium storage and improve-
ment of the capacity of the anode. Therefore, surface
modification of graphite by deposition of metals and metal
oxides has been widely applied using different materials [2,
152]. Considering the importance of graphite recycling, the
material to be deposited on the graphite surface and the
deposition method should be in a way to prevent graphite
recycling from becoming more challenging as it is, if not
helping it. In the next section, recent developments in
surface modification by deposition of metals and metal
oxides on graphite anodes are reviewed.

7.2 Surface modification by deposition of metals
and metal oxides

Surface coating by different metal and metal oxides such as
Ni [139, 140], Sn [142-144], Zn [142], Ag [142, 145, 146],
Al [147], Cu [148], Au [149], SnO [144], SnO, [150],
Al,O5 [152], TiO, [135], and CuO, NiO, FeO, PbO [151]
have been investigated in the literature.

Sn and SnOy coated graphite powders showed higher
columbic efficiency, better rate capability, and longer cycle
life. Also, Sn is a host of Lit, thus the capacity of the
electrode improved as well [142-144, 150]. However, Sn
has its own SEI layer and irreversible capacity loss in the
first cycle. Veeraraghavan et al. [143] embedded Sn par-
ticles on the host graphite powder surface by using an
electrocatalytic process. The substrates were pretreated in a
reducing hypophosphite bath. Tin coating was carried out
from an alkaline bath containing SnCl,. Sodium
hypophosphite was used as the reducing agent and sodium
citrate served as the complexing agent for the autocatalytic
reduction process [143]. When the surfaces of mesocarbon
microbeads (MCMB) SG were coated with tin SnO,, the
reversible capacity was enhanced. However, the capacity
of the coated MCMB fades with cycling due to the severe
volume change of tin oxide from lithium cycling [150].

Yu et al. [140] used a novel encapsulation deposition
technique for coating graphite powder with Ni composite at
85-90 °C in a plating bath containing sodium hypophos-
phite as a reducing agent. The coating consisted of Ni
nanosized particles distributed over the surface of the
graphite particle. Coating graphite’s surface by nanosized
Ni covered the surface of the graphite powders. Moreover,
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the contact of the edge planes and the electrolyte solution
was effectively prevented. The Ni coating prevents co-in-
tercalation of solvated lithium ions and inhibits diffusion of
solvent molecules into the graphite matrix. Additionally,
subsequent reduction of PC and exfoliation of the graphene
layers are greatly minimized. As a result, the cycling per-
formance of the anode is improved [140]. In addition, due
to the high conductivity of the Ni coating, exchange current
densities and diffusion coefficients of the lithium ions were
increased, whereas charge-transfer resistance and the sur-
face film resistance were decreased in comparison to bare
graphite. Furthermore, the composite exhibited less
capacity loss over a 10-day storage period [139]. However,
the capacity of the graphite was not improved since Ni is
not a host for lithium.

In all of the previous studies, the coating was applied to
graphite powder. In these methods, the electric conduc-
tivity of the electrode is restricted since the thickness and
uniformity of the coating materials cannot be precisely
controlled. So, the electric conduction pathway between
the active and the coating materials was not well estab-
lished to reinforce the electron transfer.

To address this issue, Jung et al. [152] reported an
atomic layer deposition (ALD) method to apply a thin layer
of AlL,O3 coating on a graphite electrode. ALD is an
advanced technology for applying ultrathin and homoge-
nous films on high-surface samples. The authors demon-
strated that applying a conformal coating directly on the
electrode (graphite + copper + binder) 1is critical to
achieve optimal electrochemical performance for advanced
LIBs. Figure 15a shows the transmission electron micro-
scopy (TEM) image of the ALD Al,O3 coated MCMB with
the thickness of 10 cycles of ALD reaction. Al,O3 coated
graphite electrode demonstrated an improvement in cycle-
ability compared to Al,O3 coated graphite powder. Bare
NG displayed a relatively rapid decay in reversible
capacity attributed to the instability of a SEI layer whereas
the capacity retention was dramatically improved by Al,O3
ALD directly on the electrode [135]. However, a large
irreversible reaction was observed, which resulted in lower
full cell capacity because Al,O5; does not provide interca-
lation and extraction functions. Therefore, Al,O3 can only
be used as a stabilizer to improve mechanical properties of
graphite and to prevent excessive electrochemical reactions
on the surface [152].

Wang and Wang studied the performance of an artificial
SEI film of nanosized TiO, coated on graphite using ALD
method. Figure 15b shows the TEM image of the ALD
TiO, coated MCMB with the thickness of 10 cycles of
ALD reaction. The batteries that used the ALD-TiO,-
coated graphite showed excellent cycle retention at ele-
vated temperature, and the discharge capacity was sub-
stantially enhanced. TiO, coating increased graphite
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Fig. 15 Transmission electron microscopy images of a ALD Al,O; coated mesocarbon microbeads and b ALD TiO, coated mesocarbon
microbeads with the thickness of 10 cycles of ALD reaction. Reproduced with permission [135]

capacity by 5 % and constrained the formation of SEIs. In
addition, the TiO,-coating improved thermal stability and
greatly enhanced long-term cycle ability of the electrode at
55 °C [135].

7.3 Opportunities and new directions

Among transition metal oxides to be used for surface
modification of graphite anodes, Fe;O, shows high
capacity (926 mAh g~'), low cost, environmental benig-
nity, and natural abundance. Furthermore, Fe;O, shows
relatively high electronic conductivity [159-161], thus has
attracted considerable attention as an electrode material
[161-170]. Besides, the highly magnetic behavior of Fe;04
may play a significant role in recycling graphite from used
surface modified graphite anodes.

However, Fe;0,4 as anode material for LIBs shows poor
capacity retention and fast capacity fading. The degrada-
tion in the performance of Fe;O,4 anodes is attributed to the
drastic volume change resulting in severe pulverization of
the particles and loss of electrical connectivity upon elec-
trochemical cycling. In addition, the formation of a thick
SEI film on Fe3O,4 anode surface causes a large initial
irreversible capacity [162, 171].

One approach to minimize these issues is to synthesize
nanostructure materials such as nanospindle, nanoparticles,
nanosheets, nanowires, nanorods, nanotubes, and hollow
nanostructures [162, 168-170, 172, 173]. The use of
nanostructured materials improves the conductivity and
charge/discharge rates because the path lengths for the
transport of electrons and lithium ions in nanostructures are
shorter than bulk materials. Moreover, these nanomaterials
can accommodate the mechanical strain of lithium ion
insertion/extraction much better than of micrometer-scale

materials [174-177]. However, using nanostructured tran-
sition metal oxides as anode materials increases the pos-
sibilities of side reactions involving electrolyte
decomposition on electrodes surface because nanostruc-
tured materials have high surface area causing a high level
of irreversibility, poor life cycle, and the formation of thick
SEI films on the electrode surface, which consume much of
the lithium ions [178].

Carbon coating is one of the most widely used surface
modification techniques to solve the above problem for
nanostructure transition metal oxides. Carbon materials are
very stable in LIBs environment due to the small volume
change during Li insertion/extraction. Furthermore, car-
bon-coating layers can significantly enhance the electronic
conductivity, which results in improved rate performance
[162, 179-181]. Also, The SEI films on carbon surface are
also relatively stable [182-184]. For instance, carbon-
coated Fe;0O4 nanospindles [162], carbon-decorated single-
crystalline Fe;O, nanowires [163], Fe;O4-based Cu
nanoarchitecture [161], Fe;O,4/carbon core—shell nanorods
[164], Fe3O4-based nanotube arrays [165], graphene-
wrapped Fe;O4 [171], and carbon-encapsulated Fe;O4
nanoparticles [174] have been used to improve the elec-
trochemical performance of Fe;O,4 electrodes.

Accordingly, carbon coated Fe;O, nanoparticles
deposited on graphite anodes are expected to simulate as a
SEI layer to protect the surface of the graphite from
degradation, increase the capacity of the anode, and
decrease irreversible capacity. In this way, only coated
Fe;04 nanospindles are in contact with electrolyte. Con-
sidering the improvements of the direct deposition of
Al,O3 and Ti on composite graphite anodes instead of
graphite powder [135, 152], by direct deposition of carbon
coated Fe;0,4 nanoparticles even more improvements are
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expected. By using a direct deposition method, carbon
coated Fe;O4 nanoparticles are only accumulated on the
surface of the graphite anodes; thus, one may capitalize on
this advantage to recover graphite during recycling. For
example, a magnetic field similar to Ellis and Montene-
gro’s recycling process [95] could be possible; therefore,
the hypothesis here is that graphite can be recycled from
used LIBs and reused in new batteries’ production.

Although, recently discovered anode materials such as
Fe;0,4 are not ready for scale up, their superior properties
may be used for improvement of commercial graphite
anodes in the next generation of LIBs.

8 Conclusion

A classification of graphite was introduced since graphite
occurs in a variety of forms and properties. NG can be one
of the forms of amorphous, flake, and vein. Besides, as a
part of classification of graphite, spherical, synthetic, and
expanded graphite were also described. Among all types of
NG, flake graphite was discussed extensively since it is the
mere natural source of anode material for LIBs. The future
demand of flake graphite as a component of LIBs for
vehicular applications was discussed. Because of the high
demand of NFG, countries such as the Unites States and
European Union countries with no graphite production
consider flake graphite as a critical material. Recycling
battery grade graphite from spent LIBs was proposed as
one of the effective approaches to meet the significant
predicted demand of battery grade graphite. Current status
of graphite recycling from spent LIBs in laboratory to
commercial scale processes was reviewed. Industrial-scale
processes for the recycling of the electrode active materials
generally fall into two categories: pyrometallurgical pro-
cesses and hydrometallurgical processes. Pyrometallurgical
processes involve the high-temperature smelting of battery
scraps to produce various alloys, metallic oxides, and flue
gases. Hydrometallurgical processes usually employ
aggressive chemicals such as strong acids and/or strong
bases to dissolve metals, alloys, and/or inorganic metal
compounds, such as metal oxides, and extract or leach the
active battery materials from spent LIBs. Pyrometallurgical
and hydrometallurgical recycling processes both fail to
recover graphite and other electrode active materials in the
structural and chemical forms present in the original
electrochemical cells. To address this issue, direct physical
recycling process was introduced. This process enables the
separation of recyclable anode and cathode active materials
from electrochemical cell scrap. Post-treatment methods
could potentially be used to recycle graphite anodes in the
structure and chemical forms present in the original elec-
trochemical cells. Using direct physical recycling methods
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may form recycled material concentrates that may be
directly re-used in new LIBs manufacturing. Therefore,
direct physical recycling may eliminate the need for
pyrometallurgical and hydrometallurgical recycling pro-
cesses or be used in combination with pyrometallurgical,
hydrometallurgical, and other recycling processes to
recover electrode active materials from spent LIBs to be re-
used in new LIBs production. However, there are several
challenges in recovering battery grade graphite from spent
LIBs. Graphite electrodes undergo several aging mecha-
nisms such as formation of solid electrolyte interface (SEI)
and co-intercalation of solvent molecules into the structure
of graphite. The aging mechanisms were reviewed exten-
sively. As a result of these aging mechanisms, capacity of
graphite degrades and structural changes occur within
graphite electrodes. To minimize degradation of graphite,
surface modification technique was introduced and
reviewed. Moreover, the gap in literature in using surface
modification for graphite electrodes was recognized. For
the new generation of LIBs, surface modification with the
goal of improving graphite electrode’s capacities,
decreasing graphite degradation and irreversible capacity,
and minimizing graphite recycling challenges after the life-
time of the battery was recommended. An example of this
new perspective in surface modification of graphite elec-
trodes was also proposed as a future research opportunity
in this area.
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