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Electrochemical-driven green recovery of lithium, graphite and cathode from lithium-ion
batteries using water
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Abstract: The expected exponential increase in consumption of lithium-ion batteries (LIBS)
would pose a unique challenge to the availability of near-critical resources like lithium and
graphite in the upcoming decade. We present a lithium recovery process that utilizes a
degradation mechanism, i.e., lithium plating, as a tool to concentrate metallic lithium at the
anode/separator interface for convenient extraction at room temperature — using only water.
Electrochemical characterization of fast charged (1 — 6 C) LIBs yielded a maximum capacity
fade of 50% over ten cycles. The lithium plating was confirmed via voltage plateau analysis,
coulombic efficiency, and DC resistance measurements. A maximum lithium plating condition
was observed to exist between 4C and 5C, thereby limiting the energy consumption in the
extraction process. Post-mortem film thickness measurement showed an incrementing film
deposition with a maximum of 35um thickness. SEM and XPS analysis confirmed increasing
concentration of a dense dendritic metallic lithium deposition on the anode/separator interface
with C-rate. A green recovery process was adopted to extract the concentrated metallic lithium
using distilled water. The lithium from the plated film, solid/electrolyte interface (SEI),
electrolyte, anode, and cathode, was extracted as salts. A 37% improvement in lithium
recoverability was achieved with fast charging under ambient conditions. XPS analysis showed ~
92% of lithium yield with no residual lithium in the graphite. In addition, the battery-grade
graphite was recovered with 97% purity after heat treatment of the washed anode film, and

concentrated transition metals oxides in the cathode to 93% purity for convenient extraction.

Keywords: Green recovery technology, Lithium extraction, Graphite recovery, Electrochemical

lithium deposition.
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1. Introduction

Lithium-based batteries represent ~37% of the rechargeable battery market with the highest
product life and nearly 100% cycling efficiency, compared to other energy storage solutions
(Swain, 2017). The global demand for cleaner transportation presents a significant prospect for
increased use of lithium-ion batteries (LIBs) in the electrification of vehicles, with a projected
production capacity increase from 455 GWh (2020) to 1447 GWh (2025) at CAGR of 26% (Yu
and Sumangil, 2021). The production capacity is forecasted to exceed 6000 GWh by 2030
(Kane, 2022), with the demands for LIBs consuming >95% of the available global lithium
reserve by the same year (Azevedo et al., 2022). Although the global production was 100,000
metric tons of lithium in 2021 (Garside, 2022), the steep growth in lithium demand creates high
pressure on the available natural resources, and supply constraints may limit the production of

LIBs in the future.

Commercial LIBs have approximately 4 — 8 wt.% of the electrode as lithium. Although
extraction of lithium through recycling of used battery may help in this burgeoning demand, only
5% of the used batteries are recycled in the U.S. (Oberhaus, 2020). Of this small fraction being
recycled, the primary focus is on the recovery of cobalt, nickel and other critical transition
metals, while <1% of lithium is recycled (Graedel et al., 2011). The recovery of lithium from
used battery is limited because the current lithium recycling processes consume significant fresh
water and requires hazardous materials like acids, leading to environmental concerns (Coren,
2021). Additionally, the cost of lithium recovery far exceeds that of manufacturing batteries from
natural resources (Beaudet et al., 2020). According to a Swedish Energy Agency report (Melin,
2019), the cost of recycling lithium is thrice that of obtaining lithium from natural sources. The

current limited recovery of lithium via recycling, coupled with the increasing demand, will
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exacerbate the criticality of Li and graphite in the very near future (Greim et al., 2020; Miatto et
al., 2020; Watari et al., 2020). Of all anode materials, graphite is the most widely used (Chung,
2002) in commercial applications with a global market of almost US$1 billion in 2019 and
projected market share of US$1.9 billion by 2024 (Chen, 2020; Sarkar et al., 2021). There is
therefore a need for environmentally safe process with ability to recover and reintroduce the
critical elements as high-quality battery-grade products at competitive prices, thereby
accelerating decarbonization by reducing the need to extract from natural sources (Beaudet et al.,

2020).

The two industrial approaches for recycling of LIBs are pyrometallurgy and hydrometallurgy
(Kim et al., 2021; Liu et al., 2019; Steward et al., 2019; Swain, 2017). Pyrometallurgical
recycling processes are the most common, and typically enable the extraction of aluminum,
copper, and transition metals like cobalt, nickel, and manganese, from the batteries. However,
this process incinerates the graphite, and the lithium is lost in the effluent slag as lithium
hydroxide/oxide (Castillo et al., 2002; Dunn et al., 2012). The energy costs and the carbon
footprint from operating the furnace make pyrometallurgical processes economically and
environmentally inefficient. On the other hand, the hydrometallurgical processes involve reacting
the spent cathode of LIBs in strong mineral acids (HCI, H2SO4, HNO3) with/without a reducing
agent (H20) to reduce and dissolve them in aqueous solution, followed by selective separation
of the individual components (Golmohammadzadeh et al., 2017; Jha et al., 2013; Li et al., 2017).
Since the LIBs are typically dismantled in a fully discharged state, the lithium is concentrated at
the cathode which does not readily dissolve in water and requires an acidic medium for
separation. Lithium extraction occurs either as the last step in the acid leaching process via

successive co-precipitation of transition metals in alkaline medium, or by solvent extraction
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methods (Chen et al., 2015; Li et al., 2017, 2010; Zhu et al., 2012). The hydrometallurgical
process is efficient (> 99% Li) at an average operating temperature of 75°C, as summarized by
Yao et al. (Yao et al., 2018). However, leaching at lower temperatures (< 50°C), decreases the
efficiency due to slower reaction kinetics (Jha et al., 2013). Therefore, the process poses
environmental concerns due to toxic emissions (Clz, SOs, NOx) (Sun and Qiu, 2012), waste
management (Yao et al., 2018) and energy consumption (lower than pyrometallurgical
processes). In addition, lithium may not be recovered from the electrolyte and/or the anode in
both processes, due to the complications associated with hydrofluoric acid generation (Liu et al.,
2019). Recent works have demonstrated the use of water as an efficient green solvent for

separating cathode with residual lithium from aluminum (Fan et al., 2021).

We report an efficient and green method for selective extraction of Li from end-of-life secondary
LIBs of any capacity and size under ambient conditions with no toxic emissions or effluents
(Fig.1). The method enables the active lithium in the LIB to be concentrated on the
anode/separator interface via electrochemical-driven lithium metal deposition (or lithium plating)
by fast charging of the LIBs. In-situ electrochemical analysis and post-mortem film
characterization are performed to monitor the lithium deposition. Subsequently, the plated Li is
recovered by processing a dismantled battery with only distilled water. The lithium metal being
more reactive than intercalated lithium, enables rapid dissolution and recovery at room
temperature. The process not only enables the recovery of the plated lithium on the anode
surface, but also enables recovery from the organic and inorganic salts in the solid electrolyte
interphase (SEI) layers, (a term suggested by Peled (Peled, 1979)), and the electrolyte. In
addition, the process substantially strips the cyclable Li from the cathode and concentrates it on

the anode, hence reducing the complexity and cost of subsequent recovery processes for other
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critical metals like cobalt, etc. from the cathode. After Li recovery from the anode, the battery-
grade graphite is also recovered by heat treatment process. A significance of the proposed
process lies in the ability to concentrate the Li onto the anode surface (even in a fully discharged

state), allowing convenient and acid-free dissolution and recovery of Li.

Graphite
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Figure 1. Schematic of lithium extraction and recovery via. electrochemical deposition.

2. Experimental
2.1. Electrochemical Analysis

Lithium cobalt oxide (LCO)/graphite (C) pouch cells (20mAh, Powerstream Inc.) were cycled
using MT1 BST300 8-channel battery charging station. The pouch cells were first discharged to
3.0V at a constant current (CC) of C/20 charging rate. A rest period of 30mins was introduced
after every charge and discharge step to stabilize the electrochemical interactions within the
electrodes. In the first cycle, the cells were charged to 90% state of charge at C/20 (CC) followed
by a discharge to 3.0V at C/20 (CC). Following the slow cycle charge, fast charging was
performed at desired C-rate (1 — 6 C, CC) till 4.2 V, followed by a constant voltage (CV) till

approximately 90% state of charge. The cells were then discharged at C/2 (CC) till 3.0V. The
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fast charging was repeated over 10 cycles. Finally, the pouch cells were fully discharged till 2.7V

at 0.4C (CC) and followed by a CV till C/20 prior to dismantling.
2.2. Post-mortem analysis

The pouch cells were immediately transferred into a MBraun glovebox (<0.1ppm of H20 and
0>), after being fully discharged. The cell casing was removed, and the jelly roll was carefully
unfolded to avoid damaging the film deposited on the anode/separator interface. The film
thickness measurements were performed using a Mitutoyo digital micrometer (Series 293 MDC-
MX). Field emission scanning electron microscopy (FE-SEM) was performed on the anode
surface with a FEI Teneo field emission scanning electron microscope. Samples were transferred
using a vacuum transporter to avoid surface oxidation of the deposited Li film. The Li elemental
analysis of the film was performed with X-ray Photoelectron Spectroscopy (XPS, Kratos
Analytical, AMICUS XPS) and Electron Paramagnetic Resonance (EPR, ELEXSYS E580 FT-

EPR) to detect Li metal deposition.
2.3. Materials recovery and characterization

The anode/separator (50.8mg/30.4mg) and cathode (172.9mg) were separately stored in different
vials and transferred out of the glovebox. The elemental analysis of the electrode samples is
provided in Results section. The samples were immediately introduced to 5mL of distilled water
(large excess) under a fume hood and allowed to react for 3h. The solution (after removal of the
electrode) was centrifuged for 10mins to precipitate and separate any insoluble electrode
contamination. The pH and conductivity of the solution was measured at room temperature.
Finally, the solution was dried for 48h at 80°C. The addition of water and subsequent drying of
the anode film naturally de-bonded and liberated the graphite particles from the copper foil. The

dried lithium salt, graphite and cathode film were analyzed using XPS. Inductively Coupled

6
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Plasma Optical Emission Spectroscopy (ICP-OES, Agilent ICP-OES system) was performed on
extracted and dried cathode (sans aluminum current collector) dissolved in 2M H2SO4 and 10%

H20>, followed by dilution with distilled water to ~ 10ppm (metal basis).

The extracted and dried graphite was heat treated in Ar flow (3scfh) under full vacuum (-760 mm
Hg). The heat treatment protocol involved 10h ramp from 20°C to 1000°C, 48h dwell at 1000°C
and 10h ramp down to 20°C. Raman spectroscopy was performed on the pre- and post-HT
graphite anode samples by taking at least 3 spectral measurements to acknowledge the
heterogeneity in the sample. To analyze the thermal transitions and stability of graphitization
process, Thermogravimetric Analysis (TGA) with Differential Scanning Calorimetry (DSC)
(Netzsch STA 449 F1 Jupiter) was performed. The sample was heated from 40°C to 1000°C at
10°C/min, 2h of dwell at 1000°C, ramp down to 40°C at 10°C/min, and dwell for 30min at 40°C.
The cycle was repeated twice to verify thermal stability of the heat-treated product after the first

cycle.

3. Results and Discussion

During normal charging operation (< 1C charging rate) of a LIB, lithium ions would intercalate
and store within the layers of a graphite electrode. The graphite electrode undergoes phase
transitions from LiC7,—LiCss—LiC27—LiC1s—LiC12—LiCs with electrochemical potential
plateauing at 210, 120 and 85 mV (vs. Li*/Li), respectively (Ohzuku et al., 1993). The SEI
formation/growth initiates at a potential window above 400 mV (vs. Li*/Li) (Kasnatscheew et al.,
2018; Zhang et al., 2001) for an LiPFe-based electrolyte. However, the accelerated growth of the
SEI layer occurs beyond 300 mV during charging, especially below 100 mV regime (Attia et al.,
2019; Ota et al., 2004). However, fast charging of LIBs induces a large lithium flux on the

anode/separator interface. The large ionic flux and diffusion limitation of the anode causes a

7
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considerable increase in the lithium-ion concentration on the anode surface, resulting in the
anodic potential of <0V (vs. Li*/Li, or < -3.05 V SHE). Under such circumstances, the anodic
potential range becomes thermodynamically favorable for metallic lithium to deposit over the
anode particles, in addition to intercalating with the electrode (Sarkar et al., 2020). This
phenomenon is commonly known as lithium plating which may start from moderate to higher
charging rates (C-rate > 1C) (Klein et al., 2021; Sarkar et al., 2022). The lithium metal
deposition can occur either dendritically or homogenously over the anode surface. After the
charging period, the anodic potential becomes positive, causing the metallic lithium to partially
strip off into the electrolyte in its ionic form. The stripped lithium ions either reversibly
intercalate into the anode, causing a plateau in the relaxation voltage profile (Petzl and Danzer,
2014), or irreversibly react with the solvent in the electrolyte to form an SEI film over the
deposited metallic lithium (Campbell et al., 2019; Gargh et al., 2021; Sarkar et al., 2020). A
considerable fraction of the metallic lithium gets passivated by the SEI film and stored at the
anode surface as dead lithium (Bitzer and Gruhle, 2014; Sarkar et al., 2021), thus accumulating
over the consequent fast charging cycles. The phenomena of lithium electrodeposition and dead
lithium storage via application of high charging currents over multiple cycles offers the ability to

accumulate Li for recycling via the proposed process.

The first cycle relaxation voltage analysis of the fast charged pouch cells (1 — 6 C) revealed a
plateau, indicating the plated lithium metal stripping (Fig.2a) after the charging half cycle. The
broadening of the voltage plateau indicated an increment in lithium stripping from 1C to 5C,
followed by decrease at 6C. The maximum lithium plating was found to occur between charging
rates 4C and 5C. For 1C to 3C and 6C, the voltage plateau relaxed completely within the resting

period, indicating complete re-intercalation was achieved by the battery during this period. For
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4C and 5C, the voltage plateau did not diminish completely indicating incomplete re-

intercalation during the rest period.

0
a) by
420 <
R é13:
S | =
: 4161\ 3 16
@ O
g S
~ 4121 o 141
oy
1]
=
4.08 812
(]
0 300 600 900 1200 1500 1800 10 . . . . :
. 0 2 4 6 8 10
time (s)
Cycle (1)
102
C)
100
o8 |
g %
= 94 —=—1C
»— 2C
%2 _—.—3C
——4C . ——4C
90 | —+—5C —+—5C
—a«—BC —a— BC
88 T T T T T 0 T T T T T
0 2 4 6 8 10 0 2 4 6 8 10
Cycle (1) Cycle (1)

Figure 2. Electrochemical analysis of pouch cells fast charged from 1 — 6 C over 10 cycles, a) Voltage relaxation
profile, b) Discharge capacity vs. cycle, ¢) Coulombic efficiency vs. cycles, and d) DC resistance (DCR) vs. cycles.

A saturation behavior was observed in the discharge capacity plot over multiple cycles (Fig.2b).
The initial sharp capacity fade indicates rapid lithium loss from the electrolyte to be deposited as
metallic lithium. The saturation of the discharge capacity indicated a suppression of the lithium
deposition due to SEI formation over the plated lithium, especially at very high charging rates
(C-rates) (> 5C). At 6C, the reduction in the voltage plateau (Fig.2a) and the increase in
discharge capacity (Fig.2b) suggest a reduced lithium deposition, thereby limiting the current

requirements for maximum lithium deposition to 5C. The reduced amount of plated lithium at 6C
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is likely due to the significantly short charging times, minimizing the effective time to plate. A
50% loss in discharge capacity at 5C indicated that half of the cyclable lithium was concentrated

onto the interfacial film for recovery.

The coulombic efficiency (Fig.2c) decreased sharply over the first few cycles, supporting the
hypothesis of lithium plating from the capacity fade analysis. The observed increase in the
efficiency with continuous cycling indicated a saturation in the plating mechanism beyond first
couple of operating cycles (Burns et al., 2015). A decrease in the first cycle DCR measurements
of the pouch cells (Fig.2d) attested to the deposition of conductive material within the pouch cell.
The increasing cell resistance beyond the first few cycles further confirms the suppression of

lithium plating mechanism.

Post-mortem thickness and mass evaluations showed an increase in film deposition till 5C, with
a decay in the subsequent cycle (Fig.3). The film characteristics were determined by considering
the thickness of a slow charged (C/20, Pristine) pouch cell anode as the baseline. The results
support the observations from the in-situ electrochemical analysis and predict an optimum
operating condition near 5C. An interesting observation was the magnitude of the deposited
lithium film in Fig.3. Low temperature analysis (at ~ 1C) and modeling efforts (single cycle)
have predicted a film thickness in the order of 100 — 1000 nm (Bitzer and Gruhle, 2014; Sarkar
et al., 2020). However, the observed film thickness of >10um (primarily due to ultrafast charging

rates over multiple cycles) strongly improves the potential to recover lithium from LIBs.
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To further observe the morphology of the increasing lithium deposition on the anode surface at
elevated charging rates, Field Emission Scanning Electron Microscopy (FE-SEM) analyses were
performed on pristine, 1C, 3C and 5C samples (Fig.4). The micrograph of the pristine graphite
anode shows an array of exfoliated graphite flakes with indications of a thin SEI film deposition,
but with no lithium deposition (Fig.4a). For the sample cycled at 1C, dendritic depositions were
observed to have initiated over the graphite flakes (Fig.4b). Others have also reported the same
(Liu et al., 2016; Ren et al., 2019; Wang et al., 2017). A partial coverage of the deposited lithium
was found at 1C, with clear visibility of the graphite flakes underneath. With increasing C-rate
from 3C to 5C, an exponential increment in dendritic lithium plating was observed (Fig.4c, d).
At 5C (Fig.4d), the surface morphology of the anode was completely dominated by metallic
lithium whiskers with fault lines associated with film fracture from residual mechanical strain
(Sarkar et al., 2020). Elemental and chemical analysis of these dendritic depositions were
confirmed to be metallic lithium plating by XPS and Electron Paramagnetic Resonance (EPR)

(Fig.S1). The XPS analysis shows a definitive Li metal peak at the surface of the 5C — 10 cycles
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sample (Fig.S1a). Since XPS is a surface characterization tool with a penetration depth of ~ 10
nm, the small metal peak is a resultant of Li metal dendrites being covered by a dense SEI layer.
To further support Li metal electrodeposition, EPR analysis of the anode with film deposition
was undertaken. Li metal is strongly paramagnetic (Wandt et al., 2018) resulting in a large
Dysonian peak. The EPR analysis confirms an increasing Li metal deposition with charging rate

(Fig.S1b).

Figure 4. FE-SEM micrographs with optical images (subplot) of the anode surface with the film deposition, a)
Pristine, b) 1C, c) 3C, and d) 5C.

The weight of extracted lithium salts from the anode/separator and cathode batches after the
recovery and drying are shown in Fig.5. An increasing lithium deposition was observed with C-
rate in the anode till a maximum (Fig.5a). This observation confirmed the upper charging limit to

be between 4C and 5C, for the fresh LCO/C battery at room temperature and with a 37%

12



241  improvement in lithium recoverability. This condition could however vary for a used LIB

242  depending on end-of-life condition or a different cathode chemistry and would need to be

243  optimized during industrial adaption. For a pristine battery, the intercalated lithium would

244  require thermal agitation (high temperature) to increase the amount of recoverable Li and a small
245  quantity deposit as SEI. During the fast charging, the cyclable lithium is considerably lost from
246  the cathode and the electrolyte and concentrated on the anode. A corresponding decrease in the
247  lithium extraction was observed in the cathode (Fig.5b), indicating targeted concentration of

248  metallic lithium at the anode/separator interface, which being more reactive than intercalated

249  lithium enables efficient recovery under ambient conditions.

(2]

| Anode Cathode

\/_\. .
._,_.,--"‘

Pristne 1C 2C 3C 4C 5C 6C Prisne 1C 2C 3C 4C 5C 6C
C-rate (1) C-rate (1)

Extracted mass (m
S
Extracted mass (mg

O
)~~~

n
3%
[\ w B [43]
L L L L

—
o]
=y
L

16

o

250

251 Figure 5. Extracted lithium salt gravimetric analysis vs. C-rate, a) Anode, and b) Cathode.

252  The lithium extraction process from the anode and the separator samples were done using
253  distilled water. The metallic lithium (Li), the intercalated lithium (LixCs, x < 1) in the graphite
254  electrode and residual lithium in the cathode (LiyCoO3, y < 1) were extracted, as shown in the

255  following chemical reactions.

2Li + 2H,0 - 2LiOH + H, (1)
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Li,Co0, + yH,0 — yLiOH + Co0, + %HZ 3)

The electrolyte (LiPFg) in the separator would decompose in contact with water to form
hydrofluoric acid (HF). The HF would consecutively be consumed in decomposition of the SEI

layer (Li(RCHOCOy)).

LiPF, + H,0 — LiPOF, + 2HF (4)
LiPF, + 4H,0 - LiF + SHF + H3P0, (5)
2(RCHOCO,)Li + 2HF — 2LiF + (RCHOH), + 2C0, (6)

The lithium hydroxide (LiOH) thus produced could decompose, get carbonated and neutralize
the excess HF and H3POas, when in contact with atmosphere and the gases evolved from the SEI

decomposition, in line with reactions 7 — 10.

2LiOH - Li,0 + H,0 (1)
2LiOH + €O, — Li,CO5 + H,0 (8)
LiOH + HF — LiF + H,0 9)
3LiOH + H3P0, - Li3PO, + 3H,0 (10)

Therefore, the solution produced by adding water to the plated anode and the separator would
primarily contain LiOH, Li20, LioCO3, LiF, LisPOs, and LiOPF4. The pH and conductivity of the
solution was measured (Fig.S2). A similar pattern was observed in the conductivity
measurements as the electrochemical analysis (Fig.2), with the solution pH and conductivity was

found to increase with C-rates. A key point to highlight from the pH measurements is the
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267  alkaline nature of the extraction solution, indicating a complete neutralization of the HF formed
268 in the process. The oscillations in the conductivity measurement occurred because the extracted
269  solution contain other salts in addition to LiOH. The SEI and electrolyte decompose along with
270  the plated lithium, consequently forming other lithium salts. In an ideal situation, only the

271  lithium metal on the anode film would have dissolved in water to yield equivalent LiOH. The
272  variability in the dissociation constants and solubility of the different lithium salts and their

273  byproducts introduced the observed conductivity deviations with C-rate.

274  The lithium salts yielded from the battery are shown in Fig.6a. The 5C batch of the lithium salt
275  was analyzed using XPS. The lithium peak from the XPS was deconvoluted and fitted with the
276  above-mentioned lithium salts (Fig.6b). The peak areal analysis predicted about 50% of the salt
277  composition was LiOH, followed by Li>O, Li>COs, LiF, LiOPF4 and LisPOa, respectively. This
278  analysis confirmed that most of the lithium was derived from the electrodeposited layer. Since
279  the pouch cell was completely discharged prior to disassembly, the contribution of LiOH from
280 the intercalated graphite (Reaction 2) was assumed to be insignificant. Since the Li»O and

281  Li2COs (Reactions 7 and 8) were mostly generated as a byproduct of LiOH decomposition, the
282  total metallic lithium contributed > 80% of the yield composition. The remainder of the yield
283  were derived either from the SEI or the electrolyte decomposition. The extracted lithium salt

284  may be heat treated with transition metal salts to form fresh battery electrodes.
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Figure 6. a) Lithium salt samples extracted from the pouch cells charged from 1 — 6 C, b) XPS L 1s deconvolution of
lithium salt from the 5C batch, and ¢) XPS C 1s deconvolution of washed anode from 5C batch after extraction.

The molar concentrations from the XPS data were used to estimate an equivalent lithium
extraction from the battery. For an initial yield of 23.3 mg of extracted salts, molar analysis
presented in Table 1 indicates the presence of 5.53 mg of lithium (mvi). With a 300 mg/Ah of
lithium content in a lithium cobalt oxide battery (FedEx Express, 2020), the lithium yield from a
20 mAh (6 mg of Li) LCO/C pouch cell equates to ~92% of the lithium content. The flowchart

of the entire process representing the salts in the extracted batch is presented in Fig.S3.

Table 1. Analysis of equivalent mass of extracted lithium determined from deconvolution of XPS lithium spectrum
for 5C.

Compound Molar Mass Molar Ratio Mass n mLi
(9/mol) (%) (mg) (mmol) (mg)

Li2O 29.88 20.81 3.54 0.12 1.66
LiOH 23.95 49.11 6.70 0.28 1.96
Li.COs 73.89 11.76 4.95 0.07 0.94
LiF 25.94 8.77 1.30 0.05 0.35
LisPO4 115.79 2.97 1.96 0.02 0.36
LiPOF4 129.91 6.57 4.86 0.04 0.26

The XPS deconvolution of the washed graphite (after lithium extraction) from the pouch cell
revealed no trace of lithium (Table S1), indicating a complete lithium recovery from the anode.
Moreover, the sample was found to be 89.9 at.% C1s. This result is further supported by the
deconvolution of C 1s spectrum (Fig.6¢). The analysis shows the C 1s within the washed anode
was composed of 82.62 at.% graphite (283.85 eV), 14.00 at.% C — C from the binder (285.32
eV) and 4.38 at.% of C — O from electrolyte decomposition (Shchukarev and Korolkov, 2004).
Carbon fluorine (C-F) species were not observed in the analysis. The extracted and dried
graphite was heat treated (HT) in Ar flow under full vacuum and at 1000°C. A 30% mass loss
was observed indicating decomposition of residual hydrocarbons from the filler and binder
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materials. Post-HT XPS analysis revealed 7.65% increment in the elemental carbon content with
C 1s of 96.8 at.% and 3.2 at.% of other elemental species. This indicated a reduction in the
surface impurity on the graphite particles after the HT process. Raman spectra were obtained
from the pre- and post-HT graphite anode samples (Fig.7a). The disorder peak (D band) was
suppressed in the post-HT sample, inferring an increase in the graphitic behavior of the anode,
and reduction in the amorphous filler and binding materials. The Ic/Ip ratio increased from 1.79
to 3.13 after the heat treatment process, indicating a 75% increase in the degree of graphitization.
The post-HT graphite appears very similar to commercial battery-grade graphite. In addition,
TGA and DSC analysis were performed to evaluate the thermal transitions and mass loss during
the HT process of the graphite sample (Fig.7b). A two-stage mass loss is observed during the
first cycle heating, with expected water removal by 300°C and decomposition of the binding
material into carbon by 450°C. The second cycle iteration of the process revealed no significant
mass or thermal changes, indicating a stable product with no further thermal decompositions up
to 1000°C. We are currently optimizing the HT process to enable enhanced extraction of graphite

and the results will be reported in future.

Compositional analysis of the untreated LiCoO. sample was performed using Inductively
Coupled Plasma Optical Emission Spectroscopy (ICP-OES) (Table S2), indicating 41.5 at.% of
Li and rest as Co (or Lio.71C00z2). The XPS deconvolution of the Co2p spectrum of the washed
and dried cathode film was performed based on previous XPS measurements of LixCoO:
electrodes at different states of charge (Dahéron et al., 2008; Dupin et al., 2001). The results,
shown in Fig.7c, indicated < 10 at.% (or < 0.7 wt.%) of lithium. The deconvolution of the Lils
and Co3p peaks indicated 7.05 at.% of Li in CoOz structure (Table S2). Compositional analysis

of the treated electrode was also performed with ICP-OES and revealed 7.77 at.% Li and the rest
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92.95 at.% of Co (Table S2). These results agree within 1% of the amounts estimated from the
XPS spectrum deconvolution. The XPS analysis of extracted Li (Fig. 6b and Table 1) showed
92.2 at.% recovery. The remaining 7.8 at.% of Li is present in material extracted from cathode as
shown by XPS and ICP-OES. Therefore, for simple cathode chemistries, like lithium salts of
cobalt oxide, manganese oxide and ferrous phosphate, the extraction process yields 93 at.%

metal oxide/salts.
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Figure 7. Graphite recovery via heat treatment of Li extracted anode, a) Raman spectra pf pre-HT and post-HT
graphite, b) TGA and DSC of recovered graphite pre-HT. Cobalt oxide recovery from Li extracted cathode. XPS
deconvolution of ¢) Co2p, and d) Lils and Co3p.

H> evolution is a common feature of most hydrometallurgical processing with LIBs. Lithium
either metal or intercalated in the cathode and anode would react with water (or any aqueous

solution) to evolve H> (Equations 1 — 3) (McShane et al., 2020; Swain, 2017; YAMAGUCHI et
18
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al., 2013). However, the evolved H> can be valorized. For each mole of Li, 0.5 mole of H gas is
evolved. A typical LIB has around 7 wt.% of Li, yielding 1wt.% of Hz, assuming 100%
conversion. The recovery process could be performed under inert blanket (N2) to prevent
oxidation of the Hz. H> gas can be valorized as a heat source for drying the lithium solution
and/or heat treating the extracted graphite. Hence the H could be used as a clean fuel source to
support the recovery process. In addition, future works would involve capturing the Hz and

converting it to value-added products, like urea or hydrides.

The lithium recovery process, thus, establishes four primary advantages, 1) ambient condition
efficient recovery process due to high reactivity of lithium metal compared to intercalated
lithium, 2) limited power requirement due to maximum lithium plating at 4 — 5 C, 3)
environmental sustainability due to neutralization of HF produced and no additional acid
requirement, and 4) recovery of lithium, graphite, and single transition metal oxide cathodes
(Co02). A materials mass flow analysis was performed with the initial masses of anode (50.8
mg) and cathode (172.9 mg). The estimated recovered masses were Li (5.5 mg), graphite (43.8
mg with almost 98% purity) and CoO2 (160m8 mg with 92% purity). During industrial adoption,
the used LIBs could be fast charged in a thermally controlled system to avoid runaway.
Consequently, the cells could be directly disassembled and submerged in water, thus eliminating
the inert atmosphere disassembly process. In the future, the target is to improve the lithium
recovery to 299%. We also target to use the mixed lithium salt from the recovery process and

heat treat with cobalt salt for solid-state synthesis of LiCoO..

4. Conclusions

A novel recycling method was presented in which electrochemical cycling enables lithium

concentration and subsequent efficient recovery of lithium, cobalt and graphite using only water
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at room temperature. The process takes advantage of the degradation mechanisms from fast
charging lithium battery, i.e., lithium plating, as a tool to selectively concentrate metallic lithium
at the anode/separator interface. In-situ electrochemical analysis indicated an increasing lithium
deposition with charging rate up till 5C, followed by a decay. The maximum lithium plating at 4
— 5 C for the analyzed pouch cells, limits the energy requirements for the extraction process. This
optimum condition would vary depending on end-of-life condition of used LIBs. The film
characterization during post-mortem analysis revealed a maximum film thickness of 35um with
increasing lithium spatial deposition with C-rate. A green recovery technology was employed by
which the lithium from the plated film, SEI, and electrolyte were extracted using only distilled
water. High extraction efficiency is possible because metallic lithium is significantly more
reactive than intercalated lithium. A 37% gain in lithium recoverability was observed between
the lithium harvested from the fast charging and pristine electrodes. XPS analysis of the
extracted lithium salt indicated > 80% of the lithium was derived from the dendritic film, with a
total extraction efficiency of > 90% at 5C. No traceable lithium was found in the anode and 7
at.% of lithium was found in the materials extracted from cathode. The technology has also
demonstrated the recovery of battery-grade graphite with 97% purity and concentrated the cobalt
oxide in the cathode to 93% purity for downstream processing, and is extendable to all cathode
chemistries. The process is environmentally safe as the HF generated during electrolytic

decomposition is consumed.
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