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The future need to recycle enormous quantities of Li-ion batteries is a consequence of the rapid rise in
electric vehicles required to decarbonise the transport sector. Cobalt is a critical element in many Li-ion
battery cathode chemistries. Herein, an electrochemical reduction and recovery process of Co from LiCoO,
is demonstrated that uses a molten salt fluidised cathode technique. For the Li-Co-O-Cl system, specific to
the experimental process, a predominance diagram was developed to aid in understanding the reduction
pathway. The voltammograms indicate two 2-electron transfer reactions and the reduction of CoO to Co
at —2.4 V vs. Ag/Ag*. Chronoamperometry revealed a Faradaic current efficiency estimated between 70-
80% for the commercially-obtained LiCoO, and upwards of 80% for the spent Li-ion battery. The molten
salt electrochemical process route for the recycling of spent Li-ion batteries could prove to be a simple,
green and high-throughput route for the efficient recovery of critical materials.

© 2021 The Authors. Published by Elsevier Ltd.
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1. Introduction

Lithium-ion batteries (LiBs) have found varied use in portable
energy storage devices [1,2], power tools and electric vehicles, and
have the potential for larger-scale stationary electric storage [3].
Compared with alternative battery chemistries, they possess high
energy and power densities, long cycle lifespans and flexible oper-
ating conditions [4,5]. The use of LiBs is set to increase substan-
tially with the electric vehicle revolution, driven by the need to
decarbonise the transportation sector to meet global targets of re-
duced greenhouse gas emissions [G]. Although the growth of the
energy storage market is a positive development for society, it
brings with it a number of challenges; such as, the scarcity of raw
materials like cobalt [7-9], and the environmental footprint of pro-
duction, towards which the extraction of these materials is a large
contributor [10,11]. The recycling of LiBs, and the recovery of valu-
able materials, would provide a solution to this, and is an essential
part of the future life cycle of energy storage devices.

There are currently five main recycling methods: pyrometal-
lurgical recovery, physical materials separation, hydrometallurgical
metals reclamation, direct recycling and biological metals recla-
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mation [12]. Current commercially available processes are sum-
marised by Velazquez-Martinez et al. [13]. In these processes the
key step is to break the chemical bonds of the cathode material, in
the case of LiCoO,, so that the Li and Co can be converted to two
separate species that can be recovered by precipitation [14], phase
separation [15] or solvent extraction [16,17].

Molten salts, when compared to slags and aqueous solutions,
make excellent electrolytes, due to their large potential windows
and high ionic conductivity. They have been used for refining
and extracting metals and alloys [18-25], materials synthesis [26-
28| and energy storage [29-32]. Recently, Qu et al. [33] used a
low-temperature molten salt roasting approach to obtain Li and re-
generate LiCoO,; and Zhang et al. [34] showed that a molten salt
electrochemical process can be used to recover Co and Li from
spent LiCoO,-based batteries. Using this method, one is able to
directly manipulate the reduction process by applying controlled
electrode potentials, instead of using reducing agents, as tradition-
ally done. The potential flowsheet of this electrochemical process
is outlined in Fig. 1. The salt used was a Na,C0O3-K,CO3 eutectic,
and they managed to recover cobalt, and cobalt oxide, that was
used to regenerate LiCoO, by heat treating with the Li,CO5; prod-
uct formed by leaching out the salt. The precursor for the elec-
trochemical reaction was a solid pellet of cathode material. Fur-
thermore, the recycling of LiCoO, has also been reported to oc-
cur by electrolytic and ultrasonic enhanced leaching [35,36], use
of grape seed and glucose as chemical reductants [37,38] as well

0013-4686/© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)


https://doi.org/10.1016/j.electacta.2021.138846
http://www.ScienceDirect.com
http://www.elsevier.com/locate/electacta
http://crossmark.crossref.org/dialog/?doi=10.1016/j.electacta.2021.138846&domain=pdf
http://creativecommons.org/licenses/by/4.0/
mailto:r.abdulaziz@ucl.ac.uk
mailto:d.brett@ucl.ac.uk
https://doi.org/10.1016/j.electacta.2021.138846
http://creativecommons.org/licenses/by/4.0/

M. Mirza, R. Abdulaziz, W.C. Maskell et al.

Electrochimica Acta 391 (2021) 138846

Spent Discharge )
LiCoO, and Vacuum Calcination LiCoO, Moltensalt | | ~——" _ _______ |
batteries dismantle pyrolysis cathode electrolysis — l
450°C 800 °C Teaching| s |
1h 2h | |
|
I

Fig. 1. Flowsheet of the recycling and regeneration process of spent LiCoO,-based batteries, proposed by Zhang et al. [34], dashed red lines highlight the steps that could be

forgone following the process described in this work.
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Fig. 2. (a) Schematic of the electrolytic cell used for the recovery process of Co from LiCoO, particles using a fluidised cathode [22]; (b) oxide particles suspended in the
electrolyte melt collide with the current collector and undergo reduction to the metal [23]; (c) the particle/electrode/molten salt interaction sets up a three-phase interline

(3PI) with minimal 02~ ion build-up adapted from Deng et al. [45].

as a range of other studies which explore electrochemical methods
and process optimisation and kinetics for leaching of metals and
cobalt [39-42].

This manuscript describes how cobalt-containing particles
[43,44] can be suspended in a molten salt fluidised cathode pro-
cess [24] to produce cobalt metal from commercially-obtained and
spent LiCoO, from LiB cells. LiCI-KCI eutectic has been selected as
a suitable electrolyte, with high Faradaic efficiency, whilst elimi-
nating the leaching and regeneration steps (Fig. 1), with associated
cost reductions. The decision to forgo the regeneration step was
made based on the fact that the market share of LiCoO, cathode
material is declining [12]; thus, producing high-quality Co metal
for other uses and to make other types of cathode materials (e.g.
NMC) is considered to be advantageous. The fluidised cathode,
which was previously developed by the authors for the produc-
tion of tungsten, and for nuclear reprocessing applications, which
include the formation of uranium [22-24], is a robust and dynamic
system, in which kinetics are enhanced by the agitation of particles
in the electrolyte melt. A schematic of the process is presented in
Fig. 2 (a), (b) illustrates the pathway for metal oxide particle reduc-
tion; (c) describes the three-phase interline (3PI) of metal, metal
oxide, and salt necessary for reduction reactions to take place.

2. Experimental
2.1. The electrochemical cell

A tall-form beaker made from borosilicate glass (250 ml, Du-
ran, SLS) was used as a primary container for both the molten salt
system and metal oxide, in this case LiCoO,, throughout the exper-
iment. This beaker was secured within a borosilicate flanged glass
beaker (internal diameter 70 mm, outer diameter 120 mm, height
300 mm, GPE Scientific Limited). It was found that borosilicate

glass proved a suitable material not only in withstanding these in-
termediate temperatures (~450 °C) but also in avoiding unwanted
chemical interactions with the metal and metal oxide. The cell was
heated using a Vecstar programmable furnace and was raised to
450 °C at a linear ramp rate of 100 °C h~!. An inert high purity
argon gas (99.998%, BOC) flowed through a ceramic tube (internal
diameter 5 mm, Multi-lab, Quartz and Ceramic Technology) at a
constant rate. The assembly of the cell was carried out inside an
inert argon gas glovebox. The molten salts in this study comprised
of 150 g anhydrous lithium chloride (Extra Pure, SLR, Fisher Scien-
tific) and potassium chloride (Certified AR for Analysis, Fisher Sci-
entific) in the ratio of 59-41 mol.%, respectively. Both salts were
dried under vacuum at 150 °C for 24 h prior to use to ensure all
residual moisture from the salts was adequately removed.

2.2. Electrodes and cathode materials

For the fluidised cathode setup, a tungsten rod (99.95% metals
basis, 1.5 mm diameter, Alfa Aesar) was used with a glass sheath
that had been fused around the shaft of the rod prior to experi-
mental studies. The rod was modified because of the fluctuating
height of the melt due to agitation. The working electrode was
compared to an Ag/AgCl reference electrode which is known for
its stable and well-defined potential [4G]. Specifically, a silver wire
(0.203 mm diameter, 99.95% metals basis, Alfa Aesar) was placed
inside a glass tube with 1 wt% AgCl (99.999% trace metals basis,
Sigma Aldrich) in 1 g LiCl-KCl (59—41 mol.%). The auxiliary elec-
trode, a high-density graphite rod (99.9995% metal basis, 3.05 mm
diameter, Alfa Aesar), was inserted into a glass fritted (porosity 5)
anode compartment with 10 g LiCl-KCl which contained a small
aperture to allow any anodic gases (CO, from the oxide ion re-
action with the graphite anode) produced to escape and to pre-
vent the re-oxidation of any reduced cobalt particles. It should be
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noted that containment of the counter electrode behind a glass
sheath and frit will add to the IR drop in the cell. However, this
was not seen to affect the efficacy of the approach at this scale,
for this high conductivity salt and the compliance of the potentio-
stat used. For scale-up to a practical system, further cell engineer-
ing will be required that includes optimisation of the working and
counter electrode shape and placement, compartment separation
and electrolyte agitation mechanism. An identical setup was used
to conduct the ‘static’ experiments (quiescent electrolyte). In this
setup, the LiCoO, particles were allowed to settle at the bottom of
the crucible, the working and reference electrodes were immersed
through them.

Spent commercial LiBs (Polymer Li-ion cell, 3.7 V, 400 mA h,
AA Portable Power Corp) were also used in the trials to deter-
mine the efficiency of recovering Co from spent LiBs compared
with commercially-obtained pure-phase LiCoO, (97%, Alfa Aesar).
Initially, the Li-ion pouch cell was discharged using a battery cy-
cler (BioLogic, BCS-805) to the manufacturer’s safe discharge-limit
(2.75 V). The pouch cell was then dismantled inside a glovebox
(<0.5 ppm 0O,/H,0), where the cathode layer was separated from
the anode and washed in dimethyl carbonate solution (DMC) for
the initial removal of electrolyte. After this, the obtained cathode
scrap was heated using a modular horizontal tube furnace (Car-
bolite) at 450 °C for 1 h under an inert argon atmosphere to re-
move the polyvinylidene fluoride (PVDF) binder. The cathode pow-
der was then calcined at 800 °C in air for a further hour to burn off
acetylene black and any residual organic additives. An agate mor-
tar and pestle was used to manually grind the thermally-treated
LiCoO, to a fine powder for further processing.

2.3. Procedure

Electroanalytical studies, including cyclic voltammetry and
chronoamperometry, were undertaken using a computer-controlled
potentiostat (Reference 3000, Gamry instruments). The electro-
chemical procedure was carried out with a constant flow of ar-
gon gas, resulting in a homogeneous distribution of electrolyte and
metal oxide particles. The product materials were characterised us-
ing a scanning electron microscope (Zeiss EVO MA10, accelerating
voltage: 15.0 kV) and energy dispersive X-ray spectroscopy (Ox-
ford Instruments, INCAx-act, PentaFET Precision). A three-electrode
electrolysis setup was employed to perform electrochemical ex-
periments and only absolute currents are reported to account for
varying electrode surface area. The current collector was immersed
~4 cm (1.90 cm?) within the melt during both the fluidised and
static measurements. An identical process was used for the re-
covery of commercially-available LiCoO, powder and spent Li-ion
pouch cell, any differences between the studies are made clear in
the manuscript.

3. Results and discussion
3.1. Thermodynamic analysis

To help understand the reduction pathway of LiCoO, in a LiCl-
KCl eutectic system a predominance diagram [47-50] was gener-
ated for the Li-Co-O-Cl system. Predominance diagrams are analo-
gous to Pourbaix diagrams; however, the former compare the stan-
dard electrode potential to the negative logarithm of 0%~ ion ac-
tivity, pO%~ rather than pH. All thermodynamic data used in pro-
ducing the diagram has been obtained from HSC Chemistry 6.0
database. The diagram in Fig. 3 indicates the stability for differ-
ent cobalt oxides (II/III) and cobalt metal at 500 °C. From the ther-
modynamic analysis, one can assume that the lithium in LiCoO,
ionises with the rest of the ions in the LiCI-KCl melt, as per Eq.
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Fig. 3. Predominance diagram of the Li-Co-O-Cl system at 500 °C. All thermody-
namic data has been obtained from HSC Chemistry 6.0.

(1), and that it would require a relatively high (negative) poten-
tial to electroplate, in the same manner as the Li* from the fused
salt. From the diagram, we may also deduce that a greater concen-
tration of 02~ ions in the eutectic melt will retard the reduction
process of Co;04 to Co metal. As the 02~ ion activity fluctuates
throughout the experiment, the required reduction potential may
also vary. It is therefore important that the 02~ ion concentration
is kept as low as possible. With respect to the reduction of Co30y4,
there are two steps in the formation of Co metal. These steps are
outlined in Egs. (2) and (3); Egs. (4) and (5) represent how the
standard equilibrium potential, E, was calculated, where AG is the
Gibbs free energy of the reaction, n is the number of moles of par-
ticipating electrons, F is the Faraday constant, R is the universal gas
constant, and T is the temperature.

3LiCo0, + e~ = 3Li* + Co304 + 20%~ (1

C0304 + 2e~ = 3Co0 + 0%~ (2)

Co0 + 2e~ = Co + 0%~ (3)
—AG, RTIn10 __,_

Ey=—r=+—7—0 (4)
—AGs; RTIn10 _,_

Ey= —r=+— 0 (5)

The thermodynamic analysis stipulates that the electrochemical
reduction process for cobalt oxide involves two reactions, Eqs. (2)
and (3), and that the 02~ ion activity level ultimately has little to
no effect on the reduction procedure, as cobalt metal can be pro-
duced, with adjustment to the potential applied, at all oxide ion
activity levels.

3.2. Cyclic voltammetry

Cyclic voltammetry measurements were recorded using a tung-
sten working electrode on a static setup first; the voltammogram
at 450 °C is presented in Fig. 4 (a). This set-up was initially used
to enable the retrieval of high signal-to-noise data showing clear
reaction peaks and to understand the electrochemical system be-
fore agitation using a fluidised cathode setup. The working elec-
trode was swept between 0 and —2.7 V at a scan rate of 50 mV
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Fig. 4. (a) Cyclic voltammogram, for multiple cycles, of LiCl-KCl and commercially-obtained LiCoO, melt using the ‘still’ setup on a tungsten working electrode; (b) single
cycle for the spent LiB (1.4 g) and (c) single cycle for commercially-obtained LiCoO, powder (5 g). The difference in loading results in no Li deposition and stripping peak
being observed this is due to a ‘shielding’ effect caused by the higher particle loading [23]. Temperature: 450 °C; scan rate: 50 mV s~!; argon gas flowrate: 200 cm® min~'.

s~1 thereby avoiding the salt’s decomposition potential (~—2.8 V);
three potential cycles were performed. The coupled redox poten-
tials (described in Eq. (2)) at c1 and al represent the reduction
of Co304 to CoO and the reoxidation of CoO back to Co304. The
second coupled redox potentials (described in Eq. (3)) at ¢2 and
a2 represent the second reduction step where CoO is converted to
Co metal and Co is reoxidised back to CoO, respectively. The gen-
eral form of the electrochemical response is consistent with previ-
ous results [34]; the difference in redox potentials is due to kinetic
limitations as the temperatures and molten salt eutectics used in
this system (750 °C vs. 450 °C used here) are different to others.
Next, cyclic voltammetry measurements were performed on the
fluidised cathode arrangement, this is presented in Fig. 4 (b) and
(c). The tungsten working electrode was scanned between 0 and
—2.55 V in Fig. 4 (b) and from 0 to —2.7 V in Fig. 4 (c), and
then back to the starting potential (vs. Ag/Ag™). Again, the coupled
redox potentials at c1 and al represent the reduction of Co304
to CoO, and its reoxidation, as described in Eq. (2). The second
coupled redox potentials at c2 and a2 represent the reduction of
CoO to Co, and its reoxidation, as described in Eq. (3). The flu-
idised cathode system reveals an interesting electrochemical fea-
ture, the apparent ‘noise’ in the cyclic voltammetry has been as-
sociated with particle/current collector reactions, as has been ob-
served in previous studies in the fluidised cathode system [23].
These collision-reaction features (i.e. illustrated by a ‘noisy’ sys-
tem) are present at potentials where Co304 reduction takes place

and may extend into the decomposition potential of the Li salt, as
shown by Fig. 4 (c). Upon observing the anodic sweep this phe-
nomenon does not occur; therefore, the re-oxidation of Co metal to
CoxOx is primarily a surface-based process. In this system the elec-
trochemical process proceeds from approximately —0.33 to —0.52
V (vs. Ag/Ag™) in Fig. 4 (b) and (c), respectively.

When comparing the voltammograms of the static arrangement
against the fluidised cathode setup, there is significantly more cur-
rent that is passed when the reaction mixture is fluidised, where
the current collector size grows as the reaction proceeds, although
some spalling occurs. This is to be expected as the current is
influenced by the rate of collision and reactions become more
favourable and frequent, when compared to a solid precursor (pel-
let) or a still (quiescent) set-up.

3.3. Constant cell voltage electrolysis

Plotting current versus time curves provides an overview of the
reduction pathway assumed in a given electrochemical process. For
this study, the LiCoO, cathode material was subjected to a fixed
potential of —2.4 V (vs. Ag/Ag™). This potential was chosen using
the data acquired from Fig. 4, and a value of —2.4 V, represented
the most likely reduction potential to LiCoO,. The reduction poten-
tial is more positive than the expected decomposition potential of
the salt and should therefore avoid Li electroplating. As observed
from Fig. 5 (a) and (d), the current increased, quickly approaching
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Fig. 5. (a) Chronoamperogram of LiCl-KCI-LiCoO, melt. Mass of cathode material: 5 g; temperature: 450 °C; argon gas flowrate: 400 cm® min~'; fixed voltage: —2.4 V (vs.
Ag/Ag*); (b) close-up of the same chronoamperogram in (a) over a smaller time period, (c) photograph of the product after electrolysis, washed using distilled water after
being retrieved, partly from the bottom of the cell crucible and partly scraped off the current collector; (d) chronoamperogram of spent LiB over a shorter time period (less
than 24 h) using identical conditions to (a), the completion of the process was denoted by the sudden drop in current.
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Fig. 6. Recycle flow diagram for the electrochemical recovery of Co metal from spent LiBs, these steps have been described in detail in the methodology section. The obtained
Co metal at the completion is expected to be used in several LiB applications but also in the formation of alloys.

nearly 80 mA in Fig. 5 (a) and 90 mA in Fig. 5 (d) due to the de-
posit growth of Co metal on the substrate electrode surface. One
explanation for the current increase, which has been evidenced in
previous work [22], is that it could arise due to the difference in
particle size distribution which means some particles undergo par-
tial reduction. This enables a higher probability of contact between
the metal oxide and salt and improves the reduction rate. Fig. 5 (c)
shows a photograph of the product after it was washed with dis-
tilled water compared with the starting material photographed in
Fig. 6. The final product appeared to be a homogeneous grey-black
powder, indicative of cobalt metal, and both SEM/EDS analyses, in
Fig. 7 (a)-(c), and the EDS spectrum in the Supplementary Mate-
rial, indicated that oxygen was absent in the final Co product. At
higher magnifications, Fig. 7 (a) and (b), the Co metal particles pro-
duced appear homogeneous in size and porosity, depicting a ‘coral-
like’ structure, which indicate a feature size of 2-3 pum. The same
is true of Fig. 7 (c) although there is also some presence of cobalt
silicate particles which are assumed to be due to the reaction of
borosilicate glass with the cobalt ions in the molten salt system.
The current versus time curves for both studies can be sepa-
rated into two segments. The first segment is associated with a
rapid rate of reduction and is observed in Fig. 5 (b) and (d) where
the current rises. This rise in current is a result of the increasing
electrode surface area. The second segment is where the current
begins to fall. Fig. 5 (d) is where the periodic spalling is most no-
ticeable and is denoted by a rapid loss of current for short periods
towards the end of the process. The depletion of available oxide
from the reaction is realised once the current reaches the back-
ground level or zero. From calculations, 1640 C has been deter-

mined as the total theoretical charge that would be required to re-
duce the LiCoO, (5 g), assuming 100% current efficiency. Acknowl-
edging incomplete reduction and extrapolating towards the back-
ground current, resulted in a current efficiency between 70% and
80% in Fig. 5 (a) and was upwards of 80% in Fig. 5 (d) [22].

4. Conclusions

This work demonstrates that the recovery of Co metal is fea-
sible using the fluidised cathode technique from commercially-
obtained and spent LiCoO, cathode material. It serves as an im-
portant step for the electroreduction of metal oxides to their ele-
mental state. The results from the chronoamperometry reveal that
the fluidised cathode process possesses a high Faradaic efficiency
of >70%. By using this process, several steps in the flowsheet pre-
sented in Fig. 1 can therefore be eliminated; namely the leaching
and regeneration steps. It also utilises a molten salt eutectic (LiCl-
KCl) at a much lower temperature (450 °C) leading to consider-
able cost reductions overall. The decision to forgo the regeneration
step was made on the fact that the market share of LiCoO, cathode
material is falling; therefore, producing high-quality pure-phase Co
metal is practical for other uses which include the formation of
lithiated cobalt-oxides in LiBs (e.g. NMC and NCA). Given the suc-
cess of this work, the authors envision this technology to be ap-
plied to the aforementioned battery electrode materials, with the
possibility of selectively reducing and separating different materi-
als, other components of a battery and other types of batteries.
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Fig. 7. SEM images of the obtained products after constant voltage electrolysis at different magnitudes, as indicated in each. Both (a) and (b) are images from the electrolysis
of commercially-obtained LiCoO, and (c) is from the spent LiB. EDS spectra (Figs. S1 and S2 shown in the Supplementary Material) indicated the absence of oxygen in both

cases.
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