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Recovery of Cobalt and Lithium by Carbothermic
Reduction of LiCoO, Cathode Material: A Kinetic

Study

BINTANG A. NURAENI, KATRI AVARMAA, LEON H. PRENTICE,
W. JOHN RANKIN, and M. AKBAR RHAMDHANI

Recycling of Li-ion battery cathode materials using carbon from the anode materials via
carbothermic reduction would provide a reduction process option that could be carried out
without introducing any external reactants. From this basis, this study investigated and
examined the kinetics of carbothermic reduction of LiCoO, at 700 °C to 1100 °C under inert
atmosphere up to 240 minutes reaction time using an isothermal mass change analysis combined
with detailed microstructure evolution observation. The overall reduction mechanism appeared
to involve diffusion of oxygen in LiCoO, during its thermal decomposition in the first stage,
followed by the nucleation of cobalt in the second stage. The activation energy of the diffusion
and nucleation stages were calculated to be 121 and 95 kJ/mol, respectively. The microstructure
analyses showed a complex evolution of phases. At 700 °C to 900 °C, Li,CO3; and Co phases
were observed as the product of the reductions; while at 1000 °C to 1100 °C, Li,O and Co
phases were observed. The information and data obtained are useful when comparing different
recycling methods and optimizing the carbothermic reduction parameters for recycling cathode
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materials from spent Li-ion batteries.
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I. INTRODUCTION

RECYCLING of spent Li-ion batteries is
inevitable to conserve raw materials and to avoid
leaching and emission of harmful elements in scrap
batteries from landfills into the environment. The main
components of Li-ion batteries are typically cathode,
anode, a current collector, electrolyte, separator, and
other components for safety structure.'! Amongst the
elements in Li-ion batteries, cobalt, nickel, and lithium
are currently the focus in battery recycling due to their
scarcity, importance, and high economic value. These
metals are mainly located on the cathode and anode
parts of the battery. The anode and cathode are made of
active materials held together by carbon black and
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pasted on a current collector. Lithium metal oxides
(LiCoO,, LiMn,0y4, LiNixMnyCo,.4.,0,, LiNiCoAlO,)
or phosphates (LiFePO,) based materials are usually
used for the cathode, while graphite or petroleum coke is
commonly used as the active material for the anode.”

Currently, cobalt has the highest market price of all the
metals in the typical Li-ion battery and provides the key
economic driver for battery recycling. In addition,
around 70 pct of the global cobalt mine production in
2020 was supplied by the Democratic Republic of the
Congo, a politically vulnerable country with human right
concerns related to mining.””! Such a dominant share held
by one unstable country possesses a high supply risk.!!
Lithium was added to the critical raw material list for the
first time by the European Commission in 2020.°) The
global demand for lithium has been forecast to increase
from 305,000 tons of lithium carbonate equivalent in 2020
to 486,000 tonnes in 2021.1° Growing interest in offtake
agreements is indicating that securing the metal supply is
a critical issue, while the COVID-19 pandemic has caused
significant disruption of mine and brine operations.!®
Recycling and recovering lithium from all possible
Li-containing resources is critical for securing its avail-
ability in the future, and as Li-ion batteries contain 5 to 7
wt pct Li, that is much higher concentration than the
lithium content in natural resources,’”) batteries must be
seen as valuable Li-resources.
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There are a number of metallurgical routes for
recycling of spent Li-ion batteries.® The pyrometal-
lurgical route of recycling has some benefits compared
to other metallurgical routes and includes simplicity and
high productivity. In the pyrometallurgical route, a high
temperature is applied to break the chemical bonds of
cathode materials so that the valuable metals such as
cobalt and lithium can be recovered as metals or other
usable products. Metal oxides in spent batteries can be
reduced by carbon through a carbothermic reduction
route. Considering that Li-ion batteries contains gra-
phite for the anode material, this reductant can be used
without a need of any additional external reactants.

Understanding the kinetics of the carbothermic
reduction of metal oxides in spent Li-ion batteries is
essential for mechanism and ensuring that the proposed
recycling method can be optimised and operated on an
industrial scale. In general, kinetic studies on the
carbothermic reduction between cathode and anode
materials aim to understand the underlying mecha-
nism(s) of the reactions, identify order of the mecha-
nism(s), observe the possibility of any intermediate
processes involved, and identify the rate limiting step
and key parameters.

Only a few studies have reported the kinetics of the
carbothermic reduction of LiCoO,, covering results on
the reduction mechanisms and the activation energy
with different variables, including temperature, atmo-
spheric gas, and the molar ratio of reactant (LiCoO,)
and reductant. Kwon and Sohn!” carried out an
iso-conversional kinetic study of carbothermic reduc-
tion of LiCoO, under inert (argon) atmosphere by
measuring the mass change and analysing the gas
composition. They added Co;04 as the starting mate-
rial along with the LiCoO,. The study proposed that
during heating from 25 °C to 1500 °C, carbothermic
reduction of LiCoO, occurred in five stages. It was
reported that Co3z04 reduction to CoO occurred in the
temperature range of 500 °C to 610 °C. In the second
stage, LiCoO, started to reduce to form Li,CO3 and
CoO at higher temperatures of 610 °C to 690 °C. In
the third stage, Li,CO; decomposed to Li,O and CO,
while LiCoO, reduction was still progressing. In the
fourth stage, at 882 °C to 1128 °C, CoO was reduced
to metallic cobalt. At higher temperature (the final
stage), an excessive amount of CO was produced as a
consequence of the Boudouard reaction. It was con-
cluded that the overall mechanism followed a uniform
internal reduction model with a single activation
energy of 165.8 kJ/mol. Another iso-conversion kinetic
study was reported by Li er al.,'! where they inves-
tigated carbothermic reduction of LiCoO, employing a
thermogravimetric technique and gas spectrometry
analysis under inert (argon) atmosphere at 25 °C to
1500 °C. They reported that the reduction progressed
in three stages: i.e. LiCoO, decomposition to simpler
oxides of Li,O and CoO, then Li,CO3; formation from
LiO and COx) and in the third stage CoO reduction
to metallic cobalt and COy,. They reported activation
energies of 389.61 and 405.67 kJ/mol from Kissinger—
Akahira—Sunose and Flynn—Wall-Ozawa models,
respectively.
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Pindar and Dhawan"? conducted carbothermic

reduction experiments of mixed cathode materials of
LiCOOz, LiMl’l204 and LiNi0_5Mn1.5O4 at 600 °C to
1000 °C under argon atmosphere using TGA-DTA
analysis and also found LiCoO, decomposition similar
to Li et al. However, the activation energy was reported
to be much lower, ranging from 204.4 to 234.2 kJ/mol
obtained with the Kissinger, Kissinger—Akahira—Su-
nose, Flynn—Wall-Ozawa, and Friedman models. They
also conducted isothermal experiments at 700 °C to 900
°C for 30, 45, and 60 minutes to investigate the kinetics
using the fraction of metal extracted (by water leaching)
as the degree of reaction parameter. They applied the
model-fitting method and proposed that the metal
reduction followed a diffusion-controlled reduction
mechanism by the Ginstling—Brounstein model. They
reported activation energies of Li and Co diffusion to be
71.0 and 52.1 kJ/mol, respectively. However, they did
not report the detailed microstructure and phase evolu-
tion in relation to the diffusion mechanism.

Zhi-Kang e al'"¥! studied the kinetics of carbothermic
reduction of LiCoO, by TGA-DTA at 400 °C to 1000 °C
and 10 °C to 20 °C/min heating rate for 6 h under inert
atmosphere (nitrogen). They investigated the effect of
pelletizing pressure (45, 50, 60 MPa), reduction time (2 to
10 h), and mass ratio of 1/1, 1/1.5, and 1/2 of LiCoO,/C
(equal to 0.12/1, 0.08/1, and 0.06/1 molar ratio). Activation
energy was found to be 280.68 kJ/mol by Kissinger method.
The study also attempted to investigate the reaction
mechanism using data derived from the TGA-DTA curve
at 15 °C/min heating rate using Coats-Redfem formula and
concluded that the data fitted the Jander model of three-di-
mensional diffusion mechanism. However, the model-fitting
covered only one mechanism, namely LiCoO, thermal
decomposition, and no value of activation energy was
concluded from this method.

Xiao et al'¥ studied the kinetics of carbothermic
reduction of another cathode material (LiMn,O,) at 30
°C to 1000 °C and 10-25 °C/min heating rate under inert
atmosphere (argon). Based on the iso-conversional
method (Friedman), the activation energy was found
to be 163.74 kJ/mol. Further, using Sestak-Berggren
model-fitting, they concluded that three stages occurred
during the reduction processes: namely: (I) nucleation
reaction control (0.1 < a < 0.32), (I1) diffusion reaction
control (0.32 < « < 0.72), and (IIT) nucleation reaction
control (0.72 < o < 0.90). However, they did not report
any mechanisms corresponding to the three stages.

There is no clear, unanimous agreement on the
reduction mechanism and whether multiple steps occur
simultaneously. Most previous studies used an iso-con-
version kinetic analysis approach to investigate the
carbothermic reduction of LiCoO, over a wide temper-
ature range. This approach is not appropriate for a
system with multiple reactions occurring at the same
time and that exhibits more than one rate controlling
mechanism over different temperature ranges. No
detailed phase and microstructure evolution analyses
have been presented, except from the work of the
current authors.'” A more systematic kinetic study is
needed to reveal the rate limiting step and detailed
micro-mechanism of the reduction process.
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The current study systematically investigated the
carbothermic reduction of LiCoO, through isothermal
kinetic analysis combined with detailed microstructure
and phase analysis to identify the different stages of
reduction, the rate limiting steps and the overall
mechanism. This paper is part of a larger study on the
investigation of carbothermic reduction of LiCoO»,
which focuses on the kinetics study. A separate work
has been presented on the detailed investigation of the
macro- and micro-mechanisms supported by thermody-
namics analyses and microstructure evolution.!'”

II. MATERIALS AND METHOD

Analytical grade LiCoO, and graphite powders from
Sigma Aldrich® with purity of 99.8 and 99.99 pct,
respectively, were used. The typical morphology of the
particles of LiCoO, and graphite are shown in Figures 1(a)
and (b), respectively. A mixture of LiCoO, and graphite
with molar ratio LiCoO,: C = 1: 4.83 was utilised for the
experiments to simulate the typical ratio found in spent
Li-ion batteries.!"™ Based on our previous thermodynamic
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calculations, 0.8 mol C per mol of LiCoO, is adequate to
reduce cobalt stoichiometrically.!"> Hence, the amount of C
used in the current study represents an excess quantity. The
powders were weighed and mixed in a 146 mm x 203 mm
long ball-mill using 100 alumina balls of 8 mm diameter.
The powders and balls were placed into the milling jar and
rotated for 3 h with rotation speed of 100 rpm. The mixed
powders were then pelletised using a cold press with a load
of 10 tons for 5 minutes at room temperature. The final
pellets had a dimension of approximately 13 mm in
diameter and 12 mm in thickness. The morphology of
pressed mixture pellet is presented in Figure 1(c).

The experiments were performed in a water-cooled
vertical tube furnace integrated with an analytical
balance (FX-300i with 1 mg accuracy) for mass change
recording. A pellet sample was placed inside an 18 mm
diameter cylindrical alumina crucible, which was sus-
pended from the digital balance using a platinum wire,
as shown in Figure 2. A K-type thermocouple was used
for temperature calibration and measurement. The
temperature and mass were recorded using data acqui-
sition before and during the experiments.

=== 2 pm | EHT : 20.00 kV

Fig. 1-—(a) LiCoO, (b) graphite (c¢) mixture of LiCoO, and graphite, pressed as a pellet.

604—VOLUME 54B, APRIL 2023

METALLURGICAL AND MATERIALS TRANSACTIONS B



| ' Platinum Wire
Alumina Crucible
n Thermocouple

Alumina Tube

Sacrificial Tube

= <«—— Balance

—<¢— Lever Mechanism

=5

Water Cooling — D Gas Outlet

E

—A

Gas

H

Water Cooling ———>{=P«—Gas Inlet

Fig. 2—A schematic of the experimental setup.

The experiment was commenced by loading the sample
to the furnace from the top water-cooled zone. Once the
furnace was sealed and while the sample was still in the
cold zone, argon was passed into the furnace tube at a
flow rate of 0.5 L/min. This flow rate of gas was applied to
eliminate possible gas phase mass transfer control. After
the gas atmosphere was stabilised, the sample was
lowered to the hot zone of the furnace (and this represent
time zero of the reaction) and heated isothermally at 700,
800, 900, 1000, and 1100 °C for maximum 240 minutes
while the mass change was recorded every minute by the
digital balance. The mass recording was repeated three
times for all experiments to ensure the repeatability and
calculate the errors. The approach used in the current
study was an isothermal kinetic analysis for solid-state
reactions where a set of conversion values («) versus time
were produced at each temperature and fit into existing
general kinetic models.!'”

X-ray Powder Diffraction (XRD) was used to identify
the phases present using Cu-Ko radiation and a 26 5-140
deg at a step size of 0.02 deg (~ 2 hours per scan) at 40 kV
and 40 mA. Phase identification was performed using
DIFFRAC.EVA V4 software equipped with the Inter-
national Centre of Diffraction Data PDF2 + database.
The sample was prepared by crushing the pellets using
mortar and pestle to form a homogenous powder. During
data collection, divergence slit was set at 1° to limit the
total irradiation area of the sample.
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Scanning Electron Microscope (SEM) analyses (Zeiss
SUPRA-40) were conducted in conjunction with energy
Dispersive X-ray spectroscopy (EDX) (INCA Suite 5.05)
to obtain the elemental mapping and semi-quantitative
chemical compositions. These EDX results (ratio of
different elements) were used to deduce the possible
phases during reaction. For the sample preparation, the
pellets were coated with a 10 nm layer of gold and pasted
on a layer of carbon tape. Secondary Electrons (SE) and
Angle Selective Backscatter (AsB) images were used for
the study of the microstructure. The SE images were used
to study the topography and morphology of the phases in
the sample and to obtain high resolution SEM imaging.
The AsB images were used to observe elemental distri-
bution in the sample. The SEM and EDX images analyses
were carried out using an accelerating voltage of 20 kV, a
working distance of 12 to 17 mm, an emission current of
276 pA, and a vacuum of 2.06 x 10 ° mbar.

III. RESULTS AND DISCUSSION

A. Kinetics Data and Assessment of a Suitable Kinetic
Model

Figure 3 shows the mass loss as a function of reaction
time during the isothermal heating at 700 °C to 1100 °C.
It can be seen that the mass loss increases with reaction
time at each temperature, and that total mass loss at
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240 minutes increases with increasing reaction temper-
ature. The mass loss trend was similar at all tempera-
tures; i.e. the greatest mass loss occurred at the early
stage of reduction, after which the mass gradually
decreased. However, the transition between the early
and later stage was unique to each temperature.

The degree of reaction (o) was defined as the ratio of
mass loss at particular time ¢ to the maximum mass loss
when the reaction was complete:

o= Mo 1]

Moo — My

where m;, is the mass of pellet at time ¢, m, is the initial
mass, and m., is the mass when the reaction is com-
plete, i.e. the theoretical mass loss when oxygen
removal is at its maximum such as at equilibrium. The
theoretical total mass loss (at equilibrium) was deter-
mined by equilibrium reaction calculations using the
FactSage™ thermochemical package. The databases of
FactPS (database for pure substances, sourced from
SGTE and JANAF) and FToxide (database for solid
and liquid oxide compounds and solutions) were used
in the modelling and the results are presented in
Table 1. The recorded mass loss (in Figure 3) and the-
oretical mass loss (in Table I) were then used to calcu-
late o using Eq. [1]. The calculated degrees of reactions
are presented in Figure 4.
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Fig. 3—Recorded mass change as a function of reaction time at each
temperature (700 °C to 1100 °C).

Generally, the trends of o were similar. The increment
of o« was significant in the early period then became
slower in the later period. It can also be seen from
Figure 4 that higher temperature caused an increase in o
at the same time period. After 240 min, the final o at 700
°C to 800 °C was below 0.6 (0.19 and 0.54, respectively)
while the values from the reduction at 1000 and 1100 °C
were close to 1 (0.92 and 0.94, respectively).

A distinctive trend of o was observed at 900 °C where
the mass change did not significantly decelerate in the
second period (compared to at 700 °C and 800 °C).
Based on the thermodynamic assessment from (Table I),
the reduction product of lithium phase at 900 °C was
predicted to be Li,O, as opposed to Li,CO;5; at lower
temperatures (700 °C and 800 °C). The formation of
Li>O would cause a greater mass loss compared to
Li,COs;. The proposed explanation on the cause of this
distinctive trend at 900 °C will be discussed in the next
section and correlated to the XRD analysis. Overall, it
can be concluded that temperature plays an important
role in the reduction progress.

Considering the kinetics data (in Figures 3 and 4), the
XRD and microstructure analyses (both presented in the
next Sections), it is clear that there were different major
reduction steps and sequence of reactions occurring
during reaction at each temperature. Hence, it is very
unlikely that a single kinetic model can explain the
kinetics at different time at each reaction temperature.
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Fig. 4—The degree of reaction («) as a function of reaction time at
each temperature (700 °C to 1100 °C).

Table I. Theoretical Maximum Mass Loss (at Equilibrium) Calculated Using Factsage™

T (°O) Reactants

Products

Theoretical Mass Loss (Pct)

700 4 LiCoOyq + 19.3 Cg

800 4 LiCoOa + 19.3 Cg

4 Coe + 2 LiyCOs + 15.44 Cy + 0.079 CO(y + 0.0064

2(g)
4 Coe + 2 LiyCOsqy + 1532 C¢) + 0.089 CO + 0.0011

— 8.2036

— 8.4265

Ose)

900 4 LiCOOz(S) + 19.3 C(s) 4 CO(S) + 2 leO(S) + 13.34 C(s) + 0.23 CO(g) + 0.0015 COz(g)
1100 4 LiCoOaq + 193 Ciy 4 Cogy + 2 LixO + 13.30 Ciyy + 0.23 COy + 0.00012 COxy)

— 26.4700
— 26.5552
— 26.5895
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Table I.  The R? and k Values of the Diffusion-Controlled
(GB) Model in the Early Stage Reaction

T (°C) Time (min) R? k (min™")
% 012 A/KA T 700 0to 16 0.998 0.00017
X Q}X . 800 0 to 23 0.996 0.00115
T oo & 700°C 900 0to 25 0.976 0.00139
2 ) 0s R }j}y o ] 1000 0to 19 0.998 0.00605
i A 1000°C 1100 0to 10 0.987 0.01744
JC‘? 0.06 O 1100°C b
5 Linear Fit
0.04 Table III. The R? and k Values of the Nucleation-Controlled
Model in the Later Stage Reaction
0.02
000 T (°C)  Time (Min) R? k (Min~") Note
_ _ 23 700 16 to end 0.989  0.00017
Time (min) 800 23 to end 0.996 0.00041
900 25 to 126 0.999 0.00102
Fig. 5—Early stage kinetics date fitted with a diffusion-controlled 126 to end — — deceleration
(GB) model. 1000 19 to 44 0.983 0.002515
44 to end — — deceleration
1.6 . . . 1100 10 to 28 0.972 0.00505
deceleration 28 to end — — deceleration
) - 1
(\\)o\ min eceleration
12110 mm“ min 1o min S Holt-Cutler-Wadsworth,  Jander,  Ginstling-Broun-

o
19 min )
i uc\ea\\o\"

nucleation

(-In (1-a)'”
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£ ol
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Fig. 6—Later stage kinetics data fitted with a nucleation-controlled
model.

Therefore, the kinetics analyses were carried out by
considering two stages of reaction period: early and later
stage. The onset of the transition from early to later
stage is different at each reaction temperature and was
defined by considering the o and the phases observed
from characterisation results. The onsets were deter-
mined to be at 16, 23, 25, 19, 10 minutes for reaction
temperature of 700 °C, 800 °C, 900 °C, 1000 °C and
1100 °C, respectively. In the reactions at 900 °C to 1100
°C, there appeared to be the third/final stage (after the
nucleation) in which the kinetics are slow.

Different kinetic models were tested on the kinetics
data using linear regression analysis to find a suit-
able model. The models tested were nucleation models
(2D and 3D Avrami-Erofeyev); interface zero order,
contracting area, and contracting volume; and diffu-
sion-controlled models (1D, 2D, 3D, Wagner,
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shtein, and Valensi-Carter). In the early stage, the best
fitted model was found to be the diffusion-controlled
following the Ginstling-Brounshtein (GB) model.["! In
the later stage, the kinetics data were found to be
well-fitted with the nucleation-controlled following
Avrami-Erofeyev/A3 model.!"”! For the GB model, the
overall reaction is governed by Eq. [2] while nucleation
model is described by Eq. [3], both in integral form:

1-2/3x —(1— )**=kt 2]

[—In(1— o))"= ks 3]

The plot of the left-hand-side of Egs. [2] and [3] with
time for the early stage and later stage reaction period
are presented in Figures 5 and 6, respectively. The
coefficient of determination (R?) and k values for both
models at two stages of reaction are presented in
Tables II and III, along with the onset transition times.

B. Phases and Microstructure Observations for Samples
Reacted at 700 °C to 900 °C

To understand the reaction mechanism (correlated to
the kinetics), the phases formed in each corresponding
stage at particular time were determined and analysed
using XRD, SEM and EDX. Considering the predicted
reaction products at equilibrium are different at different
temperatures, the discussion is presented for tempera-
ture range 700 °C to 900 °C and 1000 °C to 1100 °C.
Figures 7 through 9 show the XRD spectra of the
samples reacted at 700 °C to 900 °C after 15 minutes for
the early stage and 180 and 240 minutes for the later
stage.
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Fig. 7—XRD analysis of the reduced samples under argon at 700 °C
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Fig. 8—XRD analysis of the reduced samples under argon at 800 °C
after («) 15 min (b) 180 min (c¢) 240 min.

1. Early stage

In all samples (15 min, 700 °C to 900 °C), unreacted
LiCoO, and carbon were detected, and no metallic
cobalt was found. Some decomposition products from
LiCoO, were found, Li,O and CoO, along with
non-stoichiometric LiCoO,. Li,CO3; was also found
indicating that there existed a reaction between lithium
and carbon, most likely between Li,O (as the decom-
position product from LiCoO;) and carbon (gas—solid
reaction via CO,).*” Although it is thermodynamically
feasible to obtain Co304 during LiCoO, decomposition
at 700 °C,!"¥) the phase did not appear during the early
stage.
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Fig. 9—XRD analysis of the reduced samples under argon at 900 °C
after () 15 min (b) 240 min.

Considering the XRD spectra, there are two possible
reactions during the early stage: LiCoO, decomposition
into Li-O and CoO (with some oxygen release), and
Li,COj3 formation from the reaction between Li>,O and
CO, (CO, was forming from carbon gasification). These
two mechanisms are relevant to early stage reaction at
temperature range of 700 °C to 900 °C. Increasing the
temperature did not results in different phases, rather it
only affected the degree of reaction, where the reaction
at 700 °C was quite slow compared 800 °C and 900 °C.
The XRD spectra suggest that Li,CO; was more
dominant compared to Li»O, and this may suggest that
the Li,CO5; formation was quite fast and reaction with
CO, occurred immediately after Li,O formed from
LiCoO, decomposition. Additionally, the presence of
remaining LiCoO, and non-stoichiometric LiCoO,
(LixCo1.4O) also suggests that the decomposition was
still progressing at this stage.

Figures 10(a) and (b) show the SEM images taken
from sample reduced at 700 °C for 15 minutes and
shows a distinct segregation between light and dark
phases. There were two different light phases; type
I—small globular particles connected with each other
forming a porous structure (Figure 10(a)) and type 2—a
stem-like structure with elongated grain of bigger size
growing from the type 1 globular particles (Fig-
ure 10(b)). The dark phase, comparatively larger in
mass and had two distinctive surfaces: smooth and
flaky.

Higher magnification SEM images of the light phases
along with the elemental mapping and EDX point
analyses are presented in Figure 11. Semi-quantitative
EDX analyses were carried out to deduce the possible
phases in the micrographs. The phases were deduced by
considering the atomic ratio of Co, O, and C (noting
that Li could not be analysed using standard SEM/EDX
equipped with Be window used in the current study) and
cross checked with the phases identified by XRD. The
results of the EDX point analysis are presented in
Table IV.
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Fig. 10—Early stage microstructures at 700 °C, 15 min (a) the appearance of light phase (CoO) and dark phase, mixed of Li,O and remaining C
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Fig. 11—Phase segregation during early stage at 700 °C, 15 min (a) SE image of the appearance of the phases: CoO as the middle light phase,
LiCoO, as the small globular light phase, Li,O as the dark phase, remaining C as the flaky dark phase (b) AsB image of image a, correlated
with elemental point analysis shown in Table IV, (¢) Co and O elemental mapping (d) C elemental mapping.

The small globular light phases were identified as
LiCoO,. Compared to the initial morphology of LiCoO,
(Figures 1(a) and (c)), the particle changed into more
porous grains during decomposition after 15 minutes of
reaction. The change of LiCoO, may be explained by its
transformation to non-stoichiometric LiCoO, (phase 1*
from Figure 7(a)) by the release of oxygen during the
decomposition. The bigger structure of the stem-like
light phase is rich in Co and deduced as CoO (note:

METALLURGICAL AND MATERIALS TRANSACTIONS B

although the concentration of oxygen is quite small
compared to that for stoichiometric CoO as shown in
Table IV, no Co was detected in XRD).

The dark phase with smooth surface, situated close to
the LiCoO, and CoO, contained oxygen and was
deduced to be Li,O with a small amount of carbon
present. The other dark phase had a glassy and flaky
texture compared to the smooth dark phase of Li,O,
and was deduced to be C.
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Table IV. EDX Point Analyses of SEM Image from Figure 11(b)

Normalised Elemental Weight Percentage (Pct)

Point Co (o) C Deduced Phase
1 95.1 4.9 — CoO
2 96.8 3.2 — CoO
3 64.4 35.6 — LiCo0O,
4 65.6 34.4 — LiCoO,
5 65.8 342 — LiCoO,
6 — 414 58.6 mix of Li,O and C
7 — 47.1 52.9 mix of Li,O and C
8 — 51.1 48.9 mix of Li,O and C
9 — — 100 C
10 — — 100 C
Reference
78.6 214 — stoichiometric CoO
64.8 352 — stoichiometric LiCoO,

Figure 11(b) shows the AsB image and selected EDX
point analysis locations for the phases in Figure 11(a).
Figures 11(c) and (d) show the EDX elemental mapping
of Co—0O and C, respectively. Cobalt was concentrated
in the stem-like light phase, while oxygen was concen-
trated in the smooth dark phase. The remaining carbon
was seen to be attached with the Li,O but was still
concentrated in some area with flaky structure.

The microstructures observed during the early stage
reaction at 900 °C (Figure 12(a)) show some differences
compared to samples reduced at 700 °C. The dark phase
attached to the light phase contained lower Co percent-
age (Figures 12(b), (c)): however, from EDX point
analysis this phase can still be deduced as LiCoO,
(Table V). At 700 °C, LiCoO, appeared as a porous
grain in globular spheres and still having some clear
particle boundaries. However, at 900 °C, LiCoO, was
quite smudged and becoming a matrix surrounding the
light phases. This could happen due to the sinter-
ing/densification effect at higher temperature which kept
LiCoO, as a dense phase. The light phases had similar
Co concentration with Co-rich phase in 700 °C and was
also deduced as CoO (note that the XRD did not detect
any Co only CoO in the early stage of reaction). Unlike
its stem-like and elongated shape at 700 °C, the CoO
particle at 900 °C showed more uniform growth in all
direction before colliding with the other CoO particles
and was more distributed on the LiCoO, matrix.

Figures 13(a) and (b) show the Li,CO5; appearance at
700 °C and 900 °C, consistent with the XRD analysis.
The morphology appeared to follow a spherulitic
growth structure on top of denser matrix (Figure 13(b)).
This phenomenon could be explained with the fact that
Li,COj; could originally form as a liquid but then form
the spherulite shape upon cooling.

2. Later stage

After 240 min, at 700 °C, a small amount of LiCoO,
still remained along with the excess carbon while at
higher temperatures (800 °C to 900 °C) LiCoO, was
fully decomposed. Lithium was recovered mainly as
Li,CO5 at 700 °C to 900 °C and cobalt was recovered as
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metallic cobalt except at 700 °C where both Co and
Co0304 were formed as the intermediate reduction
product.

A similar trend of co-existence of Li,O and Li,CO5 at
both early and later stage was observed at 800 and 900
°C. However, the crystal structure of Li,O appeared to
be different at these two temperatures. The Li,O crystal
structure at 800 °C was cubic and changed to rhombo-
hedral at 900°C. As for the lithium phases at 700 °C,
Li,O was observed only after 15 minutes and not after
240 minutes. Mosqueda et al.*” investigated the beha-
viour of Li,O under CO, atmosphere using TGA
analysis up to 1000 °C. During the CO, incorporation
with Li»O, the formation of Li,CO5 was revealed to be a
surface reaction, generating a shell of Li,CO5; which
covered the unreacted Li»O.”*” This would impede the
absorption of CO, which likely explained the Li,O
existence in the early stage of reaction. At 900 °C, it is
expected from thermodynamic assessment that lithium
would be recovered as Li,O instead of Li,COs.
Although the presence of Li,O was detected up to 900
°C, the fraction of Li,CO; was more dominant. This
indicates that at 900 °C, the reaction between Li,O and
CO, forming Li,COj3 was still occurring.

After 240 min, Li,CO;5 would have transformed to its
liquid phase, experimentally observed between 700 and
731 °C.2">) The Li,CO5 would apparently decompose
into Li,O above 727 °C**?62" which is accompanied by
CO, release. Hence, the order of Li,CO3 melting and
decomposing might happen interchangeably. If the
decomposition happened before the melting, Li,COj3
transformation to liquid would be affected by the degree
of the decomposition as the melting point was
approached.”® Additionally, the excess carbon could
trigger the decomposition on which Li,COj3 could react
with carbon to form Li,O and CO.?%*!

Although the coexistence of Li,O and Li,CO; was
observed at both 800 and 900 °C, the degree of reaction
at 900 °C (as previously mentioned by the unique o
trend) was larger compared to 800 °C. This phe-
nomenon might be explained by the possibility of an
acceleration of Li,CO3 decomposition at 900 °C. At 850
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Fig. 12—Early stage microstructures at 900 °C, 15 min («) SE image of the appearance of the phases: CoO as the middle light phase confined by
LiCoO, matrix (b) elemental mapping of picture a, Co-red, O-green (¢) higher magnification image with elemental point analysis shown in

Table V (Color figure online).

Table V. EDX point analysis of SEM image from Figure 12(c)

Normalised Elemental Weight Percentage (Pct)

Point Co O Deduced Phase

1 90.5 9.5 CoO

2 94.6 54 CoO

3 62.6 374 LiCoO,

4 47.8 52.2 LiCoO,

5 54 46 LiCoO,

Reference
79 21 stoichiometric CoO
65 35 stoichiometric LiCoO,
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Fig. 13—Early stage microstructures after 15 min: SE image of Li,COj3 (a) 700 °C (b) 900 °C.
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Fig. 14—(a) Later stage microstructures at 900 °C after 240 min (b) structure of Li,CO; and its elemental point analysis shown in Table VI (c)
C elemental mapping of b (d) O elemental mapping of b.
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Table VI. EDX Point Analysis of SEM Image from Figure 14(b)

Normalised Elemental Weight Percentage (Pct)

Point Co O C Deduced Phase
1 — 82.1 17.9 Li,CO;
2 — 57.1 429 Li,CO3
3 — 65.5 34.5 Li,CO;3
4 — — 100 C
5 — — 100 C
Reference
— 80 20 stoichiometric Li>COj3

1A:SE

mm 1 pm EHT : 20.00 KV
a 1B : InLens

2
=74

S 1

Co nucleation

mm 2 pm | EHT:20.00 kV

|
B o

7 - .
LizQ+C matrix

s

Li20+C matrix

Fig. 15—Later stage microstructures showing: (a) appearance of Li,CO;5 at 800 °C at 180 min, lower magnification; (b) Li,CO;3 at 800 °C at
180 min, higher magnification; (¢) Co nucleation from CoO at 800 °C at 180 min, lower magnification; (d) Co nucleation from CoO at 800 °C at
180 min, higher magnification; (¢) Co growth on Li,O + C matrix at 700 °C at 240 min; (f) Co growth on Li;O + C matrix at 900 °C at
240 min.

°C to 950 °C, molten Li,CO; was observed to have decomposition, the CO, pressure abruptly increased by
significant increase on mass loss.*” It was also observed increasing temperature, indicating a larger degree of
by Timoshevskii er alP®'" that during Li,CO; decomposition.
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Contrary to the XRD analysis results at the early
stage after 15 min, which showed the presence of CoO,
Co50,4 was observed after 240 minutes at 700 °C and
was strongly correlated with the oxidation of CoO.*?
Moreover, both CoO and Co3;0O,4 can coexist at 700
°C.B337 This also indicates that at 700 °C, the reduction
of CoO to metallic cobalt was slower than at higher
temperatures and allowed sufficient time for CoO to
oxidize to Co304.

The SEM-SE-micrographs of the top surface of the
sample reduced at 900 °C after 240 minutes is shown in
Figure 14(a). The final products observed were cobalt
and Li,COj; along with the remaining carbon mixed with
Li;O. Figure 14(b) shows a magnified Li,COj3 particle
with the location of EDX point analyses and the
corresponding C and O mapping in Figures 14(c) and
(d), respectively. Table VI shows the corresponding
EDX analyses and the associated deduced phases. A
similar spherulitic structure of Li,CO5 was also found in
the sample reduced at 800 °C after 180 minutes (Fig-
ures 15(a) and (b)).

Another reaction occurring during the later stage was
cobalt nucleation from CoO as shown in Figures 15(c)
and (d) which were taken from samples at 800 °C after
180 minutes reaction to show the appearance while the
nucleation was still progressing. After 240 min, it can be
seen that the cobalt nuclei have grown on the surface. At
700 °C (Figure 15(e)), the presence of metallic cobalt is
shown by the light nuclei which appeared and grew at
the surface of dark phases composed of Li,O and
remaining carbon. At 900 °C (Figure 15(f)), some part
of the cobalt particles have undergone Ostwald ripening
phenomenon forming larger grains.

C. Phases and Microstructure Observations for Samples
Reacted at 1000 °C to 1100 °C

Figures 16 and 17 show the results of the XRD
analyses of samples reduced at 1000 °C to 1100 °C
reacted up to 10 minutes for the early stage and 180 and
240 minutes for the later stage.

1. Early stage

Figures 16(a) and 17(a) show the phases present
during the early stage, at 10 min, at 1000 °C and
1100 °C, respectively. Similar to the previous tempera-
ture range of 700 °C to 900 °C, decomposition products
Li,O and CoO were observed in this stage. The crystal
structure of the Li,O was rhombohedral which was the
same as at 900 °C. The phases observed indicate that
higher temperature did not result in different decompo-
sition products in the early stage (compared to 700 °C to
900 °C), except that the rate of the reaction was faster
than those reduced at lower temperatures (Figure 4). At
1000 °C to 1100 °C, Li,COs; was not present in the
system anymore, and the intensities of the Li,O peaks
slightly increased. At this temperature range, although
excess carbon was available, the presence of CO,, was
thermodynamically not favourable due to the Bou-
douard reaction and Li,O was unreactive with only
co.l
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Fig. 16—XRD analysis results of the reduced samples under argon
at 1000 °C after (a) 10 min (b) 180 min (c¢) 240 min.
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Fig. 17—XRD analysis results of the reduced samples under argon
at 1100 °C after (a) 10 min (b) 240 min.

The conversion of Li,COj3 to Li,O at higher temper-
ature might be explained due to its catalytic effect to the
Boudouard reaction. An experimental study by
Yokoyama et al®® concluded that C/CO, reaction
was catalysed by carbonates of Li, Na, K, Cs, and Rb
and their rate were found to be equivalent to the amount
of oxygen absorbed on the solid surface during the
reaction. It was quite possible in the system studied that
the Li,CO;5; produced acted as catalyst to increase the
conversion of CO, to CO in the Boudouard reaction.
Hence facilitated its decomposition to Li,O.At higher
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Fig. 18—(a) LiCoO, decomposition at 1100 °C after 10 min (b) Co elemental mapping (¢) O elemental mapping (d) C elemental mapping.

Table VII. EDX point analysis of SEM image from Fig. 18a

Normalised Elemental Weight Percentage (Pct)

Point Co (0] C Deduced Phase

1 91.2 8.8 — CoO

2 88.9 11.1 — CoO

3 87.2 12.8 — CoO

4 — 73.2 26.8 mix of Li,O and C
5 — 88.2 11.8 mix of Li,O and C
6 — — 100 C

7 — — 100 C

8 — — 100 C

temperatures (1000 °C to 1100 °C), selected image taken
from samples reduced at 1100 °C after 10 minutes is
shown in Figure 18(a) to represent the early stage. The
distinction between the Co-rich phase (deduced as CoO)
and O-rich phase (deduced as Li,O), was not significant
compared to the phases in the sample reduced at 900 °C

METALLURGICAL AND MATERIALS TRANSACTIONS B

(Figure 12). The remaining carbon was present as a
flaky dark phase and appeared to be mixed with the
Li>O (Table VII, Point 4 and 5). The CoO was growing
into much larger size interconnected particles when
compared to those found at 900 °C indicating more
extensive decomposition at higher temperature.

VOLUME 54B, APRIL 2023—615



‘D o»

Co nucleation
Signal A: AsB

. . | Signal A : AsB
— EHT : 20.00 kV - 2 :20.00kV |
2 pm ‘ Signal B : InLens 00 nm | EHT:20.00 k Signal B : InLens |

Fig. 19—Later stage microstructures at 1000 °C after 180 min showing the Co nucleation from CoO at (a) low magnification, and (b) high
magnification.
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Fig. 20—Later stage microstructures at 1100 °C, 240 min (a) the appearance of Co particle (right) and Li,O spheres (left) (b) enlargement image
of Li,O (c) O elemental mapping of b (d) C elemental mapping of b.
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Table VIII. EDX Point Analysis of SEM Image from

Figure 20(b)

Normalised Elemental Weight
Percentage (Pct)

1,000 ©

R?=0.945

E, =121 kJ/mol

Point Co O C Deduced Phase

1 — 100 — Li,O

2 — 100 — Li,O

3 — 100 — Li,O

4 — 87.2 12.8 Mix of Li,O and C

0,
200°€C ;I; Esoo °C

2. Later stage

Figures 16(c) and 17(b) show the XRD analyses of
samples reduced after 240 minutes at 1000 and 1100 °C,
respectively. The cobalt was fully recovered as metallic
cobalt and no cobalt oxides were observed. As for the
lithium product, there was no phases observed other
than Li»O. At an earlier time of 180 minutes at 1000 °C,
Li,O, CoO and Co were observed. Therefore, it can be
concluded that the reaction was more dominated by the
conversion of CoO to Co, while there was no change in
Li,O.

The SEM-SE images of the sample reacted at 1000 °C
for 180 minutes are shown in Figures 19(a) and (b)
where the Co nucleation from CoO is observed. The
microstructure at 1100 °C after 240 minutes is shown in
Figure 20(a) and shows the phases Li,O and cobalt
which were deduced from the EDX point analyses
shown in Table VIII. The cobalt nuclei show slightly
different structure (a more distinct shape) compared to
those observed in samples reduced at lower tempera-
tures (700 °C to 900 °C, Figures 15(c) and (d)) and
possibly due had undergone a recrystallization from the
effect of higher temperature. Schuett er al**' investi-
gated the growth of a single crystal of cobalt via
controlled-atmosphere flame fusion method. They con-
cluded that cobalt recrystallization happened during the
FCC phase temperature range (422 °C to 1495 °C), and
the cobalt single crystal with a triangular shape was
observed when they annealed cobalt just below its
melting point. The FCC cobalt adopted an octahe-
dron-like shape with high symmetry which corresponds
to the structure of the observed cobalt nuclei in
Figure 20(a).

D. Activation Energy and Mechanism

The values of apparent activation energies for the
reduction stages were calculated using the Arrhenius
equation given in Eq. [4]:

k = Aexp (%?), [4]

where A is the reaction constant, E, is the activation
energy (kJ/mol), R is the ideal gas constant
(8.3145 J/mol K), k is the rate constant (shown in
Tables 11 and I1I) and 7 is temperature (K). Figure 21
presents the plot of Ink vs 1/7, for kinetic data in the
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Fig. 21—Activation
temperature during the diffusion stage.

Table IX. Previously Reported Activation Energy of Li and
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Diffusion E,

Species Oxides (kJ/mol) T (°C) References
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Fig. 22—Activation energy derived from In k and inverse

temperature during the nucleation stage.

early stage (diffusion-controlled step) showing the
slope as a negative value of the activation energy. It
can be seen that the plot is quite well-fitted with
R?.0.976. The calculation showed that the activation
energy during diffusion stage was 121 kJ/mol with a
cumulative error of £+ 14 kJ/mol. The error was evalu-
ated with the Chi-square method.*”’ For comparison,
some literature values for the diffusion of associated
elements are summarized in Table IX.
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Table X. Previously Reported Activation Energy of Co and CoO Nucleations

Nucleated Species Matrix Species E, (kJ/mol) T (°C) Atmospheric Condition References
CoO Co304 94.43 25-550 5 pct Hy/N, 47
CoO Co304 88-117 400-800 25 pct Hy/Ar 48
CoO Co304 32.5-33.6 327-527 25-60 pct Hy/N, 46
Co CoO 82.97 25-550 5 pet Hy/N, 47
Co CoO 86-100 400-800 25 pct Hy/Ar 48
Co CoO 34.6 327-527 25-60 pct Hy/N, 46
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Fig. 23—Schematics of proposed carbothermic reduction mechanisms at (a) 700 °C to 900 °C (b) 1000 °C to 1100 °C.

The present value of activation energy falls in the
range of the activation energies of oxygen diffusion
through non-stoichiometric LiCoO, of Furushima
et al™ This might indicate that during the early stage
of the reduction, the dominant mechanism is oxygen
diffusion in the LiCoO, during its decomposition. The
period of diffusion-control was different at each reaction
temperature, as shown in Table II. Generally, the
transition from diffusion-control to the next stage
occurred earlier at higher temperatures which implies a
higher rate at higher temperature.

The later stage was nucleation-controlled, with the
activation energy calculated to be 95 kJ/mol with
cumulative error of & 18 kJ/mol (Figure 22). Although
the early diffusion-controlled stage appeared to occur
within a short period of time, it is likely that the
diffusion was still occurring into the nucleation stage.
This is supported by the observation of the unreacted
LiCoO, at 700 °C at 240 min, which indicates that the
decomposition of LiCoO, was still occurring at this
time. Since the diffusion stage is correlated to the oxygen
diffusion during LiCoO, decomposition, the subsequent
Co nucleation would be contributed by the region in the
sample where the LiCoO, had completely decomposed
to CoO.
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Previously reported data on activation energy for
nucleation are summarised in Table X showing that,
under the same experimental conditions, generally the
activation energy for CoO nucleation from Co30y is
higher than Co nucleation from CoO. Only the study
from Gallegos and Lopez!*® reported an activation
energy for CoO nucleation slightly lower than for Co. It
should be noted that these data were from reduction
under hydrogen as opposed to carbothermic reduction.

The activation energy of CoO nucleation from Co;0, by
Lin and Chen!*” is close to our E, value, although their
experiments were performed under H, and at lower
temperatures. However, based on the analysis in the present
study, the nucleation stage was shown to occur via Co
nucleation/reduction from CoO rather than CoO from
Co0304. The XRD and SEM-EDX analysis showed that
CoO was the main cobalt-containing product after LiCoO,
decomposition meanwhile Co;04 was likely generated from
CoO oxidation. According to this study, and supported by
the previous work,!"” the reduction of CoO to metallic Co
would be the slowest (i.e. the limiting step), and therefore
would control the overall kinetics in the nucleation stage.
The E, value determined in the present study also falls into
the same range with the activation energy of Co nucleation
from CoO presented by Tomi¢-Tucakovié et al.®!
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Table XI. Reactions During the Early and Later Stage Categorized by Temperature Range

T (°C) Stage

Reactions

Rate-Controlling Step

700-900 early

LiCoOs) = 1/2Li0p) + CoOf) + 1/405 v

C) T Oz = COx

LizO(S) + COz(g) = Li2C03(S)
later >“CO(:)(S) + Oz(g) = CO3O4(S)
**Li2C03(S) + C(s) = leO(S) + CO(g)

C0304(s) + CO(g) =3 COO(S) + COz(g)
COO(S) + CO(g) = CO(S) + COz(g)

AN

1000-1100 early LiCOOz(S) = 1/2Li20(s) + COO(S) + 1/402(g)
Cis) T 1/2029 = COy
later COO(S) + CO(g) = CO(S) + COz(g)

*Qbserved at 700°C; **observed at 900 °C.

At 900 °C, 1000 °C and 1100 °C, there appeared to be
the third stage after the nucleation (as shown in
Figure 6). In this stage, significant deceleration was
observed, and the overall kinetics were slow. The rate
was found to decrease with increasing of temperature.
From the microstructural evaluation, major grain
growth and densification of Co were observed. It
appeared that this dense Co provide a barrier for
further reduction of CoO.

A general carbothermic reduction mechanism is
proposed based on the findings in the current study
and is summarized in Figure 23 and Table XI. In the
early stage of the reduction, the thermal decomposition
of LiCoO, into cobalt oxide (CoO) and Li,O occurred,
while in the later stage reduction of CoO to metallic
cobalt occurred via nucleation process. At 700 °C to 900
°C, Li,O is proposed to react with CO, producing
Li,COs;. At 1000 °C to 1100 °C, CO was more likely to
present compared to CO,, thus preventing further
reaction with Li,O.

This study has some implications for the Li-ion
battery recycling, especially in the context of lithium
and cobalt recovery. The recovered lithium product
could be tailored based on the temperature. Lower
temperatures would generate Li,CO; (700 °C to 900 °C)
and higher temperatures would generate Li,O (1000 °C
to 1100 °C). However, the presence of excess carbon was
not beneficial in regard to Li,COj3 formation, especially
at 900 °C, due to the acceleration of Li,CO3; decompo-
sition to Li,O. On the other hand, formation of cobalt
was found to be more dependent on the reaction time
rather than temperature. Metallic cobalt could be
obtained from the reduction at all temperatures. How-
ever, at lower temperature (700 °C), an intermediate
product of cobalt oxide (Co30,4) was still possible to be
present.

Additionally, the kinetic study is helpful in determin-
ing the critical times over which the reactions pro-
gressed. To recover cobalt in its metallic form, the
reaction time needs to exceed the early stage period
allowing significant LiCoO, decomposition to CoO.
Overall, temperature affected the rate of kinetics in both
diffusion and nucleation stage. There was also a
high-possibility that diffusion mechanism could overlap
with the nucleation stage which would generate metallic
cobalt thus hindering further diffusion of oxygen from
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LiCo0O,. The effect of this would be larger at lower
temperatures due to lower rate of LiCoO,
decomposition.

IV. CONCLUSIONS

A systematic study of carbothermic reduction of
LiCoO, cathode material has been carried out that
included kinetics analyses supported by detailed char-
acterization. The kinetics of isothermal reduction of
LiCoO,/C at 700 °C to 1100 °C in inert atmosphere
were evaluated by measurement of mass change with
reaction time. From the results obtained, the reduction
can be classified into two major stages:

e The carly stage of reduction of LiCoO, which follows
a diffusion-controlled mechanism and can be ex-
plained using the GB model. The kinetics appears to
be controlled by oxygen diffusion in non-stoichio-
metric LiCoO, during its decomposition. The acti-
vation energy was calculated to be 121 kJ/mol.

e The later stage appeared to be controlled by Co
nucleation which happened during the reduction of
CoO to Co with an activation energy of 95 kJ/mol.

In terms of products after reaction, different reduction
temperatures would generate different Li and Co phases.
In the range 700 °C to 900 °C, Li,CO3 and Co phases
were observed; while in the range of 1000 °C to 1100 °C,
Li;O and Co phases were observed. The presence of
excess carbon was not beneficial in regard to Li,CO;
formation, especially at 900 °C, due to the acceleration
of Li,CO3; decomposition to Li,O. Metallic cobalt could
be obtained from the reduction at all temperatures
studied; however at 700 °C, an intermediate product of
Co304 was observed.

The kinetic study could help in designing the process
parameter (e.g. temperature, reaction time, and carbon
amount) to obtain particular recovered products of
lithium and cobalt. Despite the fact that higher temper-
ature increased the reaction rates of both the diffusion
and nucleation stages, increasing the temperature did
not significantly affect the final product of cobalt. On
the other hand, the lithium products were strongly
dependant on the temperature of the reaction.
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