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A novel method for screening deep eutectic solvent to
recycle the cathode of Li-ion batteries

A classical electrochemical method was expanded to screen
deep eutectic solvents (DESs) for recycling lithium-ion
battery cathodes, and a choline chloride and urea DES was
successfully employed to extract Li and Co, which was in
good agreement with Fukui function calculation results.
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Deep eutectic solvents (DESs), as a green alternative technology, exhibit great potential to recycle valu-
able elements from spent lithium-ion batteries (LIBs). However, due to the weak reducing power of DESs,
raising the temperature and extending the duration of processing are not efficient for screening suitable
DESs for the recycling of LIBs. Here, we propose a novel, simple and robust experimental method to
identify suitable DESs for recycling spent LIBs. Based on electrochemical principles, the method proposed
in this study can be used to quickly determine the reducing power of DESs. As an example, a choline
chloride (ChCl) and urea mixture as a DES was found to possess strong reducing power, with a Li and Co
extraction efficiency of 95% from spent LIBs obtained at a reduced reaction temperature of 180 °C and
reaction time of 12 h. The results are in good agreement with the results from Fukui functions calcu-
lations. The kinetic experiments revealed that the Li and Co extraction is controlled by solution and elec-
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tron diffusion through the DES. Furthermore, a cubic cobalt oxide spinel (CosO,4) was obtained from the
loaded DES using H,C,04 and NaOH in the dilution—precipitation—calcination process. The current strat-
egy demonstrates great potential for rapid and reliable screening of suitable DESs for the effective re-
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Introduction

Rechargeable lithium-ion batteries (LIBs) have been widely uti-
lized in fast-developing mobile devices, stationary storage
devices and electric vehicles. Due to the large amounts of
solid waste they produced, these batteries will be decommis-
sioned in the next 3-6 years.' It is estimated that 30% of the
vehicle market will comprise full battery electric vehicles,
hybrid electric vehicles and plug-in hybrid electric vehicles by
2030. The demands of LIBs will cause the approximate
decuple production of the cathode materials.*® Safe disposal
of a large volume of spent LIBs is anticipated to be a major
environmental challenge, and, at the same time, there is an
anticipated shortage of raw materials that are used in LIBs.
The establishment of effective LIB recycling strategies could
balance the impact of end-of-life LIB waste and the demands
on raw materials in the battery supply chain. The metal
elements in the cathodes of spent LIBs are of huge socioeco-
nomic value. For instance, the amount of cobalt and lithium
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present in LIB cathodes could be as high as 15 and 7 wt%,
respectively, contents much higher than those present in
mined ores' and saline.'” The recycling of these components
from spent LIBs can maximize the use of metal elements,
limit the risks of material shortages and reduce the depen-
dency on supply chains while minimizing the impact of spent
LIB waste on human health and the natural environment.
However, the present technologies used to recycle spent LIBs
still have many unresolved economic and environmental pro-
blems that limit their commercial applications.

At present, pyrometallurgy, hydrometallurgy or a combi-
nation of the two are typically used to recycle the metallic
elements (e.g., cobalt, lithium, nickel, copper, and manganese)
in spent LIBs.>®"*™** In the pyrometallurgy-dominant process,
there are some inevitable disadvantages, such as high operat-
ing temperature (>1400 °C), high energy cost, harmful off-gas
emissions, infrastructure scrubbing and less comprehensive
metal recycling (Al and Li).>®' Although hydrometallurgy-
dominant processes are preferred due to energy cost consider-
ations, high purity and recovery rate of metals, hydrometal-
lurgy-based processes suffer from high consumption of
harmful chemicals (caustic mineral acid/alkaline solutions),
long processing times (chemical reactions), expensive extrac-
tants, and secondary waste generation of waste acid, sludge
and high salt solutions.>*'* To reduce the adverse impact of
the mineral lixiviants, organic acids and additives have also
been investigated as substitutes for hazardous inorganic
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acids.”'®"” However, the use of organic acids is still a huge
challenge, due to their limited reducing and dissolving power,
and poor thermostability."

An exciting technology to recover valuable elements from
spent LIBs is to use green solvents such as deep eutectic sol-
vents (DESs) that provide suitable reducing and effective dis-
solving power for the desired elements." The efficiency of
extracting cobalt has been shown to be as high as 94.1% using
a mixture (DES) of choline chloride and ethylene glycol
(ChCl: EG), which approached the extraction efficiency of
typical hydrometallurgical lixiviants." With this DES, however,
the reaction temperature and time were still high and long, at
220 °C and 24 h, which is not attractive for commercial oper-
ations.’ Until now, an effective method to identify DESs that
can effectively be used for the recycling of LIBs under mild
processing conditions remains to be developed. The reducibil-
ity is known to control the dissolving power of DESs for Co(u)
in the cathode of spent LIBs.” Thus, developing a novel
method for analysing the reducibility of DESs is highly condu-
cive to promoting applications of DESs in the reuse and re-
cycling of spent LIBs.

In this study, we propose a novel, simple and rapid screen-
ing method involving DESs using electrochemistry-based cyclic
voltammetry (CV) to determine the reducing power of DESs
(shown in Scheme 1). Based on the results from Fukui func-
tions calculations and CV analysis, a choline chloride and urea
(ChCl:urea) mixture with strong reducibility could be con-
sidered to be a good DES candidate for extracting Li and Co
from spent LIBs under mild conditions. To further understand
the extraction mechanism, the apparent leaching kinetics were
investigated and molecular structures of metal-loaded com-
plexes were characterized. Finally, the cobalt in the loaded DES
was recovered as spinel cobalt oxide (Co;0,) using a dilution—-
precipitation-calcination process. This study offers a novel
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insight into the analysis, design and optimization of DESs for
use in the recycling of metals from spent LIBs.

Materials, methods and equations
DES preparation and experiments

A clear, homogenous DES was formed by mixing choline chlor-
ide (HOC,H,N[CH;]5Cl; >98%; Macklin) with urea (CON,H,;
>99%; Macklin) in a molar ratio of 1:2 at 80 °C for several
hours."®'? LiCoO, (LCO) powder (>97.87%; Aladdin) was used
as a leaching raw material. All solutions were prepared using
deionized water.

For metal extraction, LCO powder (0.1 g) and DES (5 g) were
mixed in a glass flask. The glass flask with a condenser tube
was placed in an oil bath. The effect of time and temperature
on metal extraction was investigated over the time range of
1-24 h and temperature range of 140-180 °C at a speed of 125
rpm. The effect of the solid-to-liquid ratio was also assessed at
180 °C for 24 h. The leachates after the thermal experiment
carried out at near to 100 °C were filtered using a filter mem-
brane with a pore size of 0.45 pm.

Recovery experiments

The DES containing leached cobalt was recovered by precipi-
tation in three solutions (saturated Na,COj3, saturated H,C,0,,
and 5 mol L™ NaOH). Before the precipitation, the filtrate of
the DES leachates (extracted at 1 g/25 g and 180 °C for 24 h)
was diluted using deionized water and ethanol to 10 g of fil-
trate and 40 ml of diluent. The diluted filtrate was mixed with
the equivalent volume of precipitant for 5 h and the mixture
was then centrifuged at 12 000 rpm for 10 min. The precipi-
tates were filtered using a membrane, where the filter cake was
washed with deionized water until the filtrates remained clear

Co,0, (pdf#43-1003)
3 I

H,C,0,
Treatment

Dilution
Precipitation
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Scheme 1 The cyclic voltammetry (CV) method and recycling of spent lithium-ion batteries (LIBs).

4474 | Green Chem., 2020, 22, 4473-4482

This journal is © The Royal Society of Chemistry 2020


https://doi.org/10.1039/d0gc00701c

Published on 20 May 2020. Downloaded by Y unnan University on 8/3/2025 3:49:32 PM.

Green Chemistry

upon the addition of AgNO; solution. The cleaned precipitate
was then dried in a vacuum oven at 60 °C for 5 h and then cal-
cined at 500 °C for 5 h.

Analysis of the DES and leachates

The metal cation concentration of the leachates was deter-
mined using inductively coupled plasma optical emission
spectrometry (ICP-OES, Optima 8000). The Fourier-transform
infrared (FT-IR) and ultraviolet-visible (UV-Vis) spectra of the
DES and leachates were obtained using a Nicolet iS50 FT-IR
spectrometer in the form of KBr (potassium bromide) disks,
and an Agilent Cary 60 UV-Vis spectrometer with a 1 mm-light
path quartz cell. A three-electrode system with Pt as the
working electrode (1 cm x 1 cm), Pt as the counter electrode
and Ag as the reference electrode was used to acquire the CVs
as a function of temperature from 140 to 180 °C using a
CHI600E electrochemical workstation (Shanghai Chenhua
Instrument Co. Ltd, China). The electrodes were first washed
with deionized water and ethanol using an ultrasonic cleaner
for 10 min prior to their use.

Characterization of the calcined powders

The calcined powders were characterized by X-ray diffractome-
try (XRD, Rigaku SmartLab) using Cu Ko radiation, X-ray
photoelectron spectroscopy (XPS, Thermo Fisher Scientific),
and field emission scanning electronic microscopy (FESEM,
Zeiss Merlin).

Correlative equations in this study

The extraction efficiency, E, is calculated using eqn (1) as
follows:

cv
E=——x100% (1)
1
Here, C is the metal cation concentration of leachate
(mg L™Y), V is the initial leaching solution (L) and m is the
initial mass (mg) of i element (Li or Co) in cathode material
powders. The coefficient of the variation of the leaching
efficiency was less than 5.0%.
The Fukui functions calculations from density functional
theory (DFT) can be described by eqn (2) as follows:

ot =qa(N) = ga(N +1),
Jam =qa(N —1) —ga(N), electrophilicattack (2)
2’ = (ga(N —1) —ga(N + 1)) /2,

where g5(N + 1), ga(N), and g,(N — 1) denote the charges at
atom A on the anionic, neutral, and cationic species,
respectively.

In the irreversible electrode reaction, the relationship
between E,, or I, and the scan rate can be described using eqn
(3) and (4) as follows:*>*!

E,=E RT 0.780 + In D +1n ank " E1n 05
PR R [ ks RT anF
(3)

nucleophilic attack

radical attack
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Here, Ey), is the half-wave potential (V), R is the universal
gas constant (8.314 ] mol™' K™, T is the temperature (K), @ is
the electron transfer coefficient, n is the number of transferred
electrons, F is Faraday’s constant (96500 C mol™), D is the
electron diffusion coefficient, ks is the heterogeneous electron
transfer rate, ¢° is the solution concentration (mol L™"), and v
is the scan rate (V s™*).

The solution diffusion shrinking core model and Arrhenius
equation can be described by eqn (5) and (6) as follows:

x=hkxt (5)
E,

Ink=-——+A4 6

n =TT (6)

where x is the fraction of extracted metals, k is the leaching
reaction rate constant (min~'), E, is the apparent activation
energy, R is the universal gas constant (8.314 ] K~* mol™*) and
A is the frequency factor.

Results and discussion

Theoretical analysis of the DES in the recycling of metals from
spent LIBs

In the process of metal electrodeposition, electropolishing,
extraction and processing, DESs have been used due to their
high solubility of metal oxides, such as NiO, MnO, Mn,03,
MnO,, Co;0,, and Co0.">?*"2* The cathodes of LIBs contain a
number of polymetallic lithium oxides with high valence
Co and/or Mn elements.” However, Co(u1) and/or Mn(iv) oxides
are usually insoluble. Reducing the valence of Co and/or Mn
elements is therefore anticipated to play a key role in the re-
cycling of these valuable elements from spent LIBs. In the re-
cycling of spent LIBs using ChCl:EG DES, the oxidation of
ethylene glycol is known to occur simultaneously with the
reduction of Co from its +3 to +2 oxidation state.! However, the
reducing power of ethylene glycol is rather limited, in that the
extraction reactions occur at 220 °C for 24 h for the effective
extraction of valuable elements from the spent LIBs. If the
reduction potential of DESs could be made more negative, the
corresponding reduction reaction and hence extraction of valu-
able elements from the spent LIBs could be accelerated. The
redox reaction involves electron transfer between the elements.
DFT calculations using Fukui functions (eqn (2)) have been
used to determine whether elements act as electron donors
(loss) or receptors (gain) in the electrochemical reactions of
organic systems.>® >’ CV is on the other hand widely used to
investigate the redox process of molecular species and electron
transfer mechanisms.?®*®?»° The reducibility of DESs
(reduction potential) can therefore be determined using Fukui
functions calculations and verified using CV.

Urea is the simplest amide that contains both carbon and
oxygen double bonds (C=O0) and two amino groups (N-H).
These groups can coordinate with metal ions to form metal-
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Fig. 1 Calculated fo~, f°, and fo* of O and N atoms in ethylene glycol
and urea (the red values are for O and those in black are for N).

urea complexes via metal-O and metal-N bonds.>® As a result,
a ChCl: urea mixture could be considered as a good candidate
for a DES.'® In terms of ChCl: EG and ChCl: urea DESs, their
reducing abilities arise from the hydrogen bond donor com-
ponents, ethylene glycol and urea. To evaluate the reducibility
of the two DESs, the atomic charges of ethylene glycol and
urea were calculated using Fukui functions (Fig. 1). The f,"
values represent the reducibility of atoms according to their
nucleophilic attack ability. The calculated order of f," values
are the N atom in urea > the O atom in ethylene glycol > the O
atom in urea. The highest reducibility of any atom was found
to be the N in urea. This finding from Fukui functions calcu-
lations suggests that the reducibility of urea is higher than
that of ethylene glycol. In order to further verify this result, the
CVs of these two DESs were determined at a scan rate of
50 mVs .

The CVs of the ChCl: EG and ChCl: urea DESs at tempera-
tures between 140 and 180 °C are shown in Fig. 2A and B.
Fig. 2A shows only one reduction peak in the CV of the
ChCl:EG DES over the temperature range studied. The
reduction current peak appeared from 0.40 to 0.50 V (vs. Ag).
Fig. 2B also shows only one reduction current peak in the CV
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of the ChCl:urea DES over a temperature range of 140 to
180 °C. However, the reduction current peak in this case
shifted significantly to between —0.45 and —0.35 V (vs. Ag).
Although the reduction potential of the ChCl:urea DES
became more positive upon an increase in the temperature
from 140 to 180 °C, its reduction potential remains at around
—0.35 V (vs. Ag), which is more negative than that of the
ChCl: EG DES. This finding indicates that the reduction poten-
tial of the ChCl:urea DES is more negative than that of the
ChCl: EG DES. Furthermore, the ionic activities of the DESs
were found to increase with an increase in the temperature.
The results from the CV study are consistent with the findings
from the Fukui functions calculations. Based on the above
study, the application of the ChCl: urea DES is anticipated to
promote the reduction of Co(m) in the recycling of Co from the
spent cathodes of LIBs.

The effect of the scan rate in the CV was determined from
10 to 150 mV s from 160 to 170 °C (Fig. S1f). With an
increase in the scan rate, the reduction peak potential (E,,) and
current (I,) shifted towards more negative values, indicating
an irreversible electrode reduction reaction.>**' The relation-
ships between E,, or I, and v (eqn (3) and (4)) are shown in
Fig. 2C and D. The plots of E, vs. In((v/(V s™*))*?) (Fig. 2C) and
I, vs. (v/(V s71)*° (Fig. 2D) show a good linear correlation with
a correlation coefficient of above 0.990. The slopes of E}, vs. In
(v/(v s71)°%) at 160 and 170 °C are —0.119 and —0.080,
respectively, which leads to the following relationships:

When ¢ = 160 °C,

RT
———=—-0.119, oan=10.31
anF
When ¢ = 170 °C,
RT
———=—0.080, on =048
anF

Since the number of transferred electrons for the
ChCl: urea DES is constant, the above relationships show an

c @ 160 D @ 160
B @ 170 0.05 | @ 170
slope,g, = -0.119 slope,g = 0.090
slope,;, = -0.080 slope,;, = 0.100
L 0.04 -
<
L ~*0.03
B 0.02
Pigo = 0.996 Pigo = 0.990
Piz0=0.995 P70 = 0.992
_0.70 1 1 1 0.01 1 1 1 1
2.5 2.0 1.5 1.0 0.1 0.2 0.3 0.4
In ((vAV s)%9) (v/(V §1))%°

Fig. 2 Cyclic voltammograms of (A) ChCl: EG and (B) ChCl: urea DESs recorded at a fixed scan rate of 50 mV s~* and the relationships of (C) Ep vs.

In((v/(V s™)°%) and (D) I, vs. (v/(V s7)°".
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increase in the electron transfer coefficient upon increasing
the temperature. According to the Randles-Sevcik equation
(eqn (4)),”° a linear relationship of I, vs. (1)*° indicates a
purely diffusion-controlled process. This finding suggests that
the reduction reaction of the ChCl: urea DES is controlled by
electron diffusion. An increase in temperature can increase the
ionic activity, the reaction rates (increasing high energy col-
lisions), electron transfer coefficient and electron diffusion
(increasing molecular motion) of the ChCl:urea DES. An
increase in temperature can therefore accelerate the reduction
of the ChCl: urea DES.

In summary, it is theoretically and experimentally feasible
to determine the reduction potential of DESs using CV. A more
positive reduction potential of a DES is not beneficial for
extracting metal cations from the LCO cathode. For the
ChCl: EG DES with a reduction potential of 0.40-0.50 V (vs.
Ag), the effective extraction of metal ions is achieved at 220 °C
and 24 h.' According to Fukui function calculations and CV
analysis, the stronger reducibility of the ChCl: urea DES with a
more negative reduction potential of —0.45 to—0.35 V (vs. Ag)
would lead to a more effective extraction of metal ions from
the LCO cathode. In order to verify this prediction from the
CVs, the effect of reaction temperature and time on the metal
extraction from the LCO cathode was studied using the
ChCl: urea DES.

Metal extraction

A range of mixtures of LCO powder (0.1 g) and the ChCl: urea
DES (5 g) were allowed to react at a range of temperatures from
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140 and 180 °C over a range of reaction times from 1 and 24 h.
The concentrations of these Li- and Co-containing DESs were
determined using ICP-OES (Fig. 3). From the determined con-
centrations of Li and Co in these DESs, the extraction efficien-
cies at the corresponding extraction times and temperatures
were calculated. At 140 °C, the extraction efficiency of Li and
Co from the LCO cathode increased slowly with increasing
extraction time, but remained low at less than 12% for Li and
9% for Co up to an extraction time of 24 h (Fig. 3A and B).
With an increase in the extraction temperature to 150 °C, the
extraction efficiencies of Li and Co increased to 49% Li and
46% Co, respectively (Fig. 3A and B). At temperatures of above
150 °C, increasing the extraction time significantly increased
Li and Co extraction. Over extraction temperatures of between
160 and 180 °C, there is a sharp increase in extraction
efficiency from 1-6 h, followed by a gradual increase with a
further increase in the extraction time up to 15 h, after which
the extraction efficiency levelled off (Fig. 3A and B). An ulti-
mate metal extraction efficiency of 80% was reached after 18 h
at 160 °C and 90% after a shorter extraction time of 15 h at
170 and 180 °C (Fig. 3A and B). The extraction time and temp-
erature had similar effects on the Li and Co concentrations in
the DES as on their extraction efficiency, as anticipated
(Fig. 3C and D). When Li and Co were extracted at 140 °C for
24 h, the DES contained only 0.2 g L™" Li and 1.3 g L™" Co. At
160 °C for 18 h, the Li and Co in the loaded DES increased to
1.5 and 12.8 g L™*, respectively. The maximum values of Li and
Co concentration were 1.7 and 14.4 g L', respectively, reached
at 180 °C after 18 h. These extraction efficiencies are as high as
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(=4
o
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Fig. 3 Extraction of Li and Co using the ChCl: urea DES at various times and temperature in terms of the extraction of (A) Li and (B) Co, and concen-

tration of (C) Li and (D) Co.
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those achieved in hydrometallurgical processes using mineral
acids,*'?*3¢  organic  acids'’***” and  ammoniacal
solutions.

Table 1 compares the results of metal extraction from LIB
cathodes using DESs and hydrometallurgical processes. The
Co extraction efficiencies of the ChCl: EG DES at 160, 180 and
220 °C for 24 h are 23.8%, 50.3% and 94.1%, respectively.'
When the ChCl:urea DES was used as a lixiviant to extract
metal from the LCO cathode, the extraction time could be
shortened to 12 h to achieve Co extraction efficiencies of
64.2% at 160 °C, 89.1% at 170 °C and 97.9% at 180 °C. The
results clearly show that a reduction in extraction temperature
and time from 220 °C and 24 h to 180 °C and 12 h can be
achieved by changing the DES from ChCl:EG to ChCl: urea.
According to the theoretical analysis described earlier, the
reduction of Co(m) plays a key role in enhancing Co extraction
from the LCO cathode by the DES. The reduction potential of
the ChCl: urea DES (—0.45 to —0.35 V (vs. Ag)) is more negative
than that of the ChCl : EG DES (0.40-0.50 V (vs. Ag)), indicating
the stronger reducibility of the ChCl: urea DES lixiviant than
the ChCl:EG DES lixiviant under the same extraction con-
ditions. Therefore, the extraction efficiency of Li and Co by the
ChCl: urea DES is much higher than that of the ChCl: EG DES
at the same extraction temperature but for only half the extrac-
tion time. Furthermore, the ionic activity, reaction rates, elec-
tron transfer coefficient and electron diffusion of the
ChCl: urea DES were shown to increase with increasing extrac-
tion temperature. The extraction efficiency of Co increased
from 6.3% to 97.9% upon an increase in the extraction temp-
erature from 140-180 °C for 12 h. Although the Li and Co
extraction efficiency in the hydrometallurgy process reached
the same level of close to 100%, the hydrometallurgy process
faces huge environmental pressure.”®'* As green solvents,
DESs have enormous potential in metal extraction, recycling
and processing, with the development of rapid analysis tech-
niques as described in this study.

In order to understand the dissolution mechanism of
metals by DESs, the shrinking core model was used to fit the
extraction kinetics data. As shown in Fig. S2,t the kinetic data
fit well with the solution diffusion control model (eqn (5)). The

7,38-40
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good fit indicates that the solution diffusion on the surface of
the unreacted core controls the leaching process of Li and Co
from the LCO cathode by the DESs. This solution diffusion-
controlled shrinking core model is different from that com-
monly used in the traditional hydrometallurgy processes that
use acidic and ammoniacal solutions as the lixiviant (surface
chemical reaction-controlled model).”*®*"**> Based on our
theoretical analysis described above, the reduction reaction of
the ChCl: urea DES is an electron diffusion-controlled irrevers-
ible reaction. Thus, increasing the temperature is anticipated
to intensify the diffusion process of the solution and electrons.
Furthermore, the ionic activity, reaction rates and electron
transfer coefficient were shown to increase with an increase in
the temperature of the reaction/extraction. These are the
reasons for the significant increase in Li and Co extraction
efficiency upon increasing the extraction temperature from 140
to 180 °C.

From the determined reaction rate constants and tempera-
ture, the apparent activation energy can be readily determined
using the Arrhenius equation (eqn (6)). The apparent acti-
vation energies for extracting Li and Co were calculated to be
120.0 and 123.1 kJ mol ™", respectively (Fig. S31). These appar-
ent activation energies are higher than those for extraction
using acids (43.61 kJ mol™" for Li, 41.52 k] mol™" for Co)*' and
ammoniacal solutions (83.30 k] mol™" for Li, 87.92 kJ mol™*
for Co)."* These results provide scientific explanation for the
changes in reaction conditions upon using various solutions
to extract the valuable elements from spent LIBs, as shown in
Table 1. The calculated apparent activation energy of metal
extraction using various solutions is in the order of ChCl: urea
DES > ammoniacal solutions > acids. Thus, the sequence of
reaction temperature for metallic leaching from spent LIBs is
ChCl : urea DES > ammoniacal solutions > acids.

In addition, the maximum load of Li and Co in the
ChCl: urea DES was determined over a range of LCO masses
(0.1-1.0 g) at 180 °C for 24 h (Fig. S47). The Li and Co concen-
tration in the DES increased upon increasing the LCO mass,
but the Li and Co extraction efficiencies decreased as antici-
pated. At a solid-to-liquid mass ratio of 1.0 g/5 g equivalent to
240 g L', which is much greater than that in hydrometallurgy

Table 1 Summary of the recycling of spent LIBs using DESs and hydrometallurgical processes

Extraction reagents Samples Conditions Efficiency (%)
ChCl: EG DES' LCO 160 °C, 24 h, 0.1 g/5 g (about 24 g L) 23.8 Co, 28.4 Li
180°C, 24 h, 0.1 g/5 g 50.3 Co, 89.8 Li
195°C, 24 h, 0.1g/5¢g 69.1 Co
220 °C, 24 h, 0.1g/5 g 94.1 Co
ChCl : urea DES LCO 160 °C,12 h, 0.1 g/5¢g 64.2 Co, 61.2 Li
170°C,12 h, 0.1 g/5 g 89.1 Co, 68.7 Li
180°C,12h,0.1g/5 g 97.9 Co, 94.7 Li
1 M HNO; + 1.7 vol% H,0, ** LCO 75°C,1h,20gL™" 95 Co and Li
1 M H,S0, + 10 g L™* glucose®* LCO 80°C,4h,33.3gL™" 88 Co, 92 Li
2 M citric acid + 2 vol% H,0, ** NCM“ 80°C,1.5h,33.3gL™" 95 Co, 99 Li, 97 Ni, 94 Mn
6 M NH;3-H,0 + 0.5 M (NH,),S0; ’ NCM 150 °C,0.5h,10 gL ™" 100 Co, 98 Li, 74 Ni, 26 Mn

“NCM denotes LiNi,Co,Mn,0,.
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processes, the Li and Co extraction efficiencies decreased to
40.1% and 47.8%, respectively. In this case, the maximum
values of Li and Co in the ChCl: urea DES are 7.5 and 77.5 g
L7, respectively. It is evident that the Co present in the DES
reached the concentration of cobalt-plating baths.****

The UV-Vis spectroscopic analysis of the DES containing
Co(u) cations shows the signature bands under various con-
ditions (Fig. 4A). A d-d broad band peak at 628 nm (1) is
present due to the formation of Co() complexes.** The absor-
bance of the broad peak is dependent on the concentration of
the Co(u) cations in the DES. A linear relationship between the
absorbance and Co concentration was found to be in good
agreement with the Beer-Lambert law for this band. The
broad band at 628 nm may be attributed to the typical elec-
tronic transition of “Ty, (F) — “Tyy (P) of an octahedral Co*"
cation.*®*” That means that six coordinate covalent bonds
exist in the Co(u) complexes. The ligands should be urea and
Cl7, with a central Co®>" cation. However, the formation of
[CoCl;(urea)]” with an absorption peak at 638 nm has been
reported in a ChCl:urea DES containing 0.0589 g L' of
CoCl,.*® When Co dissolves in the ChCl: urea DES from LCO,
the Co concentration increases to 1.73 g L', as shown in
Fig. 4A. A tetrachlorocobaltate(u) ([CoCl,]*”) anions exist in the
ChCl: EG DES." According to the spectrochemical series, the
splitting energy of urea is stronger than that of Cl~. The Co>*
cation can coordinate with urea and CI™ anions to be six-co-
ordinated with octahedral geometry, where urea acts as a
bidentate ligand. The urea molecule can bind with two Co>"
cations via its oxygen and nitrogen atoms. The six-coordinated
complexes of Co** cations could be present in the form of
Co(urea),Cl,.

The FT-IR spectroscopy of the DES in the presence and
absence of Co(u) were used to analyse the interactions between
the various functional groups and identify structures using fre-
quency shifts and absorption bands (Fig. 4B). The broad,
strong bands at around 3347 and 3205 cm™' are associated
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with the asymmetrical and symmetrical N-H stretching
vibration bands of the amide group in urea, respectively.**®
The sharp, strong band at 1668 cm™" is due to the C=0
stretching vibration of the amide I band.*"*® Furthermore, the
sharp, strong band at 1622 cm™" corresponds to the N-H
bending vibration of the amide II band.*"*® The sharp,
medium band at 1450 cm ™" is associated with the C-N stretch-
ing vibration of the amide group.>"*® The asymmetrical CCO
stretching vibration band of ChCl occurs near to 956 cm™*.>*8
This means that the Ch' group is not changed in the
ChCl : urea system. The FT-IR spectral comparison of the DES
in the presence and absence of Co(u) is shown in Table S1.T
When the DES contains Co(u), the absorption bands at 3347,
3205, 1668 and 1622 cm™" become broader and stronger. This
indicates that the amide group has reacted and changed in the
Co-containing DES. A new absorption band occurs at
2208 cm™" and its intensity becomes stronger with an increase
in the Co concentration in the DES. This absorption band is
associated with cobalt coordination compounds, in which the
Co(u) cation coordinates with urea via a Co-O bond.*®
Furthermore, a satellite peak occurs at 2164 cm™" in Co-con-
taining DES at 180 °C after 2 and 4h, which may be due to the
Co-N bond of cobalt coordination compounds.*® This bond
becomes weaker with increasing Co concentration. According
to the UV-Vis analysis of the DES, the cobalt complexes may be
in the form of Co(urea),Cl,, with octahedral molecular
geometry.

Based on Fukui functions calculations and CV analysis, the
effect of the heating temperature and time on the metal extrac-
tion has been investigated according to the strength of the
reducibility of the ChCl: urea DES. This ChCl:urea DES has
been successfully used to recycle Li and Co from LCO under
moderate conditions (180 °C for 12 h). This result is in accord-
ance with the predictions of CV theoretical analysis. The metal
extraction process is controlled by solution and electron
diffusion, and its apparent activation energy is higher than
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Fig. 4 (A) UV-Vis and (B) FT-IR spectra of the ChCl: urea DES and leachates at various extraction times and temperatures.
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those of traditional hydrometallurgical methods. The
maximum load of Li and Co by the DES reaches as high as
those of hydrometallurgical methods. The structure of the
ChCl : urea DES loaded with Co has been verified using UV-Vis
and FT-IR spectra to contain octahedral complexes of Co
(urea),Cl,.

Metal recovery

The FESEM images, XRD patterns and XPS spectra of the
recycled powder after calcination using three precipitants after
ethanol dilution are shown in Fig. 5 and 6, respectively. The
recycled powders were precipitated using H,C,0, (Fig. 5A and
D), Na,CO; (Fig. 5B and E), and NaOH (Fig. 5C and F) solutions.
The particle sizes of the three calcined powders is less than
300 nm, where the particle size trend using various precipitants
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is in the order of NaOH > H,C,0, > Na,COs;. The shapes of the
calcined powder particles are also different, such as the irregu-
lar balls or sheets observed for H,C,0,, irregular sheets for
NaOH, and balls for Na,COs;. However, the recycled powders
diluted with deionized water were precipitated using H,C,0,
(Fig. S5A and S5Df), Na,CO; (Fig. S5B and S5Ef), and NaOH
(Fig. S5C and S5Ft) solutions. The particle sizes of these cal-
cined powders are also less than 300 nm and they show a
similar trend in particle size to that described above, where
these particle sizes are a little larger than those shown in Fig. 5.
Furthermore, their shapes are similar to those observed after
ethanol dilution. The effect that the diluting solvent had on the
appearance of the recycled powders was negligible.

In the XRD patterns, the peaks of the crystalline recycled
powders diluted with ethanol (Fig. 6A) and deionized water

Fig. 5 FESEM images of the calcined powder after ethanol dilution using H,C,04 (A and D), Na,COs (B and E) and NaOH (C and F).
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(A) XRD patterns and (B) XPS spectra of the calcined powder after ethanol dilution.
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(Fig. S6t) can be well matched to cubic cobalt oxide spinel
(XRD standard card: JCPDS no. 43-1003). A cubic cobalt oxide
spinel can be also obtained using Na,CO; solution and loaded
ChCl:EG DES." However, the crystallinity of the recycled
powders diluted with ethanol is better than that of those
diluted with deionized water. The crystallinity according to the
use of different precipitants via ethanol dilution is H,C,0, >
NaOH > Na,COj;. The effect of the precipitants on the crystalli-
nity of the recycled powders via dilution using deionized water
was ignored, as their crystallinity was not good.

XPS spectroscopy is used to analyse the chemical compo-
sition and valence state of materials, so the recycled powders
after ethanol dilution (Fig. 6B) and deionized water dilution
(Fig. S71) were determined by XPS. In the survey scan spectra
(Fig. 6B and S771), the Co, C, O, and Li elements were found in
all of the calcined powders, and the additional element Na was
found to be present in the calcined powder precipitated using
Na,CO;. That means that the Na element in the calcined
powder precipitated using Na,CO; is not removed from the
powder by the deionized water. The Co 2p spectrum peaks of
the calcined powder after ethanol dilution are shown at 779.6
eV (narrow, strong) and 795.0 eV (medium), which could be
due to Co 2py;, (a medium peak) and Co 2p;z, (a narrow,
strong peak) in Li,C00,.*”*° Meanwhile, a narrow, strong O 1s
peak near to 529.6 eV with a satellite peak near to 532.2 eV are
observed in the calcined powder after ethanol dilution.**°
These peaks are most probably due to O anions from
Li,CoO, in the subsurface. However, the O 1s peak of the cal-
cined powder precipitated using Na,COj is slightly shifted to
the left. Although this shifted peak also represents O>~ anions,
they may be different oxides, such as the oxygen in the carbon-
ate anion. Similar XPS results for the Co 2p and O 1s spectra
peaks were observed for the recycled powders after dilution in
deionized water.

The most Co in the ChCl:urea DES was recycled in the
process of dilution-precipitation—calcination to be cubic
cobalt oxide spinel (Co;0,), containing some Li. According to
the XRD and XPS results, the preferred precipitants
wereH,C,0, and NaOH rather than Na,CO; under calcining
conditions of 500 °C for 5 h. The results of the precipitants
H,C,0, and NaOH were different to those described in pre-
vious reports' in two ways: (1) the crystallinity of the calcined
powder precipitated using Na,CO; was worse than the others
and (2) the Na in the hydrated cobaltous carbonate was
difficult to remove.

Conclusions

The lithium polyoxometalates in spent LIBs have been dis-
solved into DESs. The high valence of the Co cation plays an
adverse role in the recycling of valuable components from
spent LIBs. Here, we demonstrate that by using DESs with a
more negative reduction potential, the temperature and reac-
tion duration can be significantly reduced. The main con-
clusions of this work are as follows:

This journal is © The Royal Society of Chemistry 2020
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(1) CV is a rapid and effective electrochemical method that
can be used to analyse the reducibility of DESs. The reduction
potential of the ChCl: urea DES is more negative than that of
the ChCl: EG DES. We found that the ChCl: urea DES is very
effective in recycling Li and Co from spent LIBs, which is in
good agreement with the results of the Fukui functions calcu-
lations. Raising the temperature greatly accelerates the
reduction reaction.

(2) The Li and Co extraction efficiency was around 95% at a
temperature of 170/180 °C and duration of 12 h. The optimal
amounts of Li and Co in the ChCl: urea DES were found to be
7.5 and 77.5 g L7', respectively. Solution and electron
diffusion processes were found to control the recycling process
on the basis of mathematical fitting results.

(3) The structure of the Co complexes in the ChCl: urea
DES was verified from UV-Vis and FT-IR spectral analysis to be
octahedral Co(urea),Cl,.

(4) The Co can be recycled as a cubic cobalt oxide spinel
(Co30,4) using H,C,0, and NaOH precipitants using a dilution-
precipitation—calcination process.
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