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Rapid rejuvenation and extensive utilization of mobile electronic devices lead to the excessive accumu-
lation of waste lithium-ion batteries (LIBs), specifically spent LiCoO, cathode materials. Considering the
shortage of metal resources and the surging price of raw materials in the battery industry, an efficient
strategy for selectively extracting valuable metals from spent LiCoO, is urgently required. Herein, nano-
cube-like potassium zinc hexacyanoferrate (denoted as KZHCF) was successfully fabricated on a carbon
cloth (CC) substrate for selective Co?* adsorption from a spent LiCoO, cathode via the combination of
simple electrodeposition and hydrothermal treatment. Under optimal operational conditions, 98.6% of
Co?* was effectively extracted within 120 min at a constant potential of —0.4 V (vs. Ag/AgCl) with the CC/
KZHCF composite as the working electrode, accompanied with a Co?" electrosorption capacity of
130.9 mg g~ Further, lithium ions in the electrolyte were separated and recovered in the form of Li,COs
via simple chemical precipitation, highlighting the feasibility of the developed electrochemical system

Received 12th July 2024, toward cobalt and lithium recovery. Significantly, the CC/KZHCF electrode materials could be regenerated
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through simple potential inversion, while adsorbed Co?* ions were facilely desorbed from the electrode
surface and recovered as Co(OH),. This work will provide a meaningful guidance for the separation and
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LIBs have been rapidly progressing since their first commercial
utilization in the 1990s and have gradually become the current
mainstream energy storage batteries applied in the transport
sector and portable electronic devices due to their excellent
physicochemical characteristics, including light weight, long
cycling lifespan and high energy density per unit weight.'™ As
a typical representative, LiCoO, is the most commonly used
cathode material in laptops, mobile phones, digital cameras
and other devices.>® With the increasingly rapid upgradation
of electronic products in the information age, numerous obso-
lete electronics become e-waste and are not recycled properly.
It is reported that the total global e-waste is expected to reach
65.3 million tons by 2025, including 464 000 tons of waste
LIBs.”® Considering the increasing market demand for impor-
tant industrial raw materials, such as lithium, cobalt, and
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recovery of various metals from waste LIBs.

nickel, and the potential human health problems caused by
the pollution from waste LIBs, the recovery of high value
metals from spent LIBs is of great importance from both econ-
omic and environmental perspectives.’

The recycling and recovery of cobalt from waste LIBs usually
begins with the pre-treatment process of physical separation for
obtaining metal parts, including mechanical, mechanochem-
ical and thermal dissolution methods."® Subsequently, the con-
ventional technologies for metal recovery can be divided into
hydrometallurgy, pyrometallurgy and their combinations.'*
Hydrometallurgical treatment comprises acid leaching and
chemical precipitation processes. Inorganic and organic acids
together with a reducing agent (e.g., H,O,) are usually employed
to dissolve electrode material powders, followed by chemical
precipitation for direct metal recovery.’> Pyrometallurgical tech-
nique involves high-temperature treatment for melting and
reducing metallic components.'?® Given that these techniques
are characterized by massive chemical reagent use, high energy
consumption associated with acid-containing wastewater dis-
charge and toxic gas emission leading to secondary pollution,
an alternative economical and environmentally friendly method
is in urgent demand for cobalt recovery."*

In addition to traditional ion separation techniques includ-
ing adsorption,"® chemical precipitation,’® ion exchange,'’

This journal is © the Partner Organisations 2024
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and membrane separation,'®
process'® or capacitive deionization (CDI),
technology was first proposed in the 1990s for removing salt
ions from water. The target ions can be adsorbed when the elec-
trode is charged and then also can be released to the bulk solu-
tion from the electrode material with short circuit or applied
voltage reversal treatment.”* With the rapid development of CDI
technology, the target ions have expanded from the initial alkali
metal ions (K*, Ca®*, Na*, Mg>") to some heavy metals (Cr*",
Ccd*, Pb**, Hg”") and rare metals (Li*, Cs*, Be*", Ti*").>*?*
Traditional carbon-based materials, including activated carbon,
graphene and carbon aerogel, have been applied as typical CDI
electrodes due to their good electrical conductivity and high
surface area.>* However, the mechanism of storing ions in the
electrical double layer (EDL) at the interface limits the appli-
cation of carbon materials in complicated systems due to their
poor selectivity and low removal capacity.>® Hence, the design
of novel electrode materials with high selectivity and outstand-
ing performance during the adsorption/desorption cycles has
been the focus of current CDI research.

Compared to the traditional carbon-based materials, which
rely on the EDL mechanism to adsorb ions, the faradaic
system with redox-active materials as the electrode with the
merits of ion selectivity and high specific capacity is an
alternative promising platform for environmental remedia-
tion.?® Transition metal hexacyanoferrates (TMHCFSs), or
Prussian blue and its derivatives (PBAs), as typical redox-active
materials, usually feature a face-centred cubic lattice structure
and an open framework, facilitating the rapid insertion and
extraction of cations from the aqueous solution.”” Zinc hexa-
cyanoferrate (ZnHCF), as one of the most chemically stable
and low toxicity PBA analogues, has been widely applied in the
field of aqueous rechargeable batteries. For instance, Niu et al.
synthesized rhombohedral ZnHCF microcubes for high-voltage
rechargeable sodium-ion batteries with high voltage output of
1.6 V and energy density of 59 W h kg™*.%® In another demon-
stration, Lu et al. modified ZnHCF nanocubes with the encap-
sulation of MnO, nanosheets for an enhanced reversible
capacity of 75 mA h g™* at 1000 mA g™ *.*° In addition to the
applications as battery materials, ZnHCF has recently been
used for the enrichment of radioactive elements from nuclear
waste. Kim et al. developed a ZIF-8-derived ZnHCF composite
for the enrichment of cesium ions from nuclear waste with a
large Cs* uptake capacity (204.9 mg ¢~ ') and high selectivity
towards a Na/Cs molar ratio of 1330.%° Considering the advan-
tage of high adsorption capacity of ZnHCF materials toward
cations, it is of considerable interest to utilize ZnHCF to
extract Co element from waste LiCoO, cathode materials.

In this work, the free-standing CC/KZHCF composite was
synthesized through a simple electrodeposition and sub-
sequent hydrothermal treatment for selective Co recovery from
waste LiCoO, batteries. As expected, the resulting binder-free
CC/KZHCF composite can be directly employed as the working
electrode, achieving excellent Co>* adsorption/desorption
capability. It is noteworthy that the sizes of KZHCF nanocubes
can be modulated by varying the hydrothermal treatment

electrochemical sorption
*® as an advanced
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time, thus giving rise to different Co>" extraction efficiencies.
The impact of several crucial factors, including applied poten-
tials, solution pH, stability and reusability of CC/KZHCEF, is
evaluated during the Co>" electrosorption process. Moreover,
the plausible mechanism of Co®" insertion/extraction behav-
iour in KZHCF is revealed by analyzing the variation in the
valence of metal species before and after electrosorption.

2. Experimental section
2.1 Materials and characterization

The waste laptop LiCoO, battery was purchased from the local
electronic second-hand market. CC (0.34 mm in thickness)
with 1.1 mQ ecm™? through plate resistance was obtained from
Shanghai Hesen Electric Co., Ltd (Shanghai, China).
Hydrochloric acid (HCl, 36.0-38.0%), hydrogen peroxide
(H,0,, >30.0%), ammonium hydroxide (NH;-H,O,
25.0-28.0%), zinc sulfate heptahydrate (ZnSO,-7H,0, >99.5%)
and sodium sulfate (Na,SO,, >99.0%) were purchased from
Sinopharm Chemical Reagent Co., Ltd. Boric acid (H3;BOs3,
>99.5%) and potassium ferricyanide (Kjz[Fe(CN)e], >99.0%)
were purchased from Aladdin Biochemical Technology Co., Ltd
(Shanghai, China). The morphologies of the as-synthesized
samples were characterized by scanning electron microscopy
(SEM, SU-8020, Hitachi, Japan) and high-resolution trans-
mission electron microscopy (HRTEM, JEM-2010, JEOL,
Japan). X-ray diffraction patterns were recorded using an X-ray
diffractometer (XRD, Panalytical Co., Netherland) with Cu Ka
radiation. The chemical compositions and valence states of
the surface elements of the samples were investigated by X-ray
photoelectron spectroscopy (XPS, ESCALAB 250Xi, Thermo
Scientific, USA) using Al-Ka radiation. The metal ions’ concen-
tration was monitored using inductively coupled plasma
optical emission (ICP-OES, Thermo Fisher Scientific ICP6300,
USA) spectrometry. All electrochemical experiments were
powered by a CHI 660E workstation (Chenhua, China).

2.2 Leaching experiment

The waste laptop LiCoO, battery was first fully discharged in a
5% NaCl solution and then manually disassembled in the
vacuum glove box. The cathode materials were obtained and
subsequently crushed and sieved for pure LiCoO, powder. The
leaching process was performed in a 100 mL beaker with
50 mL of mixed solution containing 2.5 M HCl and 0.6% (v/v)
H,0,, in which 2.5 g of LiCoO, powder was added into the
above solution and stirred for 48 h. Considering the higher
reduction potential of Co®" than that of H,0,, the presence of
H,O0, here was used to reduce Co*" to more soluble Co?". The
leaching solution was then filtered using a PTFE membrane
syringe filter with 0.22 pm pore size to remove any solid impu-
rities for subsequent ICP-OES analysis and electrochemical
adsorption experiments. The leaching reaction is based on the
following equation (eqn (1)).%'

6H" + H,0, + 2LiCo0, — 2Li" +2Co*" +4H,0+ 0, (1)
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2.3 Synthesis of the CC/KZHCF composite electrode

The CC/KZHCF composite electrode was fabricated through a
simple electrodeposition and hydrothermal combination
method according to the previous report with minor modifi-
cations.*> The commercial CC (2 x 2 cm?) was firstly treated
with 3 M HNO; for 6 h at 80 °C to obtain better hydrophilicity,
followed by drying in a 60 °C oven overnight and
thorough rinsing with deionized (DI) water several times.
Electrodeposition was conducted with a three-electrode appar-
atus. Typically, 50 mL aqueous solution containing 5 g of
ZnSO,-7H,0, 5 g of Na,SO, and 1.6 g H;BO; was used as the
electrolyte. The hydrophilic CC, graphite rod and Ag/AgCl
(saturated with KCl) electrodes were utilized as the working,
counter and reference electrodes, respectively. The electrode-
position process was conducted under a constant current
density of —50 mA ecm™ for 600 s. The obtained CC/Zn elec-
trode was rinsed with DI water and dried in a vacuum at 60 °C
overnight. Subsequently, the as-prepared CC/Zn (with Zn
coating area of 1 x 2 cm?) electrode was added into a Teflon-
lined stainless-steel autoclave containing 50 mL of 10 mM
K;3[Fe(CN)s] and heated at 60 °C for various time durations.
The obtained samples under different hydrothermal treatment
times were labelled as CC/KZHCF-1 (5 h), CC/KZHCF-2 (7 h),
CC/KZHCF-3 (9 h) and CC/KZHCF-4 (11 h). Unless otherwise
specified, CC/KZHCF signifies the product obtained at 7 h of
hydrothermal treatment. Finally, the CC/KZHCF electrodes
were obtained after washing with DI water several times and
dried in a 60 °C oven overnight. The synthetic reaction could
be described with equation (eqn (2)).

3Zn + 6K;[Fe(CN),] + 9H,0
=K,Zn;[Fe(CN),], - 9H,0 + 4K,[Fe(CN) ]

(2)

2.4 Electrochemical adsorption of cobalt

Cobalt adsorption experiments were conducted in a three-elec-
trode system in which CC/KZHCF (1 x 2 em?), CC with the
same area, and Ag/AgCl were utilized as the working electrode,
counter electrode and reference electrode, respectively. The
mixed solution containing Co®* and Li* was prepared by dilut-
ing the LiCoO, leaching solution 1000 times with DI water. In
all experiments, the electrolyte volume was 50 mL and the pH
was adjusted using 0.1 M HCl and NH;-H,O. Before Co**
adsorption experiments, the CC/KZHCF electrode was firstly
pretreated in 1 mg L™" KNOj; solution at a working potential of
+1.5 V (vs. Ag/AgCl) for 30 min to discharge the K" ions in the
KZHCF and the residual K* during the synthesis. The relevant
reaction is shown as follows (eqn (3)).*?

K, [Fe"(CN),](sorbent electrode)
— 4K" + [Fe(CN), > + e~

(3)

After the elimination of K* ions, the CC/KZHCF electrode
was transferred to the metal-containing solution for Co*" elec-
trosorption. The electrosorption experiments were carried out
when a fixed potential was applied on the working electrode
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and lasted for 120 min to reach an equilibrium state. 0.5 mL
of the samples were withdrawn from the reactor at pre-
determined time intervals and filtered for subsequent metal
concentration analysis by ICP-OES. The Co recovery efficiency
was calculated using the following equation (eqn (4))

Co —

C
Recovery efficiency = ¢ % 100% (4)

e
and the adsorption capacity on unit mass of CC/KZHCF (Q,
mg g '), which was defined according to the following
equation (eqn (5))

Co—Ce) XV
Q= (‘)—‘3) % 100% (5)
where C, (mg L™), C, (mg L™) and C. (mg L") stand for the
initial, time ¢ and final concentration of metal ions, respect-
ively. V and m are the solution volume and the weight of the
CC/KZHCEF electrode, respectively.

2.5 Cyclic experiments

After Co®" ions adsorption, the CC/KZHCF-Co electrode was
washed with DI water and transferred to the KNO; (1 mg L™
electrolyte for Co** ions desorption and electrode regeneration.
An oxidation potential of +1.5 V (vs. Ag/AgCl) was applied on
the CC/KZHCF-Co electrode for 30 min. After that, the regener-
ated electrode was washed with DI water and dried in an oven
at 60 °C overnight for the next Co recovery experiment. The
cyclic experiments were repeated for 5 rounds, and the concen-
tration of Co>" ions was monitored by ICP-OES measurement.

3. Results and discussion
3.1 Fabrication of the CC/KZHCF composite electrode

Scheme 1 illustrates the fabrication process of the self-standing
CC/KZHCF composite electrode, involving a simple electrodepo-
sition and subsequent hydrothermal treatment. First, the com-
mercial CC with hydrophilic surface was immersed into the
electrolyte containing ZnSO,-7H,0 as the precursor. In a three-
electrode apparatus, Zn was in situ electrodeposited on the CC
surface with a constant reduction potential at room tempera-
ture, generating a layer of Zn nanosheets. Subsequently, the as-
obtained Zn nanosheets gradually grew into homogeneous
KZHCF nanocubes through a redox reaction under the hydro-
thermal condition, in which metallic Zn can reduce Fe*" to Fe**
while it itself was oxidized to Zn>*, accompanied by the for-

,;7 ,
IREN
\ﬁ!‘( X At Znso, -7TH,0 K;IFL‘(C\)sl
RIS (%
be. ¢ v,
NG S
VKIS Elutrulltpo\ltlon h\drulhtrmul
process
cc CC/Zn CC/KZHCF

Scheme 1 Schematic illustration of the preparation of the CC/KZHCF
electrode.
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mation of K,Zn;[Fe(CN)g], (KZHCF). As a consequence, KZHCF
nanocubes align densely on the CC substrate to generate the
CC/KZHCF composite. It should be mentioned that the size of
the composite electrode can be easily scaled up on demand.

As a representative, the morphology of the as-prepared CC/
KZHCF-2 composite was initially characterized by SEM obser-
vation. For CC/Zn, after electrodeposition, the entire textual
surface of the CC substrate was covered uniformly with a layer
of densely packed nanosheets with a lateral size of 1-2 pm
(Fig. 1a), indicative of the uniform coating of Zn. In the sub-
sequent hydrothermal process, these interconnected Zn
nanosheets in situ transform to homogeneous KZHCF nano-
cubes in the K3[Fe(CN)s] solution, which is well dispersed
throughout the skeleton of the CC matrix (Fig. 1b). The micro-
structure of CC/KZHCF was further investigated by TEM obser-
vation. As displayed in Fig. 1c, these nanocubes possess a
mean lateral dimension of 500 nm and a thickness of ca.
100 nm. Moreover, the corresponding elemental mapping
images of a single KZHCF nanocube reveal that K, Zn, Fe, C
and N elements are homogeneously distributed across the
whole nanocube (Fig. 1d), confirming the successful fabrica-
tion of the CC/KZHCF composite. Further, the HRTEM image
(Fig. 1e) demonstrates that the spacing of the interlayer lattice
fringes can be identified as 5.4 A and 4.1 A, matching well
with the (113) and (116) faces of K,Zn;[Fe(CN)g],-9H,0 (JCPDS
no. 33-1061), respectively.*® Additionally, the hydrothermal
treatment time plays a key role in the morphology of the fabri-
cated CC/KZHCF composite. As demonstrated in Fig. S1,T the

200 nm
-

Intensity (a.u.)

K,Zn (Fe(CN),),"9H,0 JCPDS No. 33-1061

| | S e
10 e N e L I L)
20 (degree)

Zn JCPDS No. 04-0831

Fig. 1 Morphological and structural characterization of the as-prepared
samples: (a) SEM image of CC/Zn. (b) SEM image of CC/KZHCF-2. (c)
TEM and (d) corresponding EDS elemental mapping of the KZHCF nano-
cubes. (e) HRTEM image of KZHCF; (f) XRD pattern of CC/KZHCF-2.
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lateral dimension of KZHCF nanocubes gradually expands
from 0.5 pm to 2 pm with increasing hydrothermal time,
accompanied by a similar increase in the thickness. As a con-
sequence, the loading masses of KZHCF nanocubes on CC
substrate were calculated to be 8.5 mg, 11.3 mg, 18.8 mg and
24.2 mg for the as-fabricated CC/KZHCF-1, CC/KZHCF-2, CC/
KZHCF-3, and CC/KZHCF-4 electrodes, respectively.

The crystalline phase of the as-prepared CC/KZHCF elec-
trode was investigated by XRD (Fig. 1f). The diffraction peaks
located at 36.3° and 39.0° are attributed to the (002) and (100)
reflections from Zn nanosheets (JCPDS no. 04-0831), respect-
ively.®® Several main characteristic diffraction peaks at 16.4°,
19.7°, 21.8°, 24.3°, 24.5° and 28.7° can be indexed to the (113),
(024), (116), (214), (300) and (119) crystal facets of K,Zns[Fe
(CN)6]2-9H,0 (JCPDS no. 33-1061), which is consistent with the
result of HRTEM, indicating the successful synthesis of the
CC/KZHCF composite electrode. In addition, the XRD patterns
of CC/KZHCF-1, CC/KZHCF-3 and CC/KZHCF-4 electrodes
were also examined in Fig. S2.1 Compared with the other three
electrodes, the characteristic peaks of the CC/KZHCF-2 elec-
trode are sharper, indicating its better crystallinity and thus
was chosen as the representative for subsequent experiments.

3.2 Electrochemical evaluation of the CC/KZHCF electrode

The electrochemically active surface area (ECSA), which was
determined in the electrolyte environment rather than the
atmospheric environment for BET, is utilized to characterize
the ion-accessible surface in electrochemical application.’® As
shown in Fig. 2a-c and Fig. S3,f the CC/KZHCF-2 electrode
exhibits enhanced ECSA of 152.0 m” g™*, superior to that of
CC/KZHCF-1 (141.7 m* g~ '), CC/KZHCF-3 (144.9 m* g~') and
CC/KZHCF-4 (144.5 m> g~'). Evidently, the CC/KZHCF-2 elec-
trode might provide abundant active sites that may facilitate
ion storage during the electrochemical process and electro-
sorption of Co®" ions on the electrode surface, thereby achiev-
ing enhanced recovery efficiency. In addition, the Fe"/Fe™
redox properties of the CC/KZHCF electrodes were also evalu-
ated by the CV curves in the electrolyte containing Co”', in
which a significant pair of redox peaks appears in the CV
curves for all the electrodes (Fig. 2d). A similar reduction peak
at 0.55 V (vs. Ag/AgCl) was observed for Co>" ions intercalation
in the investigated four CC/KZHCF electrodes, revealing the
feasibility of KZHCF electrodes toward Co>* electrosorption.
Also, the corresponding redox reaction can be described as
follows (eqn (6)).>” Note that the specific capacitance of the
CC/KZHCF-2 electrode toward Co”" is higher than that of the
other three electrodes. Hence, the CC/KZHCF-2 electrode is
supposed to achieve the best recovery performance of Co>".

Znz[Fe™(CN),], +2°7 + Co*" « CoZn;[Fe"(CN).], (6)

3.3 Electrosorption performance of Co>* ions on CC/KZHCF
electrodes

The extraction efficiencies of Co”" on CC/KZHCF composite
electrodes were evaluated under different operational con-

Inorg. Chem. Front., 2024, 1, 6880-6888 | 6883
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Fig. 2 (a) CV curves of the CC/KZHCF-2 electrode at different scan
rates between 0.40 and 0.60 V (vs. Ag/AgCl). (b) The corresponding
cathodic and anodic charging current measured at 0.50 V (vs. Ag/AgCl)
plotted as a function of scan rates. (c) Calculated ECSA values of
different electrodes. (d) CV curves of different electrodes in 50 mM Co®*
solution at a scan rate of 50 mV s~

ditions. As compared to the other three composite electrodes,
the CC/KZHCF-2 electrode exhibits higher extraction efficiency
toward Co** (Fig. 3a). Approximately 98.6% of Co>* (30 mg L™")
was electrochemically adsorbed on the CC/KZHCF-2 electrode
within 120 min. From the corresponding EDS elemental
mapping after Co®>" electrosorption (Fig. S4t), cobalt element
was found to be uniformly distributed throughout the whole
electrode surface, indicative of the successful electrosorption
of Co** by KZHCF. By contrast, the sorption efficiencies of Co>*
on CC/KZHCF-1, CC/KZHCF-3 and CC/KZHCF-4 electrodes

( ) 7,30 —a— CCKZHCF-1 ( )7, 30
- —e— CC/KZHCF-2 =
~ /

g —a— COKZHCF-3 gs
pcerd —v— CC/KZHCF-4 -
g En
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— 5 -5
& &
S °
2 = 25
0 20 40 60 S0 100 120 0 20 40 60 80 100 120
Time (min) Time (min)
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uz‘

e B
= I | i
g2 < \ { ‘
] Z 60 , “
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§ &;E 40 ' | ‘
g10 5 \ ]
8 =] i
8 )
— S ‘
N e
O o{eetr—or—-0o—0 =%

0 20 40 60 80 100 120 1 2. 3 4 s

Time (min) Cycle numbers

Fig. 3 (a) Co®* electrosorption by different electrodes (voltage = —0.4
V (vs. Ag/AgCl), pH = 9). (b) Effect of working voltage (pH = 9) and (c)
pH value (voltage = —0.4 V (vs. Ag/AgCl)) on Co?* electrosorption by the
CC/KZHCF-2 electrode. (d) Reusability of the CC/KZHCF-2 electrode for
5 cycles.
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were about 66.0%, 86.8% and 74.0%, respectively. Further, the
electrosorption capacities of Co®" were calculated to be
116.5 mg g ', 130.9 mg ¢, 69.3 mg g~ and 45.9 mg g~ for
the respective CC/KZHCF-1, CC/KZHCF-2, CC/KZHCF-3 and
CC/KZHCF-4. Evidently, the CC/KZHCF-2 composite electrode
achieves excellent Co®" recovery performance in terms of the
recovery efficiency and uptake capacity, which might be attrib-
uted to its high ECSA accessible and active adsorption sites.

The effect of the applied working potentials on the recovery
efficiency of cobalt was also investigated. Considering that the
side reaction of water electrolysis would occur below —0.8 V
(vs. Ag/AgCl), the applied working potentials were selected
from 0.4 V to —0.6 V (vs. Ag/AgCl).>® As shown in Fig. 3b, the
electrosorption efficiency of Co>" ions increased as the voltage
becomes more negative, as reflected by 99.2% of the
maximum value obtained at —0.6 V (vs. Ag/AgCl). Furthermore,
the resulting CC/KZHCF-2 electrodes after Co®>* adsorption
between —0.4 V and —0.6 V (vs. Ag/AgCl) were subjected to
XRD characterization. As demonstrated in Fig. S5,7 unlike that
for CC/KZHCF-2 under —0.4 V (vs. Ag/AgCl), two new peaks
located at 43.2° and 50.3° were detected in the CC/KZHCF-2
under —0.6 V (vs. Ag/AgCl), which can be ascribed to the repre-
sentative (111) and (002) diffractions of elemental Co (JCPDS
no. 01-1625).>° Thus, Co** ions in the solution were reduced to
Co° and deposited on the electrode surface under a potential
of —0.6 V (vs. Ag/AgCl), while cobalt species were electrochemi-
cally adsorbed on the electrode surface in the form of ions
under —0.4 V (vs. Ag/AgCl). Although a higher voltage might
accelerate electron transfer, once Co?" ions are reduced to
elemental Co°, it is difficult for them to be oxidized into ions
again and desorbed from the electrode surface into the solu-
tion. Moreover, the coating of cobalt on the KZHCF nanocubes
is unfavorable for the subsequent cycling performance of the
CC/KZHCEF electrode. Hence, the optimal voltage toward cobalt
recovery was set as —0.4 V (vs. Ag/AgCl).

Considering that Co®" ions exist in different forms under
different pH conditions, the initial solution pH value is con-
sidered as another important factor affecting the cobalt recov-
ery efficiency. As illustrated in Fig. 3c, a remarkable improve-
ment in the cobalt recovery efficiency is observed from 45.0%
to 98.6% with increasing pH from 3 to 9. The poor recovery
efficiency under acidic condition might be ascribed to the fact
that the electrode surface is slightly positively charged due to
the protonation, which would repel the positively charged Co**
ions via the electrostatic repulsion effect.*® Also, the higher
adsorption capacity under weak alkalinity (e.g.,, pH 9) can be
explained by the formation of Co(NH;)s** with 3.96 A of
hydrated radius, smaller than that of Co** (4.23 A) (eqn (7) and
(8)).*" As a result, Co(NH;)s*" with a smaller hydrated radius
enters the KZHCF crystal lattice more easily, leading to
enhanced recovery efficiency. Interestingly, it shows brown pre-
cipitation associated with Co(OH), colloids under strong alka-
line condition (e.g., pH 11),** causing a decrease in the Co**
concentration in the solution, accompanied by the color vari-
ation of the electrolyte solution from light pink to colorless.
These negatively charged colloids would adsorb Li" ions in the
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solution, which is not conducive for the subsequent separation
and recovery of Co>".

6NH; - H,O + Co*" « [Co(NH3),]*" + 6H,0 (7)
4[Co(NH3),]*" + O, + 2H,0 — 4[Co(NH;),|*" +40H™  (8)

The cyclic performance and reusability of the CC/KZHCF-2
electrode were evaluated via 5 cycles of adsorption/desorption
experiments, in which the spent electrode can be regenerated
applying an oxidation potential of +1.5 V (vs. Ag/AgCl) in the
pristine KNO; electrolyte for next round of Co** electrosorp-
tion. Also, the adsorbed Co®" ions are desorbed from the elec-
trode surface into the above solution for subsequent recovery.
As exhibited in Fig. 3d, after 5 rounds, the adsorption and de-
sorption efficiencies of Co®" decrease by 16.6% and 16.0%,
respectively, indicating that most of the adsorbed Co** ions
can be desorbed from the electrode and the electrosorption
capability can be successfully regenerated by switching to an
oxidation state. In addition, the possible release of Zn and Fe
ions during multiple electrochemical cycles was detected by
ICP-OES to further verify the stability of CC/KZHCF. As shown
in Fig. S6,7 there was almost no loss of Zn and Fe ions in the
initial two absorption and desorption processes, and a trace
loss appears in the third cycle. After five cycles, the concen-
trations of Zn and Fe ions in the solution were 0.23 ppb and
0.41 ppb, respectively, indicating that the fabricated CC/
KZHCF electrode possesses excellent structural stability during
the electrochemical process. Further, the stability of the CC/
KZHCF-2 electrode was examined by SEM and XRD characteriz-
ation. As displayed in Fig. S7,7 the electrode after Co®" desorp-
tion maintains the initial morphology with KZHCF nanocubes.
In addition, the XRD pattern of the CC/KZHCF-2 electrode
after Co** desorption is basically consistent with that of the
fresh electrode material, revealing its excellent structural stabi-
lity and reusability.

The selective electrosorption of Co** over Li* of the CC/
KZHCF electrode was further investigated. It is well acknowl-
edged that the alkaline ions with a smaller hydrated radius
would enter into the lattice channels more easily. In our case,
the hydrated radii follows the order: Co** (4.23 A) > Co(NH;)s>"
(3.96 A) > Li* (3.82 A). Considering that monovalent ions have
a lower energy than divalent ions,”® a higher selectivity
towards monovalent ions over divalent ions is achieved due to
the dehydration energy. However, in our experiments, there is
no change in the Li' concentration before and after cobalt
extraction with the initial solution containing 30 mg g~* Co*"
and 1.5 mg g ' Li* (Fig. S8at). Herein, the CV curves were
introduced to evaluate the electrochemical behaviors of the
CC/KZHCF electrode in different electrolyte solutions (50 mM
Co®" or Li*). As depicted in Fig. S8b,} the reduction peaks at
0.55 V and 0.78 V (vs. Ag/AgCl) were observed for Co”" and Li*
ions insertion, respectively, illustrating a relative smaller
reduction potential for Co®" ions electrosorption in KZHCF in
comparison with that of Li" ions. In other words, it is easier
for Co*" insertion from the perspective of molecular dynamics
due to its lower energy demand.** Such a selective electrosorp-
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tion of Co®>" over Li* might be attributed to the specific
pseudocapacitive characteristics of KZHCF.

3.4 The possible mechanism of Co>* adsorption on the CC/
KZHCF electrode

To gain more insight into the electrosorption mechanism of
cobalt on the CC/KZHCF electrode, the chemical compositions
and elemental states of CC/KZHCF before and after Co®*
adsorption were probed by XPS spectroscopy. From the survey
spectrum, a new characteristic peak assigned to Co 2p appears
after Co®" adsorption as compared to the pristine CC/KZHCF
electrode, indicating the successful extraction of cobalt by CC/
KZHCF (Fig. S9t). The high-resolution spectrum of Fe 2p can
be decomposed into two main peaks located at 721.4 and
708.6 eV, which can be assigned to the Fe 2p,,, and Fe 2p3,
spin-orbitals, respectively (Fig. 4a). The characteristic bands
centred at 717.0 and 708.0 eV can be ascribed to the Fe" state,
while the other two peaks located at 721.4 and 708.6 eV can be
assigned to the Fe*" state.*> After Co>" extraction, the pro-
portion of Fe** decreases from 83.1% to 62.4%, while that of
Fe** increases from 10.6% to 27.8%. This result might be
explained by the electrochemical transformation from
[Fe"™(CN)s]>~ to [Fe"(CN)e]*". Similarly, the Co 2p spectrum
after the electrosorption process is also verified in Fig. 4b, in
which two main peaks at 797.1 and 781.3 eV correspond to the
Co 2py, and Co 2p3., spin-orbitals, respectively. Further, the
Co 2p spectrum can be well fitted into several peaks associated
with Co®" (802.0 and 785.4 eV), Co®" (797.1 and 781.3 eV) and
satellite peaks (805.1 and 789.2 eV),*® with the respective pro-
portions of 27.8%, 56.1% and 16.1%. Thus, it can be con-
cluded that most Co>" ions in the electrolyte are transformed
to [Co(NH3)s]>" under weak alkaline condition. Based on the
aforementioned XPS analyses, a possible electrosorption
mechanism of Co®" on the CC/KZHCF electrode is proposed in
Scheme 2. In the first step, K" cations are extracted from the
KZHCF framework upon charging in the KNO; solution and
leave large interstitial sites for the intercalation of cobalt ions.
Then, Co>" ions in the electrolyte will combine with NH;-H,O
to form the [Co(NH;)¢]** complex and further migrate into
the CC/KZHCF electrode under the action of an electric field.
Subsequently, [Co(NHj)¢]** with a smaller hydrated radii
than Co*" is easy to be inserted into the KZHCF framework to
maintain charge neutrality. During the desorption process, the

~
=
-’

(b)

Co2p

Intensity (a.u.)
Intensity (a.u.)
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Fig. 4 High-resolution spectra of CC/KZHCF-2 before and after elec-
trosorption: (a) Fe 2p and (b) Co 2p.
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Scheme 2 The electrosorption mechanism of Co?* on the CC/

KZHCF-2 electrode.

[Co(NH3)e]*" ions are extracted from the interstitial sites for
the exchange of K' ions in the pristine KNO; solution under
an oxidation potential.

3.5 Simultaneous recovery of cobalt and lithium from spent
LiCO,

Apart from the selective electrosorption of Co>" from waste
LiCoO, leaching, it is necessary to convert the extracted
species into important industrial raw materials. Hence, after
each cycle of Co®" electrosorption/desorption, the remaining
solution containing Li" ions are collected for evaporation and
concentration treatment, followed by the addition of solid
Na,CO; under continuous stirring and heating conditions. As
a consequence, Li,CO; is generated. Upon adjusting the pH
solution to 13, the filtrate containing Co>* is collected, while
Co(OH), precipitation is obtained in a similar way. To verify
the composition of the obtained Li,CO3, the powder was sub-
jected to XRD characterization. As illustrated in Fig. 5a, several
strong peaks located at 21.3°, 30.6°, 31.8°, 34.1° and 37.0°
were detected, which can be attributed to the (110), (-202),
(002), (—112) and (—311) diffractions of Li,CO; (JCPDS no. 87-
0728).” Additionally, an optical photograph intuitively reveals
the white flake panorama of the obtained Li,CO; powder (the
inset in Fig. 5a). Likewise, the phase structure of the precipi-
tated deep brown Co(OH), powder was also confirmed by its
XRD pattern (Fig. 5b). The diffraction peaks at 19.1°, 32.6°,
38.0°, 51.5° and 58.1° can be indexed to the (001), (100), (011),
(012) and (110) facets of Co(OH), (JCPDS no. 74-1057), respect-
ively.*® In addition, the purity of the recovered Li,CO; and Co
(OH), products was detected by ICP-OES, in which Li,CO; (1 g)
and Co(OH), (1 g) were separately subjected to digestion treat-
ment in aqua regia (HCl: HNO; = 3:1) for one day, then the
solution was diluted and the ion content was analyzed by
ICP-OES. As displayed in Fig. S10,7 the content of Li and Co

~_~
a0
e

P
=
N’

—— Li,CO, powder

Co(OH), powder

Intensity (a.u.)
Intensity (a.u.)

LA,,AL, 1 G

JCPDS No. 87-0728
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Fig. 5 XRD patterns of the recovered (a) Li,COs and (b) Co(OH),
powders from waste LiCoO, cathode.
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was 0.186 g and 0.631 g, respectively. Accordingly, the purity of
Li,CO; and Co(OH), was 99% and 99.6%, respectively. All
these results mentioned above indicate that the combination
of selective electrosorption and chemical precipitation might
be applied for the effective recovery of cobalt and lithium from
waste LiCO, cathode.

4. Conclusions

In summary, a free-standing CC/KZHCF composite electrode
was successfully fabricated for the separation and recovery of
Co®" and Li" from waste LiCoO, cathode. Benefiting from the
open framework structure and specific selective pseudo-
capacitive behavior of KZHCF, the resultant CC/KZHCF compo-
site electrode was capable of adsorbing electrochemically
active Co®" with high efficiency and selectivity over Li* ions. By
virtue of the electrochemically-mediated adsorption and de-
sorption properties of KZHCF, the effective separation of Co*
and Li* was achieved, which can be further converted into
important industrial raw materials (e.g., Co(OH), and Li,COs3)
by means of chemical precipitation. It can be predicted that
this work will pave the way for the sustainable recycling of the
power battery industry.
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