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Conventional hydrometallurgy recycling process for treating wasted lithium-ion batteries (LIBs) typically
results in the consumption of large amounts of corrosive leachates. Recent research on reusable leachate
is expected to significantly improve the economic and environmental benefits, but is usually limited to
specific and unique chemical reactions which could only apply to one type of metal elements. Herein,
we report the co-extraction of multiple metal elements can be extracted without adding precipitates by
mixed crystal co-precipitation, which enables the reusability of the leachate. We show that an oxalic acid
(OA): choline chloride (ChCl): ethylene glycol (EG) type DES leachate system can leach transition metals
from wasted LiNixCoyMn;_,,O, (NCM) cathode materials with satisfactory efficiency (The time required
for complete leaching at 120°C is 1.5h). The transition metals were then efficiently extracted (with a re-
covery efficiency of over 96% for all elements) by directly adding water without precipitants. Noteworthy,
the leachate can be efficiently recovered by directly evaporating the added water. The successful realiza-
tion of reusability of leachate for the synergistic extraction of multiple elements relies on the regulation
of the mixed crystal co-precipitation coefficient, which is realized by rationally design the reaction con-
dition (composition of leachate, temperature and time) and induces the extraction of originally soluble
manganese element. Our strategy is expected to be generally applicable and highly competent for indus-

trial applications.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

With the widespread and large-scale application of LIBs, the
quantity of End-of-Life (EoL) LIBs has been increasing rapidly [1-
9]. Efficient recovery of valuable elements (particularly transition
metals within the cathode materials) holds significant impor-
tance in terms of environmental protection, economic benefits,
and resource utilization [10-15]. Hydrometallurgical methods for
EoL-LIBs recycling have garnered increasing attention compared
to pyrometallurgical recycling due to their lower energy con-
sumption and less gas emissions [16-20]. The extraction process
for transition metals in EoL-LIBs primarily consists of two steps:
the leaching and the precipitation of specific elements using
leachate [21]. Conventional hydrometallurgical strategy usually
consumes large amounts of highly corrosive leachate, which leads
to safety and environmental concerns [22]. It is highly desirable
to develop reusable and mild leachate to improve the overall cost
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and prepare for the massive amounts of EoL-LIBs in the coming
years [23-25]. However, realizing reusability is challenging be-
cause the fundamental mechanism for extracting specific elements
in hydrometallurgical strategy involves the dissolution and the
precipitation processes, during which the required elements can
be separated from the wasted residues [26-30]. This necessitates
the property of the leachate to be changed between two states:
the elements can dissolve or precipitate in the leachate. Typical
hydrometallurgical strategy relies on strong inorganic acid to
dissolve the metal elements, as well as the subsequent addition
of precipitants (usually alkaline or carbonate) to neutralize the
leachate for precipitation [21,31-34]. As a result, the leachate
would irreversibly lose its capability for next-round leaching.
Recently, reusable leachate for recycling lithium cobalt oxide
(LCO) has been reported, where the key is to reversibly control the
solubility product (Ksp) of the cobalt element based on discovering
specific chemical reaction pathways [35]. Fundamentally, the con-
trollable switching for the metal elements to change between the
soluble and precipitated state can be realized without adding pre-
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cipitants, thus maintaining the composition and property for the
leachate and enabling reusability. Despite the successful demon-
stration of the above strategy for recycling LCO, this method relies
on the specific property (controllable formation of specific metal
complex species with opposite solubility product) of the cobalt el-
ement [30,36,37]. Considering that many LIBs suppliers have been
pursuing to decrease the usage of cobalt due to economic consider-
ation, the extension to the simultaneous recycling of multiple ele-
ments using reusable leachate is calling for urgent development.
LiNixCoyMn;_,.yO, (NCM) family materials represent the main-
stream solution for a variety of high energy density LIBs [38-40].
However, unlike cobalt element, the extraction of other valuable el-
ement including nickel and manganese is challenging considering
the requirement for achieving reusability of leachate (no precipi-
tants allowed) [41,42]. Co-precipitation, which refers to the phe-
nomenon that a normally soluble substance can be carried down
upon the formation of a precipitate. This is expected to provide the
possibility for the synergistic extraction of the originally soluble el-
ements. The mechanism for co-precipitation includes mixed crys-
tal co-precipitation, occlusion co-precipitation and adsorption co-
precipitation [43]. We propose that, if the extraction of originally
soluble elements is proceeded without adding precipitants, but by
the formation of the precipitated metal compound, precipitant-free
extraction might be achieved.

Herein, we report the synergistic and complete recovery of Mn,
Ni, Co elements from spent NCM materials where the reusability
of leachate has been successfully achieved by regulating the mixed
crystal co-precipitation coefficient of the leachate. An OA:ChCL:EG
type deep eutectic solvent (DES) was designed as the leachate.
DESs are a diverse range of solvents composed of hydrogen bond
donors (HBD) and hydrogen bond acceptors (HBA) with cost-
effectiveness, low toxicity, and biodegradability [44-46]. A vari-
ety of new chemical reaction pathway has been found in DESs
compared with aqueous or organic solvents, which provides po-
tential for developing effective hydrometallurgical recycling strate-
gies [18,27,47-50]. The leachate can effectively dissolve the NCM
materials at 90 °C for 4h with a leaching efficiency of nearly
100%. Noteworthy, in this specific OA:ChCl:EG type DES, the sub-
sequent addition of deionized water (DI-water) could lead to the
co-extraction of the Ni, Co and Mn elements with extremely high
efficiency (98.6%, 99.5%, and 96.9%). For comparison, without the
existence of Co and Ni, pure Mn element could not be precip-
itated under similar condition. Meanwhile, compared to widely
studied ChCl:OA type DES, the EG composition in our designed
DES significantly improve the co-precipitation coefficient (0.746
in OA:ChCL:EG vs. 0.582 in OA:ChCl).This indicates that regulating
the mixed crystal co-precipitation coefficient provides a viable ap-
proach for the extraction of multiple transition metal elements in-
cluding those originally soluble elements without precipitants. The
added DI-water can be evaporated to restore the reusability of the
leachate. We show that identical leaching processes were observed
over five repeated leaching/extraction cycles, which demonstrated
the significant potential for repeated utilization of DES leachate.
Furthermore, the precipitate obtained through mixed crystal co-
precipitation was utilized as a precursor for the synthesis of ac-
tive materials, demonstrating the establishment of closed-loop the
recycling. The successful realization of reusable leachate for multi-
elements recycling is expected to provide significant advancement
for large-scale hydrometallurgical recycling of EoL-LIBs with cost
and environmental effectiveness.

The characterization of the OA:ChCl:EG type DES are shown
in Fig. S1 (Supporting information). In the NMR spectra, the hy-
droxyl group of ChCl shifts from 5.7 ppm to 6.5 ppm (Fig. S1a), and
the carboxyl carbon atom of OA (161.35ppm) undergoes splitting
(Fig. S1b). These indicate the formation of hydrogen bonds which
produce the shielding effect [22]. Such superstructure of the DESs
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could produce unique reaction pathways for interacting with var-
ious kinds of metal compounds [51]. The leaching process can be
described using the shrinking-core model (Formulas S1-S4 in Sup-
porting information). As evidenced with SEM images in Fig. 1a
(pristine materials) and Fig. 1b (half-leached materials), the leach-
ing process is accompanied with the collapse of the secondary par-
ticles and followed by shrinking-core reactions [52]. Assuming that
the elemental ratio of the ionic nickel, cobalt, and manganese dis-
solved in the solution corresponds to the elemental ratio in the
pristine raw materials, and the leaching rate can be calculated by
using UV-vis spectra to quantify the intensity of adsorption peak
(without separating the adsorption signal from whether cobalt or
nickel, and the divalent manganese ions do not show observable
UV-vis signals in the detectable range of wavelength). By collect-
ing the concentration data at various reaction conditions (different
temperatures and times, Figs. 1d-g and Fig. S2 in Supporting in-
formation), the activation energy (E;) of the reaction can be calcu-
lated to be 124.71kJ/mol, indicating that the leaching reaction can
be accelerated by simply increasing the temperature (Fig. 1c).

The recycling process involves the leaching and extraction of
metal elements as well as the recovery of the leaching solution
(Fig. S3 in Supporting information). The co-extraction of the dis-
solved metal elements without adding precipitants is the key for
maintaining the reusability of the leaching. We show case the
mixed crystal co-precipitation strategy can be used for the co-
extraction of the nickel, cobalt and manganese ions from the solu-
tion. After the leaching process, an appropriate amount of DI-water
(twice the mass of DES) is added. With the addition of DI-water,
cobalt and nickel ions have been reported to form MC,;04-2H,0
(M =Ni, Co) and would precipitate out from the solution at a pre-
cipitation rate ranging from 79% to 99% [22]. However, pure man-
ganese ions would stay as the soluble state in the OA:ChCl:EG sys-
tem (Fig. S4 in Supporting information). Herein, we demonstrate
that for the leachate containing the mixed metal ions, the for-
mation of the mixed crystal co-precipitation would guide the co-
extraction of the metal elements (even for the originally soluble
manganese ions). We propose a mixed crystal co-precipitation for-
mation equation as follows (the derivation process is detailed in
Supporting information) [43]:

In(T (Mn)/L(Mn)) = Aln(T (Ni&Co)/L(Ni&Co)) (1)

where L(xx) is the content of xx in the solution, T(xx) is the to-
tal amount of xx, and A represents mixed crystal co-precipitation
coefficient.

Fig. 2a illustrates that the mixed crystal co-precipitation coef-
ficient (1) determines the precipitation efficiency of manganese.
The mixed crystal co-precipitation coefficient is a function of vari-
ous parameters such as temperature, time, concentration of precip-
itant, solvent system, etc. Indicates that A is difficult to be theoret-
ically predicted [53,54]. For the OA: ChCl: EG leachate system, the
SEM-EDS (Fig. 2c and Fig. S5 in Supporting information) of the pre-
cipitated particle indicates that manganese could precipitate with
the existence of nickel and cobalt elements. The precipitation ef-
ficiencies of nickel, cobalt, and manganese are 98.6%, 99.5%, and
96.9%, respectively, at 30°C for 12 h (Fig. 2b), which indicates that
the A can be regulated to close to 1 under the optimized condi-
tion. Noteworthy, without EG, the precipitation efficiency of man-
ganese in OA:ChCl leachate system is only 75.8% at 30 °C for 12h
(Fig. 2d), indicating the elegant design of the composition for the
leachate is critical for the highly efficient co-extraction. XRD and
XPS have been used to characterize the structure of the mixed
crystal co-precipitation. XRD pattern (Fig. S6 in Supporting infor-
mation) of the mixed crystal co-precipitation shows the consistent
feature peaks as the standard card with no impurities. XPS spec-
tra (Fig. 2d) curve fitting of the Ni 2p, Co 2p and Mn 2p further
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Fig. 1. The leaching kinetics of the NCM materials in the DES leachate: (a, b) The discard LiNi;;3Coq;3Mn; 30, (D-NCM111) before and after leaching for 30 min, respectively.
(c) UV-visible spectra of the leachates obtained at various extraction times at 80 °C (using DMSO as a diluent for DES). (d) The time-dependent variation of leaching efficiency
at different temperatures. (e) The leaching efficiency under different conditions (60-90 °C, 0-23 h). (f, g) The fitting of activation energy for the leaching reaction.
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Fig. 2. Characterization of the mixed crystal co-precipitation. (a) The regulation of co-precipitation coefficient is the key for highly efficient precipitation of manganese based
on mixed crystal theory. (b) The precipitation efficiency of nickel, cobalt, and manganese elements at different temperatures. (c) The ratio of elements on the surface of the
mixed crystal co-precipitation forming process quantified by EDS. (d) Comparison of precipitation efficiency between OA:ChCl:EG and OA:ChCl types DES systems (30 °C). (e)

XPS spectra of the precipitate.

confirm the composition of the mixed crystal co-precipitation is
MC,04-2H,0 (M =Ni, Co, Mn) [55].

Compared to conventional extraction strategy using precipi-
tants, the extraction of metal ions realized by mixed crystal co-
precipitation could avoid the precipitants, thus maintaining the
composition and structure of the leachate to the maximum (only
the OA species is consumed, Eqs. S1 and S2 in Supporting informa-
tion). This could potentially provide the possibility for the leachate
to be restored by directly evaporating the added DI-water. The 13C
NMR spectra of the unrepaired DES (the leachate after extracting
the metal elements and evaporating the added DI-water content,

Fig. 3a) shows that the intensity for the signal at 160 ppm sig-
nificantly reduced and the peak at 6.5ppm in the 'H NMR spec-
tra (Fig. S7 in Supporting information) is shifted to 5.6 ppm. The
FTIR spectra (Fig. 3b) shows the intensity of the peak at 1741 cm~!
(vc—o of OA) for the unrepaired DES decreased. Other NMR and
FTIR signals are completely consistent with the pristine DES, in-
dicating that the content of OA in the DES is decreased while no
impurities are introduced during the entire recovery process. It can
be seen from the leaching reaction (Egs. S1 and S2) that only OA
is consumed during the leaching process. This indicates that DES
can be repaired by adding an appropriate amount of OA to achieve
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Fig. 3. Reusability of DES: (a) The *C NMR spectra and (b) FT-IR of pure DES and DES after extracting the metal elements and evaporating the DI-water (unrepaired DES),
respectively. (c) The required leaching time for complete leaching under different conditions (80-120 °C, 1-5 cycles). (d) The FT-IR, (e) *C NMR spectra, and (f) '"H NMR
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Fig. 4. Properties of regenerated NCM materials: (a) XRD spectrum. (b) Electrochemical impedance. (c, d) CV curves for the regenerated and commercial NCM111 materials

(R-NCM & P-NCM111), respectively. (e) Cycle test for the R-NCM and P-NCM111.

good reusability of the leachate, and the amount of OA needed
to be added was determining by the sodium hydroxide (NaOH)
titration. The digital photographs of pristine DES, unrepaired DES
and repaired DES are shown in Fig. S8 (Supporting information).
The appearance of the unrepaired DES is completely consistent
with pristine DES after adding the OA. For the repeatedly used
leachate (5 cycling), the leaching efficiency (Fig. 3c), precipitation
efficiency (Fig. S9 in Supporting information), FTIR and NMR spec-
tra (Figs. 3d-f) show no observable changes, indicating ideal capa-
bility for the leachate to function repeatedly. After multiple cycles
of leaching, the content of lithium ions in the leachate would grad-
ually accumulate, providing a favorable condition to extract lithium
with high efficiency. Based on the principle that lithium oxalate
has low solubility within ethanol at low temperature, we added
ethanol to the lithium-enriched leachate and precipitated lithium
oxalate by lowering the temperature to achieve lithium extraction
(Fig. S10 in Supporting information). The time required for com-
plete leaching using leachate under different cycles is almost the
same (Fig. 3c), indicating that the accumulation of lithium ions
in the leachate show no observable influence on the leaching ef-
ficiency [56].

The precipitated powder can be used as the raw material to re-
generate the NMC materials. TG-DSC was used to study the ther-
mal properties of mixed crystal co-precipitation. The crystal be-
gins to decompose around 300 °C (Fig. S11 in Supporting informa-
tion) and reacts with LiOH in the range of 500-900 °C (Fig. S12 in
Supporting information). Based on this, the obtained mixed crys-
tal co-precipitation was calcined at 400 °C to obtain the precursor
(Eq. S3 in Supporting information). Then, an appropriate amount of
LiOH (110% the required molar ratio normalized to transition metal
elements) was added and ground evenly. The mixture was then
heated at 900 °C (Eq. S4 in Supporting information) for 12 h to ob-
tain the regenerated NCM materials (R-NCM). The R-NCM and com-
mercial pristine NCM111 materials (P-NCM111) were characterized
by XPS (Fig. S13 in Supporting information) and XRD (Fig. 4a) and
show identical signals, indicating the successful closed-loop recy-
cling of the NCM materials (the impurity peak at 25° was caused
by the impurity which was difficult to determine the composition).
The R-NCM and P-NCM111 were assembled with lithium foil as the
counter electrode into a half cell for electrochemical performance
testing. The EIS (Fig. 4b) and CV (Figs. 4c and d) spectra of the R-
NCM has similar redox pairs and impedance with the commercial
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based on the data of Ref. [1,59-63]. (b) Comprehensive comparison of different pa-
rameters for various recycling approaches. The figure is made based on the data of
Ref. [44,60-63]. (c) Economic comparison of different recycling approaches [64].

NCM111 materials, indicating the electrochemical kinetics of the
recycled P-NCM is similar to the P-NCM111. As shown in (Fig. 4e),
at the current density of 0.2 C and voltage range of 2.8-4.3V, the
R-NCM shows an initial discharge capacity of 128.8 mAh/g. After
100 cycles, it retains 99.1% of its initial capacity. This indicates that
R-NCM has good capacity retention and high commercial value.

Based on the mixed crystal co-precipitation mechanism, we
have realized the closed-loop recycling of various metal elements
using reusable leachate (Fig. S14 in Supporting information) which
is expected to provide various advantages. The process of this
recycling strategy is simple, convenient for industrialization, and
generates minimum wastewater or harmful gas. We have further
performed multiscale comparison with the traditional hydromet-
allurgy and pyrometallurgy strategies (Figs. 5a and b) (environ-
ment friendliness, which is evaluated based on the pollution like
wastewater and toxic gas emission; safety, which is evaluated
based on the chemical hazard, reaction temperature, danger of
manual operation and so on; economic benefit, which is evalu-
ated based on the cost and revenue for the entire recovery process;
scalability, which is derived from the potential application of these
strategies in industry; and the material recovery rate is evaluate
based on the experimental data). This strategy has significant ad-
vantages in terms of energy consumption (Fig. S15a in Supporting
information), economic benefits (Fig. 5¢) and environmental impact
(Fig. S15b in Supporting information) [57-63]. The above advan-
tages are expected to provide competent road maps for pushing
the frontiers of recycling EoL-LIBs.

In summary, based on mixed crystal co-precipitation, the
ternary transition metal elements in EoL-LIBs can be synergistically
extracted without adding precipitants, thus realizing reusability for
the leachate. We demonstrate that the OA:ChCl:EG type DES is a
highly efficient leachate that can completely leach NCM111 at 120
°C for 1.5h with RS/L=20. The subsequent extraction is achieved
by adding DI-water, which controllably change the reaction path-
way and leads to the co-precipitation of nickel, cobalt, and man-
ganese with a precipitation efficiency of 98.6%, 99.5%, and 96.9%,
respectively. After filtrating out the solids, the leachate can be
reused for the next-round leaching process after directly evaporat-
ing the DI-water and the addition of small amount of the OA com-
ponent. The strategy presented here has fundamentally improved

Chinese Chemical Letters 36 (2025) 109726

the recycling process for extracting multiple metal elements with-
out adding precipitate to achieve reusability of the leachate, which
is expected to push the frontiers for the practical recycling of EoL-
LIBs with higher economic benefits.
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