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a b s t r a c t

Developing selective electrodes for lithium extraction from brines remains challenging. This work reports
room-temperature synthesized cubic copper hexacyanoferrate (CuHCF) nanoparticles for hybrid capac-
itive deionization (HCDI). The CuHCF framework exhibits a high surface area (715.84 m2

·g− 1), dual redox-
active sites ([FeIII(CN)6]4− /[FeII(CN)6]3− and Cu+/Cu2+), and excellent cyclability (99.4% capacity retention
after 1000 cycles). In HCDI system, the CuHCF cathode demonstrates remarkable Li+ ions selectivity,
achieving a 25.5 mg·g− 1 adsorption capacity in 500 mg·L− 1 LiCl solution with 94% charge efficiency at
1.2 V. Notably, in mixed Li+/Mg2+ solutions (30:1 molar ratio), CuHCF nanoparticles maintain a high
separation coefficient of 3.1, attributed to the synergistic effects of ionic sieving and preferential redox
interactions. Mechanistic studies confirm Li+ (de)intercalation via reversible [FeIII(CN)6]4− /[FeII(CN)6]3−

and Cu2+/Cu+ transitions. Density functional theory calculations reveal Li+ exhibits lower adsorption
energy than Mg2+ (− 3.72 eV vs. − 1.49 eV), which fundamentally explains the preferential extraction
capability of Li+ ions over Mg2+ ions during the separation process. This study advances ion-selective
pseudocapacitor design for sustainable lithium extraction from high-salinity resources.
© 2025 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd.
All rights are reserved, including those for text and data mining, AI training, and similar technologies.

1. Introduction

With theexplosivegrowthof electronicproducts suchaselectric
vehicles, laptops, andmobiles, alongwith the rise of energy storage
devices, the market demand for lithium-ion batteries has surged,
leading to a dramatic increase in global lithium prices over the past
five years [1,2]. The development of lithium resources has become
increasingly important. Lithium is primarily found in ores, salt lake
brines, and seawater [3,4]. Notably, the lithium content in salt lake
brines accounts for two-thirds of the total, and the cost of lithium

extraction from salt lakes is only one-third that of extraction from
ores [5,6]. Therefore, extracting lithium from salt lake brines and
seawater offers significant advantages in terms of resource scale
and cost-effectiveness, positioning it as a major trend in future
lithium production [7—9]. In these salt lake brines, lithium-ion
concentrations consistently exceed 150 mg·L− 1, coexisting with
substantial concentrationsof alkalimetal ions includingpotassium,
sodium, calcium, and magnesium. Notably, Li+ and Mg2+ exhibit
analogous chemical properties, leading to their co-extraction dur-
ing conventional evaporation, physical adsorption, and solvent
extraction processes. This indiscriminate capture necessitates
additional post-treatment procedures to achieve phase separation,
thereby escalating operational costs and energy consumption.
Consequently, the development of green lithium extraction tech-
nologies characterized by energy efficiency, environmental
compatibility, low-temperature/pressure operation, and high-
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efficiency Mg2+/Li+ separation has emerged as a critical research
frontier in sustainable resource recovery.

Capacitive deionization (CDI), as an emerging electrochemical
lithium extraction technology, has garnered attention due to its
advantages of high adsorption capacity, rapid adsorption/desorp-
tion rates, ease of regeneration, and environmental friendliness. By
rationally designing electrode materials, corresponding CDI sys-
tems can achieve reversible and efficient adsorption of target ions,
demonstrating high adsorption capacity and excellent selectivity
[10,11]. Among these, hybrid capacitive deionization (HCDI) has
been extensively reported for its high ion selectivity and removal
capacity. This technology has been applied to the selective
extraction of Li+ ions from salt lake brines [12—16]. HCDI typically
consists of a pseudocapacitive battery material as the cathode and
carbon-based materials as the anode [17,18]. Upon the application
of an electric field, cations in the brine are captured in the cathode
through Faradaic redox reactions, while anions are stored in the
carbon anode by forming an electrical double layer [19,20]. By
applying a reverse voltage or short-circuiting, both the cathode
and anode materials can be easily regenerated in situ without the
need for any chemical reagents, such as acids or bases [21,22]. Due
to their high selectivity, material stability, and environmental
friendliness, various HCDI systems have successfully used lithium
manganese oxide (LiMn2O4, LMO) [12,23], lithium nickel manga-
nese oxide (LiNi0.5Mn1.5O4) [24], and lithium nickel cobalt man-
ganese oxide (Li(NixCoyMnz)O2) [25] as active electrode materials
for lithium extraction from salt lake brines [26]. However, these
electrode materials, while selective for Li+ ions, have complex
synthesis processes and low yields, making them inadequate to
meet industrial demands. Therefore, the development of novel
pseudocapacitive materials with enhanced charge adsorption ca-
pacity and selective extraction of Li+ ions remains essential.

Prussian blue analogues (PBAs) are common cation intercala-
tion materials characterized by a three-dimensional open frame-
work structure. Their unique crystal structure and abundant ionic
channels facilitate the rapid transport and storage of cations,
providing a foundation for cation (de)intercalation. Specifically,
PBAs are typically represented by the chemical formula AxM′[M
(CN)6]y·nH2O (0≤x≤2, 0≤y≤1), where A denotes an alkali metal
ion, and M/M′ represents transition metal ions. This structure,
abbreviated as M'HCF, features alternating M and M′ atoms con-
nected by cyanide ligands (M− C�N—M′), forming a face-centered
cubic lattice. Within this crystal structure, there are channels or
interlayer spaces of specific sizes and charge environments that
only allow cations with particular ionic radii and charge charac-
teristics to enter and be adsorbed effectively [27]. Among them,
cubic copper hexacyanoferrate (CuHCF) exhibits two sets of redox
couples ([FeIII(CN)6]4− /[FeII(CN)6]3− and Cu2+/Cu+), with relatively
low redox potentials that favor the stable electrochemical perfor-
mance of CuHCF electrode materials in saline solutions. More
importantly, these two redox reactions significantly enhance the
specific capacitance of CuHCF electrode, thereby facilitating the
capture of more Li+ ions during lithium extraction. Additionally,
the [FeIII(CN)6]4− /[FeII(CN)6]3− and Cu2+/Cu+ redox pairs exhibit
high stability and reversibility, providing excellent cycling stability
for the CuHCF electrode. Consequently, CuHCF is promising as a
novel pseudocapacitive electrode material with a high capacitance
adsorption capacity and exceptional selectivity for Li+ ions.

Herein, we introduce a facile room-temperature co-precipitation
method to synthesize CuHCF nanoparticles for efficient lithium-
selective extraction via HCDI system. The composition, structure,
and physicochemical properties of the synthesized CuHCF nano-
particles were systematically characterized. The CuHCF sample was
utilized as the cathode, coupled with an aminated activated carbon
(A-AC) anode, to assemble a membrane-free HCDI system. Batch

experiments were conducted to assess the lithium extraction per-
formance and cycling stability of CuHCF nanoparticles. Additionally,
XPS analysis, electrochemicalmeasurements and density functional
theory (DFT) calculations were employed to elucidate the mecha-
nismunderlying the selective lithiumextractionof CuHCF electrode.
The experimental results underscore the potential of CuHCF for
lithium extraction in HCDI system.

2. Experimental

2.1. Preparation of CuHCF nanoparticles

A 0.1 mol·L− 1 solution of copper(II) nitrate trihydrate (Cu
(NO3)2·3H2O) was prepared by dissolving it in 50 ml of deionized
water, forming solution A. Concurrently, another clear solution B
was prepared by adding 0.05 mol·L− 1 potassium ferricyanide
(K3Fe(CN)6) to 50 ml of deionized water. Subsequently, both so-
lutions were simultaneously added dropwise through a constant
drop funnel into 25 ml of vigorously stirred deionized water. The
mixture was stirred at room temperature for 30 min, followed by a
standing period of 32 h. After the reaction was completed, the
resulting precipitate was collected by centrifugation and washed
with deionized water to remove excess impurities. Finally, the
sample was dried in an oven at 60 ◦C to obtain the CuHCF nano-
particles. The information of starting materials and characteriza-
tion methods are given in the Supplementary Material.

2.2. HCDI measurements

The desalination experiment in the HCDI system utilizes a LiCl
solution for continuous cycling tests. The HCDI testing setup com-
prises aperistaltic pump, a conductivitymeter, aDCpower supply, a
homemade HCDI unit, and a reservoir. The size of the HCDI elec-
trodes are 40 mm × 40 mm. A mixture consisting of 80% (mass)
active material, 10% (mass) carbon black, and 10% (mass) PVDF is
prepared in N-methylpyrrolidone (NMP) to form a homogeneous
slurry. The slurry was uniformly coated onto carbon paper and
placed in an oven at 60 ◦C to dry 12 h. The total mass of the active
sample for the HCDI tests was 100 mg. During the testing process,
the prepared active sample served as the cathode material of the
HCDI, while A-AC was utilized as the anodematerial. Carbon paper
acted as the current collector, and a 1.0 mm thick silicone sheet
functioned as the separator between the cathode and anode. A LiCl
solution with a concentration of 500 mg·L− 1 was continuously
pumped into the HCDI unit via a peristaltic pump at a flow rate of 8
ml·min− 1. The lithium extraction voltage was set at 1.2 V, and
changes in the conductivity of the LiCl solution were monitored
using a conductivitymeter (DDSJ-307F, Leici, China). During the Li+

ions (de)intercalation process, the conductivity of the LiCl solution
was recorded every 20 s. The salt adsorption capacity (SAC,mg·g− 1)
was calculated using the following formula:

SAC = (C0—Ct)V/m (1)

where C0 and Ct denote the initial and any time t concentrations of
the LiCl solution, respectively. V refers to the volume of the LiCl
solution, and m represents the total mass of the active material in
both electrodes.

The average adsorption rate (SAR, mg·g− 1·min− 1) of the HCDI
electrode materials is calculated according to the following
equation:

SAR = SAC/t (2)

where t (s) denotes the lithium extraction time.
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The charge efficiency (CE) of the HCDI electrode materials is
calculated using the following formula:

CE=
FV(C0—Ct)

M
∫
Idt

(3)

where F is Faraday's constant (96485 C·mol�1), V is the volume of
the LiCl solution, C0 and Ct represent the initial concentration and
the concentration at any time t of the LiCl solution, respectively.M
indicates the average molar mass of the cations and anions in the
LiCl solution (with LiCl having amolar mass of 42.39 g·mol�1), and
I is the applied current, while t represents the duration of the
lithium extraction process.

The concentration of metal ions was measured using an
inductively coupled plasma optical emission spectrometer (ICP).
To evaluate the selective lithium extraction performance of CuHCF
electrode, the selectivity separation coefficient of Li+ ions relative
to other impurity ions was calculated using the following formula:

αLi=X =
QLi+=MLi+

QX=MX
×

C0;X
C0;Li+

(4)

QLi+ and QX represent the respective electroadsorption amounts of
Li+ and impurity ions (e.g., Mg2+);MLi+ andMX denote the relative
atomic masses of Li+ and the impurity ions (Mg2+), respectively;
and C0;Li+ and C0,X indicate the initial concentrations of Li+ ions
and the impurity ions (Mg2+) in the solution.

3. Results and Discussion

3.1. Material characterization

The synthesis process of CuHCF nanoparticles is illustrated in
Fig. S1. To determine the structural and morphological character-
istics of CuHCF nanoparticles, multiple structural characterization
techniques were employed. As shown in Fig. 1(a), the CuHCF
nanoparticles synthesized via chemical co-precipitation matches
well with the standard XRD pattern (JCPDS card NO. 86-0513). The
characteristic peaks correspond to the (111), (200), (220), (400),
and (420) crystal planes, and no impurity peaks are observed,
confirming the absence of any phases other than CuHCF. The CuHCF

crystallizes in a cubic system with the space group Fm3 m, where
octahedrally coordinated Cu and Fe are bridged by C�N. The C�N
bonds construct a semi-filled body-centered channel for ion
transport, forming a three-dimensional open framework structure,
which provides an ideal pathway for the reversible (de)intercala-
tion of Li+ ions. The SEM and TEM images of CuHCF nanoparticles
are shown in Fig. 1(b) and (c), respectively. The CuHCF nano-
particles exhibit a primary particle size of approximately 200 nm.
TEM images further confirm that CuHCF consists of nanocubic
particles around 200 nm in size. EDS mapping reveals that the
CuHCF nanoparticles are composed of Cu, Fe, C, and N, demon-
strating their homogeneous elemental distribution (Fig. 1(d)).

The coordination environment of the CuHCF chemical bonds
was elucidated using FT-IR and Raman spectroscopy. As shown in
Fig. S2(a), an absorption peak at 2103 cm�1 was detected, attrib-
utable to the stretching vibration of the C�N group. The absorp-
tion peaks at 592 and 667 cm�1 were assigned to the vibrations of
Fe—CN—Cu. Additionally, another peak was observed at approxi-
mately 3428 cm�1, corresponding to the O—H stretching vibration.
The Raman spectrum of the CuHCF nanoparticles exhibits a strong
vibrational band at 2149 cm�1, primarily attributed to the
stretching vibration of the C�N bond in the cyanide groups within
the copper hexacyanoferrate (Fig. S2(b)). Collectively, the results
from FT-IR and Raman spectroscopy provide compelling evidence
for the successful synthesis of CuHCF nanoparticles.

Pore size plays a pivotal role in ion diffusion kinetics, which
significantly influences the performance of HCDI systems. The
porosity and pore size distribution of the CuHCF nanoparticles
were determined via BET test. As illustrated in Fig. S2(c), the
CuHCF sample exhibits a Type-IV isotherm, characterized by a
distinct hysteresis loop in the range of 0.4—1.0, indicative of
mesoporous structures within the CuHCF nanoparticles. These
mesopores can offer additional migration pathways for Li+ ions.
The pore size distribution curve reveals a narrow pore structure
within the CuHCF sample. The average pore size of the CuHCF
sample is approximately 4 nm, suggesting the presence of abun-
dant microporous and mesoporous structures (Fig. S2(d)). The
specific surface area of the CuHCF nanoparticles was measured to
be 715.84 m2·g�1. This high specific surface area and the abundant
pore structure of CuHCF nanoparticles can provide more adsorp-
tion and reaction sites for Li+ ion adsorption, thus enhancing
lithium extraction performance.
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Fig. 1. (a) XRD pattern of CuHCF nanoparticles; (b)—(c) SEM and TEM images of CuHCF nanoparticles; (d) elemental mappings of CuHCF nanoparticles with C, N, Fe, and Cu.
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XPS analysis was employed to determine the chemical
composition and electronic states of the elements within the
CuHCF sample. The survey spectrum of the CuHCF sample revealed
the presence of C, Fe, N, and Cu elements, with no detectable
impurities (Fig. S3). As shown in Fig. S4(a), the high-resolution Fe
2p spectrum exhibited characteristic peaks at binding energies of
708.3 and 721.3 eV, corresponding to Fe 2p3/2 and Fe 2p1/2 of Fe2+,
respectively, while peaks located at 709.9 and 723.5 eV were
assigned to Fe 2p3/2 and Fe 2p1/2 of Fe3+, respectively. Furthermore,
satellite peaks were observed at 711.4 and 724.8 eV, corresponding
to Fe 2p3/2 and Fe 2p1/2, respectively [28]. In addition, the high-
resolution Cu 2p spectrum was fitted with four characteristic
peaks: peaks at 933.0 and 952.6 eV corresponding to Cu 2p3/2 and
Cu 2p1/2 of Cu+, respectively, and peaks at 935.3 and 955.4 eV
corresponding to Cu 2p3/2 and Cu 2p1/2 of Cu2+, respectively. Sat-
ellite peaks were also observed at 943.9 and 963.3 eV, corre-
sponding to Cu 2p3/2 and Cu 2p1/2, respectively (Fig. S4(b)) [29]. As
shown in Fig. S4(c), the high-resolution C 1s spectrum exhibited
characteristic peaks at 284.7, 285.5, 286.1, and 288.5 eV, corre-
sponding to C—C/C]C, C�N, C—O, and O—C]O, respectively [30].
Concurrently, deconvoluted peaks in the high-resolution N 1s
spectrum at 398.3, 399.3, and 402.4 eV all indicated the presence
of C�N groups within the CuHCF nanoparticles (Fig. S4(d)) [30].
These results collectively confirm the successful synthesis of
CuHCF nanoparticles.

3.2. Electrochemical capacitance performance

To evaluate the electrochemical extraction characteristics of
CuHCF electrode for Li+ ions, a systematic investigation was con-
ducted using a three-electrode system comprising a working
electrode, a counter electrode (Pt mesh), and a reference electrode
(Ag/AgCl) in a 1.0 mol·L− 1 LiCl electrolyte. As illustrated in Fig. S5
(a), the redox peaks observed at 0.28 V and 0.39 V are likely
attributed to the Fe2+/Fe3+ redox couple. Specifically, the reduc-
tion peak at 0.28 V can be ascribed to the insertion of Li+ ions,
while the oxidation peak at 0.39 V corresponds to the extraction of
Li+ ions. The presence of this redox pair indicates that Fe serves as
a crucial electrochemical active site within the CuHCF crystal
framework, facilitating the reversible participation in the (de)
intercalation reactions of Li+ ions. This reversibility is derived from
the unique open-framework structure of CuHCF, which possesses
voids that allow for rapid Li+ ions migration during charge and
discharge processes. Concurrently, another pair of redox peaks
observed at 0.58 V and 0.62 V can be assigned to the Cu+/Cu2+

redox reactions. The cathodic peak at 0.58 V is associated with the
insertion of Li+ ions, whereas the anodic peak at 0.62 V is related to
the extraction of Li+ ions. Acting as another active site in the
CuHCF structure, Cu also participates in the storage and release
processes of Li+ ions. The Cu+/Cu2+ redox reactions further
enhance the capacitive performance of the CuHCF electrode,
enabling it to store a greater number of Li+ ions. Additionally, the
peak positions exhibit slight shifts with varying scan rates, which
can be attributed to concentration polarization at higher scan rates
[31]. Nevertheless, despite the increase in scan rate from 1 to 20
mV·s− 1, the oxidation and reduction peaks remain evident in the
CV curves, and the overall shape of the CV profiles remains
consistent, indicating that the CuHCF electrode exhibits stable
electrochemical behavior and high Faradaic activity. Fig. S5(b)
presents the galvanostatic charge-discharge (GCD) curves of the
CuHCF electrode in 1.0 mol·L− 1 LiCl solution at different current
densities. During GCD testing, the discharge behavior is considered
a critical indicator of the electrosorption performance. At various
current densities, the GCD curves of the CuHCF electrode display

asymmetric quasi-triangular shapes, suggesting that the Li+ ions
electrosorption behavior originates from Faradaic redox reactions.

To elucidate the pseudocapacitive behavior of Li+ ions in CuHCF
electrodes, the charge storage mechanism was systematically
analyzed based on Dunn's classical theoretical framework [32].
According to this theory, the charge storage process in electrodes
can be categorized into two distinct modes: diffusion-controlled
and surface capacitive-controlled mechanisms. The relationship
between the measured current (i) and scan rate (v) was quantita-
tively described using Eq. (S2). The capacitive contributions at each
scan rate were calculated via Eq. (S3), where k1v represents the
contribution from surface capacitive-controlled processes and k2v1/
2 corresponds to diffusion-controlled processes [33]. Through
quantitative analysis of the correlation between current and scan
rate, coupled with the deconvolution of individual curves at con-
stant potentials, it was revealed that the surface capacitive-
controlled processes account for 95% of the total capacity at a
scan rate of 20 mV·s− 1 (Fig. 2(a)). This finding underscores the
dominant influence of surface capacitive behavior in the electro-
chemical processes of Li+ ions within CuHCF electrode. Notably, b
value of 0.5 signifies diffusion-controlled behavior, while b value of
1.0 indicates ideal capacitive-controlled behavior [33]. By fitting the
logarithmic plots of response current versus scan rate at oxidation
and reduction potentials, the calculated b values at oxidation po-
tentials were 0.95 and 0.96, whereas those at reduction potentials
were 0.98 and 0.87. These results conclusively confirm the near-
ideal capacitive-controlled behavior of CuHCF electrode and its
rapid kinetics arising from pseudocapacitive effects (Fig. 2(b)). As
the scan rate increased from 1 to 20mV·s− 1, the contributions from
capacitive-controlled processes were determined as 80%, 83%, 88%,
89%, and 95%, respectively (Fig. 2(c)). These data demonstrate that
the capacitive-controlled mechanism dominates Li+ ions storage at
elevated scan rates, with diminished contributions from diffusion-
controlled processes, which is highly advantageous for accelerating
the kinetics of pseudocapacitive Li+ ions (de)intercalation.
Furthermore, the increasing capacitive contribution ratio with scan
rate strongly corroborates the capacitive-dominated charge storage
mechanism in CuHCF electrode. To evaluate the long-term cycling
stability of CuHCF electrode in 1.0 mol·L− 1 LiCl solution, GCD tests
were conducted at a current density of 1.0 A·g− 1. As depicted in Fig.
2(d), the capacitance retention remained at approximately 99.4%
after 1000 cycles, unequivocally demonstrating the exceptional
electrochemical stability of CuHCF electrode under prolonged
operational conditions.

3.3. Deionization capability test

To systematically evaluate the Li+ ions electrosorption perfor-
mance, a HCDI unite was constructed employing CuHCF nano-
particles as the cathode and A-AC (synthesized following our
previously reported methodology [34]) as the anode for compre-
hensive electrosorption characterization. The electrochemical
performance of the AC electrode was evaluated in a 1 mol·L− 1 LiCl
aqueous solution. As depicted in Fig. S6(a), the CV curves recorded
at scan rates ranging from 1 to 10 mV·s− 1 exhibit a nearly rect-
angular shape, indicating ideal electric double-layer capacitive
behavior with excellent electrochemical reversibility. GCD mea-
surements were further conducted on the AC sample at current
densities varying from 0.5 to 2.0 A·g− 1. As shown in Fig. S6(b)—(c),
the specific capacitance of AC was determined to be 117.7 F·g− 1 at
a current density of 0.25 A·g− 1. Long-term cyclic tests were con-
ducted in 500 mg·L− 1 LiCl solution under precisely controlled
operational parameters, with each complete charge—discharge
cycle maintained at approximately 35 min (Figs. 3(a) and S7(a)).
The dynamic conductivity monitoring revealed that the CuHCF
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electrode demonstrated reversible capture and release of Li+ ions
during the insertion and extraction processes, achieving remark-
able electrosorption capacities ranging from 24.5 to 25.5 mg·g− 1.
Furthermore, the current response profiles exhibited exceptional
stability throughout consecutive cycling operations, thereby sub-
stantiating the superior electrochemical reversibility and
outstanding cycling durability of the CuHCF electrode architecture
towards Li+ ions (de)intercalation mechanisms. This robust per-
formance underscores the structural integrity and electrochemical
stability of the CuHCF framework in HCDI application.

To further investigate the electrosorption performance and
kinetic behavior of Li+ ions on the CuHCF electrode, systematic
evaluations were conducted under varying applied voltages
(0.6—1.4 V) and LiCl solution concentrations (300—1000 mg·L− 1).
As presented in Fig. 3(b), the applied voltage had a significant in-
fluence on the Li+ ions electrosorption characteristics, with pro-
gressively enhanced conductivity variations observed upon
increasing the voltage from 0.6 V to 1.4 V, reaching maximum
conductivity reduction at 1.4 V. Corresponding current response
profiles (Fig. S7(b)) revealed a positive correlation between
applied voltage and current intensity, demonstrating voltage-
dependent electrochemical activation. Fig. 3(c) delineated Li+

ions electrosorption capacities of 11.0, 15.0, 20.5, 25.5, and 26.5
mg·g− 1 with associated CE of 59%, 60%, 62%, 94%, and 47% at 0.6,
0.8, 1.0,1.2, and 1.4 V, respectively, indicating enhanced Li+ capture

capability at elevated voltages. Notably, when the applied voltage
exceeded 1.2 V, a marked decline in CE was observed, which could
be attributed to parasitic reactions (e.g., water electrolysis)
occurring at the electrode—electrolyte interface.

As illustrated in Fig. 3(d), the electroadsorption capacity of the
CuHCF electrode steadily increases with the concentration of Li+

ions. Specifically, at an initial LiCl concentration of 300 mg·L− 1, the
electroadsorption capacity reaches 19.0 mg·g− 1. When the LiCl
concentration is increased to 500, 700, 1000, and 2000mg·L− 1, the
electroadsorption capacities correspondingly attain values of 25.5,
27.0, 30.5, and 40.0 mg·g− 1. This observation suggests that
elevating the concentration of LiCl solution enhances the con-
ductivity of the feed solution, thereby reducing the overall resis-
tance of the HCDI module. This reduction in resistance facilitates
the migration of salt ions from the feed solution channel into the
electrode pores, ultimately improving the Li+ ions extraction
performance.

To elucidate the rate-controlling mechanism of Li+ ions (de)
intercalation behavior on CuHCF electrodes, a comprehensive ki-
netic analysis was systematically conducted to investigate the
interfacial processes. The electrosorption kinetics under an
applied potential of 1.2 V were initially examined through pseudo-
first-order and pseudo-second-order kinetic models (Fig. S8(a))
[35,36]. The pseudo-first-order model, typically describing phys-
ical adsorption mechanisms, yielded a determination coefficient

Fig. 2. (a) The capacitance behavior and diffusion behavior of CuHCF electrode at 20 mV·s− 1. (b) lg(peak current, mA) and lg(sweep speed, mV·s− 1) curves of CuHCF electrode
based on CV. (c) The capacitance-controlled and diffusion-controlled contribution of CuHCF electrode at various scan rates. (d) Long-time cyclic performance of CuHCF electrode at
current density of 1 A·g− 1.
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(R2) of 0.988, while the pseudo-second-order model, which ac-
counts for both physical and chemisorption interactions, demon-
strated superior fitting performance with an R2 value of 0.992
(Table S1). This comparative analysis strongly suggests a hybrid
adsorption mechanism involving charge-transfer processes and
surface complexation. Further investigations revealed a
concentration-dependent enhancement in Li+ ions electrosorption
capacity, attributed to the intensified electric field driving force
derived from elevated ionic concentrations (Fig. S8(b)). The
observed linear correlation between initial Li+ ions concentration
and equilibrium adsorption capacity was quantitatively analyzed
using the Langmuir isotherm model, which exhibited remarkable
consistency with experimental data (R2 = 0.968). This high-degree
correspondence not only validates the model's applicability but
also provides compelling evidence for the homogeneous distri-
bution of active adsorption sites across the CuHCF electrode
surface.

3.4. Selective electrosorption Li + ions

In natural salt lake brines, the chemical properties of Li+ and
Mg2+ are similar, posing challenges in the extraction of lithium
through conventional methods such as evaporation, physical
adsorption, and solvent extraction. The co-extraction of Mg2+

alongside Li+ necessitates additional post-treatment steps,
thereby escalating both the cost and time required. Consequently,
the selective separation of Mg2+ and Li+ ions emerges as a critical
aspect of Li+ ions extraction. To investigate the selective

electrosorption capability of CuHCF electrodes in the HCDI process
for Li+ ions, experiments were conducted using solutions of 500
mg·L�1 LiCl and MgCl2 at an operating voltage of 1.2 V. The anal-
ysis compared the electrosorption behavior of CuHCF electrodes
for both Li+ and Mg2+ ions (Fig. S9(a)). The saturation adsorbed
amount of Li+ ions on the CuHCF electrode was determined to be
25.5 mg·g�1, which is 2.55 times greater than that for Mg2+ ions at
10 mg·g�1. Fig. S9(b) illustrates the energy efficiency of electro-
sorption of Li+ and Mg2+ ions on the CuHCF electrode. It is evident
that the Ragone plot for Li+ ions occupies the upper right region,
indicating that the CuHCF exhibits a higher electrosorption ca-
pacity and faster extraction rate for Li+ ions. Based on above re-
sults, the CE of the CuHCF electrode in LiCl and MgCl2 solutions
was calculated, revealing a superior CE for the electrosorption of
Li+ ions compared to Mg2+ ions (Fig. S9(c)).

Additionally, a mixed solution environment of Li+ and Mg2+

ions was constructed to thoroughly analyze the selective electro-
sorption behavior of the CuHCF electrode. Various molar ratios of
MgCl2 to LiCl (5:1, 10:1, 15:1, and 30:1, with a fixed LiCl concen-
tration of 3.3 mmol·L�1) were employed to quantify the CuHCF
electrode's selective adsorption capabilities in a high-
concentration Mg2+ ions environment. Fig. S9(d) showcases the
selective separation coefficient for Li+ ions in mixed solutions at
different molar ratios of LiCl and MgCl2. In high Mg2+ ions solu-
tions, the selectivity coefficient αLi=Mg reached 3.1. This high
selectivity for Li+ ions is primarily attributed to the cubic crystal
structure characteristics of CuHCF electrode, wherein the signifi-
cant hydration of Mg2+ hinders its incorporation into the CuHCF
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lattice. The results indicate that even in the presence of high Mg2+

ions concentrations, CuHCF electrode maintains a pronounced
selective electrosorption capability for Li+ ions. However, lithium-
containing brines are often complicated by the presence of various
monovalent competing ions, such as Na+ and K+. Therefore, in this
work, an HCDI system employing a CuHCF electrode was utilized
to evaluate the electrosorption behavior in the presence of these
competing ions at mass concentrations equal to that of Li+. As
illustrated in Fig. S10, the CuHCF electrode exhibited a significantly
higher electrosorption capacity for Li+ ions compared to both Na+

and K+ ions, further demonstrating its strong potential for appli-
cation in lithium extraction from brine resources.

3.5. Selective electrosorption Li + ions mechanism

To further investigate the selective electroadsorption behavior
of the CuHCF electrode, the electrochemical characteristics of the
CuHCF electrode were studied in different electrolytes (1.0
mol·L�1 LiCl and MgCl2). Fig. S11(a) displays the CV curves of the
CuHCF electrode recorded in LiCl and MgCl2 electrolytes at a scan
rate of 1 mV·s�1. In the LiCl electrolyte, two pairs of redox peaks
are distinctly observed, which are associated with the redox pro-
cesses of Cu and Fe within the CuHCF framework, accompanied by
the insertion and extraction of Li+ ions. In contrast, in the MgCl2
electrolyte, only a single pair of redox peaks can be identified
(located at 0.28 V and 0.42 V), confirming the significant selectivity
of the CuHCF electrode toward Li+ ions throughout the electro-
adsorption process. Furthermore, the integrated area beneath the
CV curve for the CuHCF electrode in the LiCl electrolyte ismarkedly

larger than that observed in the MgCl2 electrolyte, indicating a
higher specific capacitance of the CuHCF electrode in LiCl solution.
Additionally, the specific capacitance values of the CuHCF elec-
trode in both LiCl and MgCl2 solutions were calculated based on
the obtained GCD curves. As shown in Fig. S11(b), the specific
capacitance of the CuHCF electrode in LiCl solution surpasses that
in MgCl2 solution at various current densities. Notably, at a current
density of 1 A·g�1, the specific capacitance in LiCl electrolyte
(120.1 F·g�1) is significantly higher than that in MgCl2 electrolyte
(51.4 F·g�1), demonstrating the excellent lithium storage capa-
bility of the CuHCF electrode. This pronounced selectivity toward
Li+ ions is primarily attributed to the smaller hydrated ion radius
and lower hydration energy of Li+ ions, which facilitates their
migration into the cubic architecture of CuHCF electrode.
Conversely, the higher hydration energy of Mg2+ ions inhibits their
entry into the active sites of CuHCF electrode. These findings
indicate that the CuHCF electrode exhibits exceptional (de)inter-
calation capability and remarkable selectivity for Li+ ions.

To elucidate the (de)intercalationmechanism of Li+ ions during
the HCDI process, non-in situ XRD and XPS analyses were con-
ducted on the CuHCF electrode before and after the HCDI experi-
ments. The XRD results indicate that no new diffraction peaks
were observed, demonstrating the excellent structural stability of
the CuHCF electrode throughout the HCDI process. However, after
the electroadsorption of Li+ ions, the XRD peaks shifted to higher
angles compared to those of the initial CuHCF electrode, con-
firming the incorporation of Li+ ions into the CuHCF framework
(Fig. S11(c)). As illustrated in Fig. 4(a), the XPS spectra of the CuHCF
electrode before and after Li+ electrosorption demonstrate distinct
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binding energy shifts in Fe 2p and Cu 2p core levels toward lower
energy regions, while other elemental peaks remain virtually un-
altered. This observation confirms the occurrence of strong elec-
tronic interactions between the CuHCF framework and
intercalated Li+ ions. Fig. 4(b) further reveals that the post-
electrosorption high-resolution Fe 2p spectrum retains charac-
teristic features of the pristine CuHCF electrode. Nevertheless, a
marked intensity enhancement is observed for peaks corre-
sponding to FeII 2p orbitals, concomitant with a pronounced
attenuation of FeIII signatures (quantitative analysis indicates an
increase in FeII content from 30.0% to 80.2%, while FeIII content
decreases from 70.0% to 19.8%). These redox-driven compositional
changes unambiguously suggest the partial reduction of Fe3+ to
Fe2+ during Li+ ions insertion, thereby verifying the active
participation of the [FeIII(CN)6]4− /[FeII(CN)6]3− redox couple in the
lithium intercalation mechanism. As depicted in the high-
resolution Cu 2p spectra (Fig. 4(c)), the post-electrosorption pro-
file retains the characteristic peaks of Cu2+ at binding energies of
935.3 eV and 955.5 eV, exhibiting significant intensity attenuation.
This is concomitant with a pronounced enhancement of Cu+-
associated peaks, as evidenced by quantitative deconvolution
revealing an increase in Cu+ content from 14.9% to 50.1%, alongside
a decrease in Cu2+ content from 85.1% to 49.9%. This valence
transition from Cu2+ to Cu+ strongly correlates with Li+ ions
intercalation into the interstitial sites of the crystalline framework,
suggesting that copper redox activity governs structural accom-
modation of Li+ during the electrosorption process. The afore-
mentioned results confirm that CuHCF electrode possesses a high
selectivity for Li+ ions extraction, facilitated by the dual redox
dynamics of the [FeIII(CN)6]4− /[FeII(CN)6]3− and Cu2+/Cu+ couples,
which cooperatively drive Li+ ions insertion into lattice vacancies
through charge compensation. The overall redox mechanism
during electrosorption can be rationalized by a two-step process:

CuII3
[
FeIII(CN)6

]

2
+ 3Li+ + 3e− ⇌Li3Cu

I
3

[
FeIII(CN)6

]

2
(5)

CuII3
[
FeIII(CN)6

]

2
+ 2Li+ + 2e− ⇌Li2Cu

II
3

[
FeII(CN)6

]

2
(6)

To further unearth the extraction ability of Li/Mg on the CuHCF
electrode, the first-principles method based on the DFTare applied
to evaluate the uptake capability of Li/Mg [37—40]. Considering its
geometric characteristic, 8 Li+ or Mg2+ ions are simultaneously
inserted into the interstitial sites, their average adsorption en-
ergies are − 3.72 eV for Li+ ions and − 1.49 eV for Mg2+ ions in Fig. 4
(d), respectively, indicating preferred extraction ability of Li + ions
compared to Mg2+ ions.

4. Conclusions

In summary, the CuHCF nanoparticles, synthesized via a simple
co-precipitation method, exhibit a well-defined three-dimen-
sional open framework structure. Using CuHCF as a pseudocapa-
citive cathode, a HCDI system was assembled with A-AC as the
anode, successfully achieving high selectivity capacitive adsorp-
tion for Li+ ions in a mixed cation solution (Li+ and Mg2+). Non-in
situ XRD and XPS results reveal that the (de)intercalation of Li+

ions during the HCDI process are closely associated with the redox
pairs within the CuHCF lattice, specifically [FeIII(CN)6]4− /
[FeII(CN)6]3− and Cu2+/Cu+. Moreover, in a binary mixed solution
with a Mg2+ and Li+ ions molar ratio of 30:1, an impressive
selectivity separation coefficient of 3.1 was achieved, indicating
the CuHCF electrode with high electrosorption selectivity towards
Li+ ions. This capacitive design relies on the intrinsic ion sieving

properties of the pseudocapacitive electrode, facilitating the high
selectivity of electrosorptive of Li+ during the HCDI process. This
research provides guidance for the development of specific ion-
selective pseudocapacitive electrodes tailored for electrosorption
applications.
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