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The rapid growth of lithium (Li) ion batteries, particularly in electric vehicles (EVs) and large-scale energy
storage facilities, has catalyzed an ever-increasing demand for Li. Current Li mining from brines based on
evaporation-precipitation is time-consuming and water-intensive. Here, we report three NtHCF/MnO3 composite
electrodes based on core-shell construction strategies for Li* extraction from brine on a rocking-chair capacitive
deionization (RCDI) platform. We find that the MnO5 components varied with the composing condition from o-,
8- to A-MnO; and that the core-shell structured NiHCF@A-MnOs, electrode showed the optimal ion migration rate,
highest specific capacity, and the best cycling stability. Notably, we reveal that the NIHCF@A-MnO3, electrode
presented the optimum Li" extraction performance with respect to adsorption capacity, adsorption rate, and
energy consumption (e.g., achieving the highest Li* capacity of 43.51 mg Li* g~! with a rate of 8.1 mg g~!
min~?, and at an energy cost of 0.86 Wh g1 in 20 mM LiCl solution at 1.2 V). In addition, we demonstrate that
the NiHCF@A-MnO; electrode maintained high cycling stability over 40 consecutive cycles of Li* intercalation/
deintercalation, with 78.4 % capacity retention in 10 mM of LiCl solution. Importantly, the NiHCF@\-MnO,
electrode also provided excellent Li* selectivity in both the synthetic brine and the actual brine from the East
Taijinaier Salt Lake, with exceptional separation factors as high as 68.7 and 21.0 for Li* against Na*™ and Mg?*
ions, respectively. Such unparalleled selectivity is believed to be attributed to the combination of structural and
charge synergy of the NIHCF@A-MnOy composite. Our study highlights that a rational core-shell construction
strategy can boost the optimal integration of NiHCF and MnO», thus leveraging their potential to preferentially
extract Li* from brines.

1. Introduction

Lithium (Li), known as ‘green energy metal’ or ‘white oil’, is a critical
element for global green energy and strategic emerging industries [1]. It
has been extensively used in a wide range of areas, such as batteries (e.
g., Li-ion batteries, LIBs), ceramics, pharmaceuticals, nuclear fusion,
lubricants, and the polymers industries [2,3]. The rapid growth of LIBs
for electric vehicles (EVs) and large-scale energy storage facilities has
provoked an ever-increasing demand for lithium [4,5]. However, cur-
rent lithium mining from hard rocks (e.g., spodumene ore) is usually

energy-intensive with a high carbon footprint and yields large volumes
of waste rock and acid [6], while salar brine extraction based on
evaporation-precipitation is time-consuming (i.e., 1-2 years for evapo-
ration) and water-intensive, accompanied by many environmental
concerns to local ecosystems [1]. In the context of global carbon
neutrality, selective lithium extraction from seawater and salar brines is
therefore very promising, as most lithium resources are found in
seawater and salt lakes [1-3].

To date, many innovative strategies for direct lithium extraction
(DLE) from seawater and salar brines such as solvent extraction [7],
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adsorption (e.g., lithium-ion sieve (LIS) adsorption) [8,9], membrane-
based separation [10], and electrochemical extraction (e.g., electrodi-
alysis) [4,5,8,11,12] have been extensively explored over the past de-
cades. Of these technologies, electrochemical lithium extraction based
on ion pumping, electrodialysis, and capacitive deionization (CDI) has
been identified as an auspicious and bright strategy for Li extraction due
to its unique properties, including high efficiency, environmental
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[4,5,8,11,12]. For instance, CDI has been demonstrated as a high-
performance platform for capturing Li ions from brines by integrating
ion-exchange membranes inside the cells via various configurations,
including membrane capacitive deionization (MCDI), hybrid capacitive
deionization (HCDI), and flow-electrode capacitive deionization (FCDI)
[13-17]. Materials such as activated carbon (AC), spinel lithium man-
ganese oxide (LiMnyO4, LMO), lithium-manganese-titanium oxide,

friendliness, operational simplicity, and cost-effectiveness A-MnOg, LigV2(PO4)s, FePO4, and LiFePO4 have been successfully used
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Fig. 1. (a) Schematical illustration of the electrolytic cell with NiHCF/MnO, composite as electrodes for lithium extraction; (b) the crystalline structure of each
constituent constructing the NiHCF/MnO, composites (i.e., a-MnO, with 2 x 2 tunnels of size 4.6 A x 4.6 A, A-MnO, with tunnel sizes of ~2.4-2.8 A, 5-MnO, with an
interlayer space of ~7 A, and NiHCF with channels of size ~6.5 A); (c) XRD patterns, (d) XRF, (e) FTIR, and (f-h) XPS spectra of the Fe 2p (f), Ni 2p (g) and Mn 2p (h)
regions of the as-prepared NiHCF/MnO, composites (i.e., a-MnO,@NiHCF, NiHCF@A-MnO, and NiHCF@3-MnO5).
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as electrodes due to their structural integrity and/or tailorability via
various optimization strategies, and the intrinsic Li* preference
[13-18]. Ideally, optimum electrodes should possess a high ion storage
capacity, structural stability, and inherent lithium selectivity against
other competitive ions. Therefore, the major challenge for CDI-based
DLE technologies lies in the development of lithium extraction elec-
trode materials with higher capacity and higher selectivity, particularly
in complex brine matrices.

Recently, coupling lithium-ion sieves (LIS) adsorption with CDI has
been demonstrated as an effective strategy for the selective extraction of
lithium ions, as it can substantially improve Li* selectivity and
adsorption capacity at low energy consumption, environmental impact,
and operating costs [19,20]. The principle of selective uptake of Li* ions
using LIS-based CDI relies on the property of LIS electrode materials
assembled into a CDI cell, which acts as the Li™ capturing arsenal when a
certain electric field is applied between the two electrode plates. LIS
materials are generally classified into i) spinel-type lithium manganese
oxides, ii) layered lithium manganese oxides, iii) lithium titanium ox-
ides, and iv) mixed metal oxides [21,22]. Of these LIS materials, Mn-
based LISs, including A-MnO; and LMO, have gained much attention
[14,19-24]. A variety of strategies—lattice  engineering,
heterojunction/core-shell construction, and field regulation—have been
extensively explored to leverage the Li" selectivity and adsorption ca-
pacity of LMO-based electrodes [23,24]. To improve the electrical
conductivity of Mn-based LISs for CDI, carbon materials, including AC
[25], graphite felt [26], carbon cloth [27], and carbon nanotubes (CNTs)
[28], have been widely adopted as a scaffold based on an interface en-
gineering strategy. However, integrating MnO, with carbon matrices
introduces several technical and operational challenges, including
electrode performance fading at higher MnO; loading, weakening of Li*
selectivity, reducing Coulombic efficiency, and lowering MnOz’s active
sites [29,30], which may limit their practical application.

Notably, core-shell construction strategies have emerged as a
promising approach for developing high-performance composite elec-
trodes for CDI or supercapacitors [31,32]. For instance, a core-shell
structured RA-LiMn,0O4 material with rutile-anatase (RA) as the shell
and spinel LiMny04 as the core appeared to display enhanced stability
[32]. As a well-known Faradaic material with a stable and open
framework for rapid ion conduction, Prussian blue analogs (PBAs) have
been extensively explored as CDI electrodes (e.g., nickel hex-
acyanoferrate, NiHCF) [33], but have yet to be fully inspected for the
selective Li" capture [5,12]. The integration of MnO, with PBA for
composite electrodes has not yet been examined for lithium extraction
from brines. To this end, we explore the optimal integration of NiHCF/
MnO, composites based on core-shell construction strategies with
NiHCF and MnO, alternating as core or shell layer for improving lithium
extraction from brines (Fig. 1a). Our study focuses on the experimental
demonstration of a hypothesis of combination of NiHCF and MnO; for
the selective Li* capture, prior experimental and density functional
theory (DFT) studies [34] have established that both MnO, and the
NiHCF’s framework favors Lit diffusion due to their inherent pore di-
ameters greater than LiT (~0.76 10\) (Fig. 1b). Three core-shell structured
NiHCF/MnO, composites (i.e., a-MnO,@NiHCF, NiHCF@A-MnO, and
NiHCF@8-MnO;) were prepared following various wet-chemistry ap-
proaches and fully characterized for their physicochemical and elec-
trochemical properties. We demonstrated that the NiHCF@A-MnO,
electrode demonstrated the optimum Li" extraction performance with
respect to adsorption capacity, adsorption rate, and energy consump-
tion. The electrochemical cycling performance and Li™ selectivity were
then evaluated for the NiHCF@\A-MnO; electrode in both the synthetic
and the actual brines from East Taijinaier Salt Lake. Overall, our results
provide a new perspective for the optimized design of CDI electrodes for
Li* extraction from brines.
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2. Experimental section

All chemicals were purchased from Aladdin Scientific Co. (Shanghai,
China) unless otherwise specified, and are of reagent grade or above. All
solutions used in this study were prepared using deionized water (DI
H»0) with resistivity >18 MQ-cm at 25 °C.

2.1. Synthesis and characterization of the NiHCF/MnQOy composites

The synthesis of all three NIHCF/MnO, composites is depicted in
Fig. S1 (Supporting Information). Specifically, hierarchical core-shell
structured NiHCF@A-MnO; and NiHCF@3-MnO; were prepared by
depositing the MnO, particulates (shell) over the surfaces of the
coprecipitated nickel hexacyanoferrate (NiHCF) cubes (core) hydro-
thermally or at room temperature (RT) (Fig. Sla), while a-MnO-,@-
NiHCF was synthesized via embedding a-MnO; nanorods (core) over the
NiHCF cubes (shell) at RT (Fig. S1b). The detailed preparation proced-
ures of these NiHCF/MnOy composites can be found in Text S1. The
crystallography, surface composition, surface functional groups, and
morphology of the as-prepared NiHCF/MnO, materials were compre-
hensively studied. Specifically, X-ray diffraction (XRD) analysis was
performed on an XRD-6100 diffractometer (XRD, Shimadzu, Japan) at a
tube voltage of 40 kV and a tube current of 30 mA with Cu-Ka radiation.
X-ray fluorescence spectroscopy (XRF) analysis was conducted on a
DELTA DC 4000 analyzer (Olympus, USA) with the soil mode. Fourier
transform infrared (FTIR) spectrum measurement was carried out
following the KBr method on an infrared spectrometer (Nicolet iS5,
Thermo Fisher, USA). The chemical states and surface composition of
the as-synthesized NiHCF/MnO2 materials were further confirmed by X-
ray photoelectron spectroscopy (XPS, UIVAC-PHI). The morphology of
NiHCF/MnO, samples was examined on a ZEISS Gemini 300 field
emission scanning electron microscope (SEM, ZEISS, Germany) and a
Philips TECNAI 12 transmission electron microscope (TEM),
respectively.

2.2. Electrochemical measurements

Cyclic voltammetry (CV), galvanostatic charge-discharge (GCD), and
electrochemical impedance spectroscopy (EIS) analyses were performed
ina 1.0 M lithium chloride (LiCl) solution using a three-electrode system
on a CS310H electrochemical workstation (Correst Instruments Inc.,
Wuhan, China). The three-electrode configuration is composed of a
working electrode, a platinum foil electrode (counter electrode), and an
Ag/AgCl (3 M KCl) electrode (reference electrode). The working elec-
trode was prepared by combining a specific composite (as the active
materials), acetylene black (Alfa Aesar, Shanghai, China), and poly-
vinylidene fluoride (PVDF) in a mass ratio of 8:1:1. The mixture was
ground by hand and dispersed in a slurry of 1-methyl-2-pyrrolidinone
(NMP, Alfa Aesar), which then was deposited onto a graphite paper
with a size of 1 x 1 cm? and dried in a vacuum at 80 °C. Approximately 1
mg of active material was loaded on each electrode. More details on
electrochemical characterizations are presented in Text S2.

2.3. Capacitive deionization experiments

Following the same procedure for fabricating the working electrodes,
the NiHCF/MnO-, composite electrodes for CDI were fabricated in a size
of 5 x 5 cm? (more details are given in Text S3). The desalination
experiment was performed in a homemade rocking-chair capacitive
deionization (RCDI) platform (Fig. S2) containing a custom-built CDI
cell of a symmetric configuration of electrodes (Fig. S3). The RCDI cell
was operated in batch mode and under constant voltage conditions for
all the Li" extraction tests. Before the desalination test, the anode was
prelithiated thrice in 3000 mg L~! of LiCl solution at 1.2 V for 40 min,
embedding Li" ions into the anode structure (i.e., prelithiated anode) for
the subsequent Li" extraction operation. A total of 40 mL of feed brine
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was consecutively circulated between the RCDI cell (inside volume ~ 5
mL) and the feed brine reservoir at a flow rate of 40 mL min . The
conductivity of effluent was successively monitored by a DDSJ-308A
conductivity meter (INESA Scientific Instrument Co., Shanghai, China)
and used to calculate the Li* concentration. To examine the selectivity of
NiHCF/MnO, electrodes, synthetic binary salt solutions of Mg?*/Li*
were prepared for the electrochemical lithium recovery experiments. In
addition, East Taijinaier Salt Lake brine (Table S1, Supporting Infor-
mation) was employed to assess the practicality of the electrode with the
best CDI performance. The concentration of each ion before and after
electrochemical lithium recovery was determined by an Optima 8300
(PerkinElmer, USA) inductively coupled plasma optical emission spec-
troscope (ICP-OES). More details about the Lit intercalation capacity,
Li* selectivity coefficient, charge efficiency, and energy consumption
are given in Text S3.

3. Results and discussion
3.1. Characterizations of the As-prepared NiHCF/MnO, composites

The hierarchical core-shell structured NiHCF/MnO, composites were
prepared via wet-chemical synthetic routes (Fig. S1), with synthesis and
characterization details given in the Experimental Section and supple-
mentary Text S1. Depending on the synthetic conditions, the MnO,
components in all NiHCF/MnO, composites varied from oa-MnO, (with
2 x 2 tunnels of size 4.6 A x 4.6 i\), A-MnO, (with tunnel sizes of
~2.4-2.8 f\), to 8-MnOs (with an interlayer space of ~7 f\) [35], while
NiHCF remains the cubic phase (F 43m) with channels of theoretical
size ~6.5 A (Fig. 1b). X-ray diffraction showed that these reflections
match up with the standard PDF cards of JCPDS #86-0501, #44-0141,
#42-1169, and #80-1098, respectively (Fig. 1¢), corresponding to cubic
NiHCF, a-, A-, and 8-MnO,, respectively. Note that the reflections of A-
and 5-MnO-, (marked with asterisks in the black and blue curves, Fig. 1c)

400 nm
—-_—
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are weak and somewhat broad, indicative of a poor crystallinity form of
MnO; that can boost rapid diffusion of ions inside the active electrode
materials by creating more diffusion pathways, shortening diffusion
lengths, and reducing energy barriers [36] and thus enabling faster
capacitive desalination [19]. Despite the diversity in the MnO, phase, X-
ray fluorescence (XRF) revealed that all the composites demonstrate
much the same elementary compositions, with Fe, Ni, and Mn being the
three major detected elements (Fig. 1d). Note that the ratio of these
major elements varied with composites, which is likely to ascribe to the
difference in these core-shell microstructures, thus leaving varying
proportions of NiHCF and MnO; exposed to air. Fourier transform
infrared (FTIR) spectroscopy confirmed this observation as well
(Fig. 1e), with typical IR bands assignable to hydroxyl groups (i.e., 3620,
3550, 3410, and 1620 cm ™), Fe-CN-Ni" and Fe'-CN-Ni" (2166 and
2100 cm’l), and C=N groups (1390 and 594 em™ D) [31,37], respec-
tively. Compared to a-MnO,@NiHCF, NiHCF@A-MnO; demonstrated
the strongest IR band at 2100 cm ™! (assignable to Fe™™-CN-Ni' groups),
followed by NiHCF@38-MnOs, implying the order of NitHCF@A-MnOy >
NiHCF@8-MnO; > a-MnO,@NiHCF in terms of the exposure of NiHCF
component within these composites. X-ray photoelectron spectroscopy
(XPS) spectra further confirmed that the surface elemental compositions
of the as-prepared NiHCF/MnO: composites (Fig. S4a) are consistent
with the above spectroscopic results (Fig. 1c—e). Notably, XPS spectra of
the Fe 2p, Ni 2p, and Mn 2p regions (Fig. 1f-h) indicated that their
oxidation states are +3, +2, and +4, respectively [31,38,39], aligning
with the above XRD and FTIR data.

Field emission scanning electron microscopy (SEM) revealed that
both the NIHCF@\A-MnO-, and NiHCF@5-MnO», had a hierarchical core-
shell feature, seemingly with cubic NiHCF (highlighted with blue
squares) as the cores and nanoaggregate-like A-MnO; and flower-like
8-MnO;, as the shells, respectively (Fig. 2b, c). Both core-shell compos-
ites exhibited an irregular spherical porous surface topography, offering
a larger specific surface area and a shorter ion diffusion path, favorable

Fig. 2. SEM and TEM images of the as-prepared (a) a-MnO,@NiHCF, (b) NiHCF@\A-MnO,, and (¢) NiHCF@3-MnO,.
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to ion transport and insertion/extraction, with improved ion uptake
[40]. In contrast, a-MnO2,@NiHCF was prepared with a-MnO as the
core and NiHCF as the shell, where the a-MnO, had a needle-like
morphology with numerous well-defined cubic NiHCF particles uni-
formly embedded over their surface (Fig. 2a). Transmission electron
microscope (TEM) confirmed the above morphological features of these
composites (Fig. 2az—c3).

3.2. Electrochemical properties of the NiHCF/MnO; electrodes

To explore the correlation between the microstructure features and
the potential capacitive Li* extraction properties of NiHCF/MnO,
composites, we evaluated their electrochemical performance ina 1.0 M
LiCl solution using a three-electrode system (Text S2). Unlike conven-
tional carbon-based electrodes, both NiHCF and MnO, are Faradaic
(charge-transfer) materials [33], whose cyclic voltammetry (CV) curves
are often featured by a pair of identifiable redox peaks (Fig. S5a) cor-
responding to Faradaic reactions of Fe''(CN)g + e~ = Fe'l(CN)g and
Mn'YO, + e~ = Mn™O,, respectively [29,30,37,39]. Upon assembly by
wet-chemical routes into NiHCF/MnO, composites, these redox peaks
are still retained, with shifts in their positions and peak shapes due to
differences in interfacial ion transport behavior derived from the unique
microstructures of these composites (Fig. 3a). Note that the CV curve
areas of the three composites follow the order of NIHCF@A-MnOy >
NiHCF@8-MnO; > a-MnO,@NiHCF, indicating the same trend in their
charge storage capacity [41]. To quantitatively differentiate between
the diffusion- and capacitive-controlled charge storage process of these
composites, we collected the CV curves at multiple scan rates (5-10 mV
s71, Fig. S5b-d) and explored the relationship between logi and logy
using the b-value analysis based on the redox peak Oxo with a lower peak
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current (Fig. S5) [42]. Compared to a-MnO,@NiHCF and NiHCF@5-
MnO; with b-values of 0.719 and 0.769, respectively (Fig. 3b),
NiHCF@\A-MnO, showed the greatest b-value of 0.824, implying its
capacitive-dominant charge-storage behavior in nature [43]. Calcula-
tion based on Dunn’s algorithm showed that the contributions from
capacitive-controlled (pseudocapacitive) charge-storage increased with
the scanning rate (Fig. S6) [43], since Li" ions are likely to be involved in
the pseudocapacitive behavior (surface-Faradaic reaction) rather than
the diffusive-controlled intercalation process (Faradaic reaction),
particularly at a higher scanning rate [19]. Note that the calculated Li™
diffusion coefficient of NIHCF@\-MnO5 was much higher than those of
a-MnO,@NiHCF and NiHCF@3-MnO,, respectively (Fig. S7 and
Table S2), demonstrating the effective enhancement of LiT diffusion
transfer through the core-shell construction strategies. For instance, the
contributions from pseudocapacitive charge-storage varied from 54.2 %,
40.6 % to 359 % for NiHCF@A-MnO,, NiHCF@38-MnO, and
a-MnO,@NiHCF, respectively, at a scan rate of 10 mV st (Fig. 30),
indicating that the core-shell structured NiHCF@\-MnO5 has a hierar-
chical interface favorable for pseudocapacitive charge-storage. This is
consistent with the results of b-value analysis (Fig. 3b), and also con-
firms the above morphological observations (Fig. 2b), with the shell-
layered A-MnOs contributing majorly to the pseudocapacitive charge-
storage process [44].

Galvanostatic charge-discharge (GCD) analysis revealed that all the
NiHCF/MnO; electrodes demonstrate symmetric triangular charge-
discharge profiles with slight deviations in linearity and minor iR
(ohmic) drops in the discharge branches (Figs. 3d, S8), indicative of high
reversibility and low internal resistance of the electrochemical system
(Table S3). The minor linearity deviations are derived from the Faradaic
and pseudocapacitive behaviors of these composite electrodes [39].
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Note that the NiIHCF@A-MnO, electrode exhibited a longer discharge
plateau (highlighted with two orange arrows in Fig. 3d, which corre-
lated to the reduction of Mn'V and Fe' reactions, respectively) relative
to the other electrodes, indicating a higher specific capacitance of the
NiHCF@\-MnOs electrode [45]. These results are in agreement with the
above speculation based on the CV curve (Fig. 3a). Additionally, the
NiHCF@\A-MnOy, electrode also showed the smallest iR drop among all
the NiHCF/MnO, electrodes (Table S3), indicative of the lowest internal
charge transfer resistance and excellent capacitive performance [38].
Specific capacitances were determined from GCD curves in line with the
standard method [46], and are found to decrease with the specific cur-
rent due to the limitations of charge transfer and ion transport (Fig. 3e)
[47]. For instance, the specific capacitances (Cs) are 256.35, 235.24, and
228.51 F g1 at a specific current of 0.3 A g~! for NiHCF@\-MnO,,
NiHCF@38-MnOs,, and a-MnO»,@NiHCF, respectively (Table S3), with the
NiHCF@\A-MnO, electrode demonstrating the highest specific capaci-
tance and probably the largest Li™ ion storage capacity. Moreover, we
further evaluated the charge transfer resistance and ion diffusion
properties of these electrodes using electrochemical impedance spec-
troscopy (EIS) and found that the charge transfer resistances (R.y),
determined by the diameters of the quasi-semicircles in the high-
frequency region (Fig. 3f), were 3.60, 3.62 and 3.79 Q for NiHCF@)\-
MnO,, NiHCF@8-MnOs, and a-MnO,@NiHCF, respectively (Table S3).
Note that the a-MnO,@NiHCF electrode has the largest Rt and the
smallest straight-line slope compared to NIHCF@\-MnO5 and NiHCF@5-
MnO; (Fig. 3f). This is likely attributed to a-MnO2@NiHCF with the
well-defined and compact NiHCF nanocrystals as the shell layers
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(Fig. 2a), which results in slow diffusion of ions across the electrode/
electrolyte interface [19]. The best-fit results in Table S3 show that the
NiHCF@\-MnOs electrode displayed the greatest electrical conductivity
in terms of its lowest equivalent series resistance (Rs), underscoring its
best electrochemical properties. Collectively, we can envision that the
NiHCF@\-MnOs electrode with the highest ion storage capacity (Cs) and
the lowest Ry and Ry should be the best electrode candidate for
capturing Li" ions.

3.3. Li" Extraction performance

To compare and single out the optimal Li" extraction electrode for
different scenarios, we comprehensively evaluated the Lit extraction
performance of all the NiHCF/MnO; electrodes at different voltages
(0.6, 0.8, 1.0 and 1.2 V) and varying concentrations (5, 10 and 20 mM)
for three different metrics: salt adsorption capacity (I'), salt adsorption
rate (SAR) and energy consumption (Text S3). All the electrochemical
Li' extraction tests were performed in batch mode on a homemade RCDI
module (Fig. S2) with a well-assembled cell configuration (Fig. S3).
Fig. 4a shows the conductivity plots of the cell solution (0.5 mM LiCl)
during one charge-discharge run at 1.2 V, whereas Fig. 4b depicts the
corresponding I' values and Li" adsorption percentage (Li" adsorption
%). Generally, the conductivity curves feature an electrosorption phase,
a saturation phase, and a desorption phase [29]. Note that both the
a-MnO>@NiHCF and the NiHCF@58-MnO,, electrodes achieved a satu-
ration state in the 40-min charging stage (the yellow-shaded region,
Fig. 4a). In contrast, the NIHCF@\-MnO, electrode was far from an
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adsorption capacity and efficiency of three NiHCF/MnO2 composite electrodes in 5 mM LiCl solution; (c) Kim-Yoon plots; (d-e) plots of conductivity versus time of
the CDI cell with NiIHCF@\A-MnO, electrodes at (d) different voltages in 5 mM LiCl solution and (e) with varying concentrations at 1.2 V; (f) energy consumption of
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equilibrium after charging for 40 min, indicating its higher capacity for
capturing Li" relative to the other NiHCF/MnO, electrodes. For the sake
of consistency, the subsequent Li™ extraction experiments were per-
formed following the same protocol (i.e., charging for 40 min followed
by discharging for 40 min) [37]. The Li* adsorption capacities (I') were
4.99, 13.7 and 20.79 mg g’l for a-MnO,@NiHCF, NiHF@5-MnO5 and
NiHF@\-MnO;, electrodes, respectively (Fig. 4b), with the correspond-
ing Li* adsorption% varying from 17.7 %, 46.8 % to 71.9 %, in good
consistence with the ion storage capacity deduced above (Fig. 3e).
Interestingly, the a-MnO,@NiHCF electrode showed a relatively poor
capacity for Li*, accounting only for 36.4 % and 24.0 % of those of
NiHF@8-MnO; and NiHF@A-MnOs, electrodes, respectively. This lower
adsorption capacity of a-MnO@NiHCF is possibly attributed to the
lower ion-transport rate and selectivity of the highly crystalline NiHCF
layers (see Fig. 2a) for Li* than the shell-layered MnO,, and to the
mismatched interfacial kinetics of Li* diffusion, thereby depressing Li*
ions from entering the lattice of the a-MnO2 core [12,48]. However, both
NiHCF@8-MnO; and NiHCF@)A-MnOs composites with MnOs-based
shell layers exhibited higher Li* extraction performance, indicating that
the I' is highly dependent on both the composition of the shell layers and
the interfacial configuration of the core-shell layers, and that MnOa-
based shell layers demonstrated a higher affinity for Li* than the crys-
talline NiHCF layers. Additionally, further analysis based on the Kim-
Yoon plotting indicated that the distance between the SAR vs I" con-
tour lines and the upper right corner of the coordinate frame increased
in the order of NiIHCF@\A-MnO5 < NiHCF@58-MnO5 < a-MnO5@NiHCF
(Fig. 4c), suggesting that NiIHCF@A-MnO-, electrode can capture much
more Li" ions at the highly fastest rate (e.g., obtaining the highest I' of
43.51 mg g ' ataSAR of 8.1 mg g min}, Fig. 4c) [30]. Fig. S9 depicts
the current response, charge efficiency and the Faradaic efficiency of
these electrodes in 5 mM of LiCl solution at 1.2 V. Notably, the
NiHCF@\A-MnO, electrode exhibited the highest current level, the
greatest charge efficiency (0.87 vs 0.81, 0.71 for NiHCF@5-MnO; and
a-MnO,@NiHCF, respectively) and the largest Faradaic efficiency (0.97
vs 0.84, 0.75 for NiHCF@3-MnO, and a-MnO;@NiHCF, respectively),
further confirming the superiority of NIHCF@A-MnO;, electrode relative
to its other counterparts in highly efficient Li* extraction from brines.
Like most other Faradaic materials in CDI toward desalination
[29,31,33], the Li" extraction capacities of these NiHCF/MnO, elec-
trodes are vastly dependent on both the cell voltage and the feed saline
concentration (Figs. 4d—e, S10, S11). A higher voltage (e.g., 1.2 V) can
generate a much larger insertion driving force for these NiHCF/MnO,
electrodes to capture Li" ions via either Faradaic or pseudocapacitive
processes (Fig. 3a), and thereby yielding a higher Li™ adsorption ca-
pacity [49]. Note that the corresponding I' decreased with the cell
voltage from 1.2 to 0.6 V linearly and recovered to the initial values
instantly when the cell voltage reclaimed to 1.2 V (Figs. 4d and S10),
verifying that all these NiHCF/MnO, electrodes have a very sensitive
response to different voltages and showcasing their potential for lithium
extraction. Apart from the driving force from cell voltage (i.e., electro-
chemical gradient), feed saline with a higher salt concentration is ex-
pected to yield another driving force from the concentration difference
between the bulk electrolyte and the electrode surface (i.e., concentra-
tion gradient) [50], with a shorter period to reach the equilibrium state
(Fig. 4e) and achieving a higher I' at a higher salt concentration for all
these NiHCF/MnOs, electrodes (Fig. S12). For instance, the NIHCF@A\-
MnO; electrode showed a maximum I” of 43.51 mg g~ in a feed saline
with 20 mM of Li* ions, outranking the other two NiHCF/MnO, elec-
trodes (Fig. S12) as well as other MnO»-based electrodes reported in the
literature for Lit extraction (Table S4). Considering the theoretical
limits for both pure NiHCF (~40-48 mg g~ for a two-electron transfer,
or ~ 20-24 mg g’1 for a one-electron transfer) and A-MnO: (~38-40 mg
g~ 1) [48,51], the composite NiHCF@A-MnO,, exhibits a synergistic effect
that enhances its Lit adsorption capacity beyond what would be ex-
pected from the simple sum of its individual components. The interfacial
synergy between NiHCF and A-MnO> (i.e., the interlayer concentration
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enhancement (ICE) effect) [52] boosts the electron transfer and ion
mobility in the hierarchical core-shell NiHCF@\-MnO;, electrode, where
the NiHCF core appears to serve as the main Li™ reservoir due to its high
theoretical capacity, while the A-MnO: shell is likely to act as the Li* ion-
sieve owing to its narrow ion channels favorable to Lit over Nat/K" and
other divalent cations. In addition, the uniform coating of A.-MnO3 on the
NiHCF core may create an interfacial electric field for more ions to
accumulate in the porous channels, which finally enhances the Li*
extraction performance. Nevertheless, the enhanced Li" extraction ca-
pacity aligns with interfacial synergy effects observed in analogous core-
shell systems [52,53], though direct mechanistic validation requires
further study (DFT and operando spectroscopy).

Energy consumption is another important factor in determining CDI
performance. Normalized energy consumption for all NiHCF/MnO:
electrodes during Li" extraction operations exhibited a direct positive
correlation with salt concentration (Fig. 4f; Text S3). This relationship is
attributed to the increased solution resistance and enhanced electrode
polarization observed at higher ionic strengths, which consequently el-
evates the specific energy consumption [54]. Notably, the NiHCF@A-
MnO; electrode demonstrated the highest energy efficiency among these
NiHCF/MnO; electrodes. For instance, only 0.45 Wh per gram Li" was
consumed for the extraction of Li* in a 5 mM LiCl solution by the RCDI
system with NiHCF@\A-MnO, electrodes. Collectively, the NiHCF@A-
MnO; electrode exhibits a superior lithium extraction performance
concerning the above metrics (i.e., I, SAR, and normalized energy
consumption), and ranks the top among the reported MnOy-based
electrodes for Li™ extraction (Table S4), demonstrating its bright
promise to extract Li' ions from brines. In light of this unique superi-
ority, we chose the NIHCF@A-MnO,, electrode as the sole candidate for
further exploring its cycling and selectivity properties.

3.4. Cycling performance of the NIHCF@A-MnO; electrode

Generally, CDI electrodes often suffer from structural degradation
and performance deterioration upon consecutive charge/discharge
within the CDI cells [55]. We then further explored the cycling perfor-
mance of the NiHCF@A-MnOs, electrode in 10 mM LiCl solution and at a
voltage of 1.2 V, given its superior electrochemical and lithium extrac-
tion performance relative to other NiHCF/MnOs electrodes. Remark-
ably, the NIHCF@\-MnOs, electrode showed an initial I" as high as 39.99
mg g}, which was stable in the first 10 cycles, and then declined to
37.69 mg g~ ! at the end of the 10th run, with a capacity retention of
94.2 % (Fig. 5a, b). As the cycle number increased, the Li™ extraction
capacity decreased linearly to a final I' of 31.37 mg g~ *, with a capacity
retention of 78.4 % after 40 cycles of continuous adsorption-desorption
operations, showcasing a typical performance deterioration profile of
MnO3-based electrodes applied to CDI with a relatively good cyclability
[30,41]. Interestingly, the solution pH values recorded every four cycles
appear to fluctuate with a well-defined rhythm between 8.3 and 11, with
a consequent decrease in pH when adsorption started and an increasing
pH during the desorption stages. This phenomenon is likely attributed to
the Faradaic reactions (i.e., MnOz + Lit + e~ = LiMnO: and FeIH(CN)6
+ Li* + e~ = LiFe'(CN)s, Text $3) during the charging/discharging
operations, leading to local generation or consumption of protons and
thus the observed pH fluctuations [56,57].

Given the fact that both the NiHCF and the MnO: crystals are prone
to dissolve in solutions with an alkaline pH (>8) and upon repeated
cycling [41,58], the cycle-dependent Li" extraction performance dete-
rioration may arise from: i) Ni?*/Fe®* leaching from the NiHCF lattice
[31], ii) the Jahn-Teller distortion in MnO: during Li* insertion/
extraction and thus partial dissolution of MnO- [20,41], and iii) poten-
tial interfacial delamination in the core-shell structure [59]. To further
explore the underlying mechanisms and evaluate the structural stability
of the NiHCF@A-MnO;, electrode after 40 cycles, XRD, XRF, and FTIR
data of the post-cycling electrode were collected and compared to the
pristine NiHCF@\A-MnO, (Fig. 5c—e). Comparison of the XRD patterns
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Fig. 5. (a) Cycling stability and adsorption capacity, (b) the corresponding changes in capacity retention and pH of NIHCF@\-MnO, electrode in 10 mM LiCl solution
applied in RCDI for 40 charge-discharge runs; (c) XRD patterns, (d) XRF, (e) FTIR, and (f-h) XPS spectra of the Fe 2p (f), Ni 2p (g) and Mn 2p (h) regions of the as-
prepared NiHCF@A-MnO, composite and the post-cycling NIHCF@\A-MnO,, electrodes.

indicates that both the NiHCF and the A-MnO: appear to fade over
cycling in alkaline environment (Fig. 5c¢). Notably, there is a well-
defined diffraction peak attributable to PVDF in the pattern of the
post-cycling electrode, which is derived from the PVDF binder added in
the preparation of the electrode, but not in the as-prepared (pristine)
NiHCF@\A-MnOs (Fig. 5¢). After cycling for 40 runs, both the XRF and
FTIR results confirmed that the shell-layered A-MnO;, seems to lose
partially as evidenced indirectly by the slight decline of the principal Ky
shell of element Mn (5.9 keV, Fig. 5d) and the weakening of the IR band
of M-O (~ 450 cm‘l, Fig. 5e). On the one hand, repeated Li% interca-
lation/deintercalation can induce lattice strain in A-MnOj, accelerating
structural degradation [60]. On the other hand, hydroxyl ions (OH™)
may promote partial Mn leaching since it’s amphoteric and becomes
increasingly unstable in strong alkali (pH > 10-12) [61]. XPS analysis

also verified the structural degradation of both the NiHCF and the
A-MnO: components over cycling (Fig. 5f-h). Note that both the Fe 2p
and the Ni 2p peaks shifted toward a lower energy direction (‘red shift’)
after cycling, while Mn 2p remained. A possible explanation is that
A-MnO: served as the shell layer without a diffusion barrier for the
lithiation-delithiation reactions, thus kinetically facilitating the trans-
formation of Mn" from Mn™" (i.e., delithiation via LiMn™02 — Mn"VO:
+ Lit + e7). However, delithiation reactions in the core NiHCF com-
ponents were kinetically limited by the diffusion barriers (i.e., A-MnO2
shells), rendering the Fe of NiHCF into an oxidation state of +2 (i.e.,
LiFe''(CN), Fig. 5f). Regarding Ni 2p, the ‘red shift’ is likely due to the
formation of Ni(OH): with lower binding energy of Ni 2p during the
cycling in brines, confirm the dissolution of nickel element along with
iron from NiHCF components as observed above.
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Nevertheless, the absence of any characteristic peaks of oxygen
evolution reaction (OER) or hydrogen evolution reaction (HER) in the
CV curves (Fig. 3a) further excludes the occurrence of such side re-
actions during the cycling operations. To mitigate this performance
deterioration, the primary strategy is to operate the CDI-based Li™
extraction within a narrow, optimized pH window (e.g., ~ neutral pH).
Besides, prospective strategies such as coating with protective conduc-
tive films and/or doping with other elements have been demonstrated to
effectively enhance durability beyond pH control [31,62]. Collectively,
the above results suggest that the NiIHCF@A-MnO, electrode exhibits
moderate cycling performance over 40 cycles of Li" extraction operation
and that structural degradation of the shell-layered A-MnO; contributed
primarily to the capacity fade of the electrode during cycling. Never-
theless, the data from these short-term cycling tests in our lab-scale
study are far from sufficient for scaling up our RCDI system for prac-
tical applications. Future works are necessary to address the scalability
of our current systems based on strategies including module design and
stacking, flow field engineering, system integration, etc., for advancing
it toward practical use [63].
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3.5. Selectivity of the NiHCF@2-MnO; electrode for Lit ions

The selectivity of NIHCF@MnO, for Li* was initially performed in a
synthetic brine containing 10 mM of cations found in the diluted brine
from the East Taijinaier Salt Lake (i.e., Li*, Na*, Ca®*, Mg?" and Pb?*,
see Table S1), and was measured by a separation factor, p, defined as the
ratio of Li*% captured to that of another cation by the electrodes via
RCDI (Text S3). Driven by the potential difference between the cathode
and the anode, the concentrations (C) of all cations were found to
decrease over time expectedly (Fig. S13), leading to approximately
linear increases in cation concentration variation (AC, defined as the
concentration difference between two consecutive samples) over time in
the synthetic brine (Fig. 6a). These AC demonstrated a clear slope in the
order of Li* 3> Nat > Ga?" > Mg?* > Pb%", indicative of the highest
preference of the NIHCF@A-MnO,, electrode toward Li™ over other cat-
ions separately due to the profound affinity of spinel A-MnQOj for Li* ions
[64]. Note that Li* concentration plummeted faster than ever and other
cations from 5 to 10 min (Fig. S13a), implying a faster Li" extraction
kinetic in this short period, which is identical to the initial slump in
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conductivity observed earlier (Fig. 4a). This phenomenon confirms the
preference of NiHCF@\A-MnO; electrode for Li" ions. As shown in
Fig. 6b, the adsorption capacities (I', in mmol g1) of the NiHCF@)-
MnO; electrode for these cations varied in the same order as the above
AC slops (Fig. 6a), i.e., I';; (2.3 mmol g7}, i.e., 1596 mg Lit g™} > >
I'ya (0.9 mmol g’l) > I'cy (0.6 mmol g’l) > I'yg (0.4 mmol g’l) > I'pp
(0.1 mmol g’l), with the relevant separation factor (fri,n) following to a
reverse order OfﬁLi/pb (25.0) > > ﬂLi/Mg (5.4) > ﬂLi/Ca (3.8) > ﬂLi/Na (2.6).
This data verified the higher preference of the NiHCF@A-MnOy elec-
trode for Li* ions over other cations, in good agreement with previous
reports for individual NiHCF and A-MnO,, electrodes [20,37].

To explore its practical applicability in a real brine, the NIHCF@A-
MnO, electrode was then tested in an actual brine collected from the
East Taijinaier Salt Lake (Qinghai, China) with Li" ions as high as 59.4
mM (Table S1). Unlike the synthetic brine with an identical ionic con-
centration of 10 mM, the chemical composition of the East Taijinaier
Salt Lake brine varied significantly, with remarkable Na'/Li" and
Mg?t/Lit molar ratios as high as 55.38 and 4.53, respectively
(Table S1), which are expected to impact its selectivity greatly [65].
Similar trends of AC and I were observed in the tests of Li" extraction
from the real brine regardless of its composition (i.e., 59.4 mM of Li*,
3289.8 mM of Na*, 32 mM of Ca?*, 269.1 mM of Mg?*, and 8.9 mM of
Pb%hH) (Fig. 6¢, d), demonstrating the excellent Li" selectivity of the
NiHCF@\-MnOs electrode was preserved in a real brine. For instance, as
time increased from O to 40 min, the Li™ concentration decreased line-
arly from 59.4 to 45.5 mM (Fig. S13b), with a maximum AC of 13.9 mM
(Fig. 6¢) and a corresponding I't; of 14.3 mmol g ! (99.24 mg Li* g™ 1)
(Fig. 6d), demonstrating the highest electrochemical Li* extraction ca-
pacity from the East Taijinaier Salt Lake brine reported so far [31]. It is
noteworthy that, in the actual brine with higher M/Li (M = Na or Mg)
molar ratios (i.e., Na*/Li* = 55.38, Mg?*/Li" = 4.53), I'y, and I'yg
have been increased by 12.9 and 7.8 times, respectively, confirming the
salt concentration dependence of the ion adsorption capacity as
observed above (Fig. 4e,f). Recall the fact that an increase in the ionic
concentration can increase the concentration gradient, thereby driving
more Na® and/or Mg?" ions to transfer and intercalate into the elec-
trodes along with Li™ ions. As a consequence, the corresponding sepa-
ration factors, fri/Na and fri/mg, were increased profoundly based on
their definition algorithm (Text S3), with a decreasing order of fi/Na
(68.7) > ﬂLi/Mg (21.0) > ﬁLi/Pb (3.6) > ﬁLi/Ca (2.0) in the East Taijinaier
Salt Lake brine (Fig. 6d).

This high Li" selectivity can be attributed to the specific recognition
of Li" ion by the spinel-type A-MnO [66]. Li" with a small ionic radius
(~0.76 A) can be easily embedded/extracted into the 3D network
structure of A-MnOa. Note that the trends in I' for both the synthetic and
the actual brines appeared to be positively correlated with the hydrated
radius of these cations except Na' ion (Table S5), implying the steric
hindrance effect may play the dominant role in preferentially capturing
Li* ions from brines. Such spatial site resistance makes it more difficult
for ions of larger radii (e.g., Na*, Ca®™ and Pb%") to enter the lattice.
Although Mg?* has a comparable radius to Li*, its higher free energy of
hydration makes the intercalation of Mg?" more thermodynamically
unfavorable [65]. It has been shown that variables including pore size,
surface charges of electrodes, and instinct properties of targeted ions
also play a specific role in how ions can be selectively adsorbed to the
porous electrodes [67]. In addition, properties such as the diffusion
coefficient and hydration-free energy of Li" in water allow its prefer-
ential adsorption compared to other ions (Table S5). Therefore, it’s
concluded that Li* ions were thermodynamically more favorable than
other ions being captured to the composite electrode as a result of a
combined and complex interaction of the above variables [68]. Future
work will employ techniques like EDS mapping or TOF-SIMS to directly
visualize the spatial distribution of captured Li* ions within the elec-
trode materials, providing direct evidence of the separation effect and
insights into the mechanism for Li* selectivity. Combinedly, these re-
sults indicate that the NiHCF@\-MnO, electrode demonstrates high Li*
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ion selectivity and great promise for Li" extraction from actual brines.
4. Conclusions

In summary, both NiHCF and MnO,, are promising Faradaic (charge
transfer) electrode candidates for electrochemical lithium (Li*) extrac-
tion, allowing for high-performance recovery of the energy-critical
element by structural and/or compositional tailoring and component
integration. In this work, we prepared three core-shell structured
NiHCF/MnO, materials (i.e., a-MnOs@NiHCF, NiHCF@A-MnO,, and
NiHCF@8-MnOjy) based on core-shell construction strategies and
comprehensively explored their Li" extraction performance on a
rocking-chair capacitive deionization (RCDI) platform. Our character-
ization results show that both the MnO, phase and its morphology were
sensitive to the synthesis conditions, with needle-like a-MnO; as the
core, scale-like \-MnO; and flower-like 8-MnO3 as the shells, respec-
tively, in the a-MnO,@NiHCF, NiHCF@\A-MnO,, and NiHCF@5-MnO,
composites. The electrochemical analysis results reveal that the
NiHCF@\-MnOy, exhibited an excellent ion migration rate, high specific
capacity, and exceptional cycling stability, followed by NIHCF@&-MnO4
and a-MnO,@NiHCF. Li" extraction tests demonstrate that the
NiHCF@A-MnO, electrode showed the superior performance of Li™ up-
take concerning adsorption capacity, adsorption rate and energy con-
sumption, outperforming the other two counterparts under the same
conditions. The Li™ adsorption capacity is potential- and feed saline-
dependent, with higher cell voltages and higher saline concentrations
yielding greater Li* uptake. Cycling and selectivity tests suggest that the
NiHCF@\A-MnO; electrode demonstrated great cycling performance
over 40 cycles of Li* extraction operation and outstanding Li" prefer-
ence over other cations such as Na*, Ca?", Mg+, and Pb?* in a synthetic
brine with 10 mM of each ion, rendering a great capacity retention and
remarkable separation factors. The selectivity was further evaluated in
the actual brine from the East Taijinaier Salt Lake with diverse ion
concentrations, and exceptional separation factors of Li* over Na™ and
Mg?" were demonstrated, respectively, showcasing the great promise of
the electrode for practical application for Li" extraction. Our core-shell
construction strategy appears as a viable way to integrate active elec-
trode components for high-performance Li" extraction from brines.
Further work will explore the underlying mechanism for the Li* selec-
tivity of this composite electrode and the modulating approaches for
higher electrochemical separation efficiency toward Li* from real
brines.
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