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Lithium-ion uptake on lithium manganese oxide
soft and bare electrodes

S. Orozco-Barrera, †a J. A. Lirio Piñar, †a C. Kök, bc G. R. Iglesias, ad

A. V. Delgado, a V. Presser *bce and S. Ahualli *a

Lithium is a critical resource for high-energy batteries and emerging energy storage technologies.

Conventional extraction methods, such as solar evaporation of brines, are energy-intensive and

environmentally harmful, highlighting the need for sustainable alternatives. Here, we present an

electrochemical strategy for selective lithium recovery using a hybrid intercalation-based electrochemical

cell that exploits the unique properties of lithium manganese oxide (LMO). Unlike traditional carbon-based

electrodes, LMO features a spinel crystal structure that enables reversible Li+ intercalation under controlled

potentials, providing intrinsic ion selectivity. To improve durability and performance, the LMO electrode

was functionalized with the anionic polyelectrolyte poly(sodium 4-styrenesulfonate) (PSS). At the same

time, the activated carbon counter-electrode was coated with the cationic polyelectrolyte

poly(diallyldimethylammonium chloride) (PDADMAC). Experiments in single-salt (LiCl) and mixed-salt (LiCl +

NaCl) systems, including highly asymmetric brines, reveal that Li+ uptake strongly depends on the applied

cell voltage, reaching values above 40 mg g�1 at 1.2 V. The PSS coating is expected to mitigate Mn

dissolution and alters desorption dynamics, favoring Na+ release while maintaining Li+ selectivity. These

results demonstrate the potential of LMO-based hybrid electrodes for energy-efficient lithium recovery from

complex saline environments.

1. Introduction

Lithium is a crucial element in industry, particularly notable for
its significance in the production of high-energy-density
rechargeable batteries and other electronic devices.1–4 The
demand for lithium has grown exponentially in recent decades,
driven by the rise of electromobility and the increasing need for
renewable energy storage. The primary sources of lithium are
brines found in salt flats5–7 and minerals such as spodumene.8

The most significant lithium-rich brine deposits are located in
the region known as the lithium triangle in South America,
which encompasses Argentina, Bolivia, and Chile. The most
common conventional extraction process is based on solar
evaporation, a technique that involves the evaporation of large

volumes of water to concentrate the salts and extract the
lithium.9–11 In these large-scale operations, the high aqueous
solubility of lithium chloride, 830.5 g L�1 at 20 1C,12 allows
lithium cations to remain in solution while other salts pre-
cipitate. Once the brine is sufficiently concentrated, chemical
precipitation is induced using carbonate precursors, such as
adding Na2CO3 to precipitate Li2CO3, taking advantage of its
lower solubility limit.13

Despite its widespread use, this carbonate-based recovery is
ineffective for dilute sources, as the solubility limit of Li2CO3

cannot be reached without prior and extensive concentration of
LiCl, often requiring 12 to 24 months to complete.14 Further-
more, this method is associated with significant environmental
challenges, including intensive water usage in arid regions and
the generation of saline waste, which can have detrimental
effects on local biodiversity.9,15

Electrochemical methods have emerged as promising tech-
nologies for more efficient and sustainable lithium extraction
from low-concentration aqueous streams in a matter of
hours.16–18 As an example, capacitive deionization, employing
ion electrosorption as the ion removal mechanism,19 may
enable the selective recovery of ions from aqueous solutions or
brines.20–22 Compared to conventional methods, capacitive
deionization can operate more efficiently at a smaller scale.
This makes it a competitive option for lithium recovery,
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particularly in cases where traditional techniques are either
ineffective or harmful to the environment.23–26 However, with-
out proper functionalization of the electrodes, this technique is
not efficient in selectively separating monovalent cations such
as Na+ and Li+. In this context, hybrid electrochemical ion
separation cells, where one of the electrodes is constructed with
intercalation materials, provide a more accurate description of
the system studied here, as ion trapping occurs via redox
intercalation rather than double-layer adsorption.27

Using LiMn2O4 (LMO) as the primary active material pro-
vides a unique ability to selectively intercalate Li+.24,28–30 LMO
has a spinel-like crystal structure, which facilitates efficient ion
mobility and enables high reversibility in the intercalation and
deintercalation of Li+. This property is crucial to maintain the
structural integrity of the material over multiple charge–dis-
charge cycles.31 Also, its relatively low production cost and low
environmental impact compared to other materials, which
reinforces its feasibility for electrode synthesis, make LMO
suitable for electrochemical systems.32

A key aspect of this process is how the active electrode
material participates in the transfer of electrons during the
redox reaction (eqn (1)):

LiMn2O4 2 Li1�xMn2O4 + xLi+ + xe� (1)

where x represents the fraction of lithium intercalated or
deintercalated during charging or discharging. In this reaction,
Li+ enters the LMO lattice and occupies specific sites in the
crystal structure.

Unlike LMO’s smaller surface area (o2 m2 g�1), activated
carbons are known for their large specific surface area and the
ion uptake is governed by ion electrosorption.33–35 Recent
studies have demonstrated that the coating of carbon electro-
des with polyelectrolytes can substantially augment their ion
removal capacity and overall desalination performance.36–39

This enhancement is attributed to the promotion of counterion
transport and the suppression of co-ion release, resulting in
improved charge efficiency and stability.36–38,40–43

This study focuses on elucidating the influence of polyelec-
trolyte coating on the performance of hybrid electrochemical ion
separation cells employing LMO as the active electrode material.
Poly(sodium 4-styrenesulfonate) PSS is utilized as an anionic
coating for the LMO electrode, while poly(diallyldimethyl-
ammonium chloride) (PDADMAC) is employed as a cationic
coating for the AC counter-electrode. The selection of these
polymers was predicated on their water-solubility, commercial
availability, and established role in the literature concerning the
enhancement of charge efficiency and electrode stability in
capacitive deionization systems.36,44 PSS has been reported to
enhance lithium-ion transport44–47 and to mitigate the detri-
mental effects of the Jahn–Teller distortion, which can lead to
Mn dissolution during electrochemical cycling.48,49 This modifi-
cation is expected to enhance the material’s durability and
maintain its lithium selectivity over prolonged operation. PDAD-
MAC has demonstrated benefits in stabilizing and improving the
capacitive performance of carbon electrodes.39 However, the

influence of such coatings on intercalation-type electrodes, such
as LMO, has not yet been systematically explored.

A series of systematic experiments was conducted in which
key operational parameters, such as the applied voltage, LMO-
to-AC mixing ratio, and electrode connection mode during the
discharge step, were varied. The goal was to assess how these
variations influence the selective uptake and release of Li+ and
Na+. A distinctive feature of this study is the real-time visualiza-
tion of the desalination cycles through conductivity monitor-
ing, which enables in situ evaluation of ion-removal dynamics
and kinetics. This approach provides novel insights into the
role of polymer coatings in enhancing both the selectivity and
the structural stability of LMO-based electrodes for Li+ recovery
from mixed brines.37,39,41

2. Experimental
2.1. Materials

LiCl (99.98% purity, Sigma Aldrich) and NaCl (99.73% purity,
Fisher Chemicals) solutions were prepared in Milli-Q water (Milli-
Q Academic, Millipore). LiMn2O4 (498% purity, Sigma Aldrich),
YP-80F activated carbon (AC) (supplied by Kuraray), and carbon
black (499% purity, Thermo Fisher) were used as materials in the
preparation of the electrodes. Poly-diallyldimethylammonium
chloride (PDADMAC) (average molecular weight above 100 000,
Sigma Aldrich) and PSS (average molecular weight of 70 000,
Sigma Aldrich) were used as cationic and anionic polyelectrolytes,
respectively, to coat the electrodes where appropriate. In addition,
a commercial anion exchange membrane (AMX, Tokuyama) from
Neosepta, with a thickness of 140mm, was placed in front of the AC
electrode.

2.2. Particle characterization

The particle morphology was obtained from high-resolution elec-
tron microscope (Thermo Fisher Scientific TALOS F200X micro-
scope) pictures. The particle size distributions in water were
determined by dynamic light scattering (Malvern Zeta Sizer
Nano-ZS, Malvern Pananalytical). Nitrogen sorption measure-
ments at�196 1C were performed using a Quadrasorb IQ system
(formerly Quantachrome; now Anton Paar) after degassing the
samples under vacuum at 100 1C for 12 h. The specific surface area
was calculated using the Brunauer–Emmett–Teller method.50–52

Quenched solid density functional theory was used to calculate the
pore size distribution, assuming slit-shaped pores.

The structural properties of the particles were evaluated by
powder X-ray diffraction using a Bruker D8 Discover diffract-
ometer equipped with a Pilatus3R 100K-A detector. The experi-
ments were conducted at 25 1C, employing Cu Ka radiation (l =
1.5406 Å) with an operating voltage of 50 kV and a current of 1
mA. Data were collected over a 2y range of 51 to 851, with a step
size of 0.021 and a counting time of 40 s per step, and compared
with diffractograms generated by the PowderCell 2.4 software
(developed by the Federal Institute for Materials Research and
Testing).
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Chemical analysis of the materials was performed by
Fourier-Transform infrared spectroscopy in an FT/IR-6200 spec-
trometer, JASCO, with a resolution of 0.25 cm�1.

2.3. Electrode preparation

The electrochemical cell employed in this study consists of two
flat electrodes arranged in a parallel-plate configuration. The
working electrode was made of LMO or its PSS-coated counter-
part (LMO-soft), while the counter-electrode was prepared from
AC or PDADMAC-functionalized AC (AC-soft). Both electrodes
were assembled on graphite current collectors and separated by
a 400 mm insulating spacer, with an anion-exchange membrane
(AMX) positioned adjacent to the carbon electrode.

For the preparation of the active electrode material, 0.23 g of
active material (a mixture of AC and LMO, hereafter referred as
AC : LMO) and carbon black powder mixture (95 : 5 ratio by
mass) was added to 0.77 g of a 33 g L�1 suspension of poly-
vinylidene-fluoride (PVDF), manufactured by Arkema as Kynar
HSV 900, with molecular weight approximately 1 000 000 in 1-
methyl 2-pyrrolidone (Sigma Aldrich). The AC : LMO mass/mass
ratios employed in this study are 0 : 100 (hereafter referred to as
LMO), 20 : 80, 40 : 60, and 60 : 40. The suspension was magne-
tically stirred until a homogeneous slurry was obtained and
spread on the surface of a graphite plate (Mersen) serving as the
current collector. The electrode was dried overnight at 70 1C,
yielding 0.04 � 0.01 g of active material with a characteristic
bluish-gray appearance, as shown in SI, Fig. S1A.

Prior to the assembly of the LMO electrode in a measuring
cell, it was subjected to a pre-treatment process to ensure the
release of Li+ from the LMO structure itself, thus allowing the
electrode to trap-release Li+. For this, the electrode was
immersed in a 30 mM LiCl solution, and 1 V was applied for
120 min.28 After this process, the electrode becomes reddish,
which is characteristic of the delithiated LMO (SI, Fig. S1B).

The polymeric coating of the LMO electrode was carried out
by immersing the already formed electrode in a stirred 200 mM
aqueous solution of PSS overnight. After this stage, the elec-
trode was rinsed thrice with deionized water (Milli-Q) and dried
at room temperature.53

For the coating of the AC counter-electrode, the carbon
powder was dispersed in 200 mM PDADMAC solution, stirred
for 12 h, centrifuged, and redispersed in water at least three
times or as needed for complete removal of the non-adsorbed
polyelectrolyte. Finally, the carbon particles were dried at 65 1C
and used for the preparation of the electrode as described
above.54

The desalination cell was described in detail in ref. 40. The
active area of the electrodes is 50 cm2. The LMO (or LMO-soft)
electrode is placed facing the AC (or AC-soft) counter-electrode,
separated by a 400 mm mesh insulating spacer. The AMX
membrane was always placed next to the latter electrode.

2.4. Electrochemical Li+ recovery

The experimental method described in ref. 36 was followed to
perform electrochemical Li+ recovery. Briefly, in the uptake
step, the LMO electrode was set at �0.4 V, �0.9 V, or �1.2 V

with respect to the AC-soft electrode by means of an Ivium-Stat
potentiostat (Ivium Technologies) in a two-electrode configu-
ration. Because of this setup without a standard reference
electrode, it is important to clarify that the reported voltage
values throughout this work represent the total cell voltage (i.e.,
the potential difference applied between the LMO working
electrode and the AC counter electrode). For release, an oppo-
site cell voltage (reverse voltage or RV) was applied to reach the
potential for controlled deintercalation of the ions from the
LMO structure. The electrolyte solutions investigated were LiCl
10 mM, NaCl 5 mM + LiCl 5 mM, and NaCl 9.5 mM + LiCl 0.5
mM. The flow rate was 0.7 mL s�1, and each cycle duration was
10 min.

2.5. Determination of the ionic composition of the solutions

A follow-up of the ion uptake and release processes was carried
out by in-line measurements of electrical conductivity using a
529670-conductivity probe connected to a Leybold 524D10
Cassy Lab interface (Leybold). To evaluate the concentrations
of individual ions, two types of measurements were conducted.
Ion chromatography was employed for online determinations,
whereby 2 mL samples were taken at various times during the
cycle to identify the type and concentration of the ionic species
of interest at each step of the process. The analysis of the
samples was performed with a 940 Professional IC Vario ion
chromatograph (Metrohm).

Real-time measurements were performed to determine ionic
concentrations of the target species, lithium, and sodium, at
the outlet of the desalination cell.55 This was carried out by
inductively coupled plasma optical emission spectroscopy (ICP-
OES) using a SPECTRO ARCOS ICP-OES analyzer (Spectro
Ametek) with a flow rate of 1 mL min�1.

3. Results and discussion
3.1. Particle characterization

Fig. 1C and E show electron micrographs of the LMO, AC, and
carbon black samples. The appearance of the former is plate-
like with an average size of 45 � 14 nm. The AC particles exhibit
pores and have a size of 2.9 mm (d50), while the carbon black
particles were about 32 � 15 nm in size. The nitrogen adsorp-
tion isotherms (SI, Fig. S2) demonstrate a very high specific
surface area for AC (2029 m2 g�1) as compared to the other
samples (15 m2 g�1 for LMO and 56 m2 g�1 for carbon black).

X-ray diffractograms are plotted in Fig. 1F. As can be
observed, the peaks obtained for LMO coincide with those in
the theoretical diffractogram considering a unit cell with the
space group Fd%3m and 8.2476 Å cell size, with Li+, Mn3+/Mn4+,
and O2� ions occupying Wyckoff positions 8a, 16d, and 32e,
respectively (Fig. 1A and B).56,57 The diffractograms obtained
for LMO with and without PSS coating are practically identical,
indicating that the crystal structure remains unaffected by the
functionalization with the polyelectrolyte. This is advantageous
due to the selective properties of LMO towards Li+, which are
derived from its spinel-like structure.24,28–31
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As evident in the diffractogram of activated carbon AC (SI,
Fig. S3), the absence of peaks indicates that it is a non-
crystalline, amorphous solid.56 A broad peak can be observed
at approximately 2y = 23.51, which can be attributed to the
short-range order of the hexagonal arrangement of the carbon
atoms, which is analogous to that observed in graphite.57 The
presence of partially ordered mesopores can be inferred from
the peak that appears at small angles, 2y o 51.58 This appears
to be attenuated by the PDADMAC coating, which may be
indicative of pore occlusion resulting from polyelectrolyte
deposition.59–61

Infrared spectra were obtained for LMO and AC, and their
functionalized variants, as displayed in Fig. 1G and SI, Fig. S4.
As demonstrated in Fig. 1G, LMO is characterized by a series of
pronounced peaks, which are indicative of two distinct vibra-
tional modes of the manganese–oxygen bonds appearing at
500–580 cm�1 and 620–650 cm�1, respectively.62 Furthermore,
the spectrum also exhibits traces of environmental water and
carbon dioxide. By contrast, PSS-functionalized LMO exhibited
bands characteristic of PSS.63 For instance, the following vibra-
tional modes have been identified: (C–H) sp3 (aliphatic)
stretches at 2850–2960 cm�1;63,64 aromatic CQC stretches at
1500–1600 cm�1,65 symmetric (1180–1250 cm�1) and asym-
metric (1030–1040 cm�1) stretches of the sulfonate
groups.66,67 Furthermore, a peak at approximately 1130 cm�1

was identified in the functionalized LMO spectrum, which is
most likely attributable to vibrations of the sulfonate group of
PSS, displaced by electrostatic or coordinative interactions with
the LMO surface.68,69 These results confirm the presence of PSS
on LMO particles, as well as the interaction of the polyelec-
trolyte with the surface of the particles.

The results for the AC and its PDADMAC functionalization
are displayed in SI, Fig. S4. The analysis of the spectra revealed
that both substances exhibit peaks at 1000–1100 cm�1, which
correspond to the C–O stretching modes of surface oxygenated
groups.70 Additionally, the spectra demonstrate peaks at 1600–
1620 cm�1, which correspond to the CQC stretching of the
graphitic skeleton of the AC.71 Further analysis indicates peaks
at 2850–2920 cm�1, which are indicative of aliphatic C–H
stretching and suggest that the material is not fully
graphitized.72 Finally, the spectra show peaks at 3200–
3600 cm�1, which correspond to adsorbed water and hydroxyl
groups.73 Additionally, traces of environmental carbon dioxide
(CO2) were detected. Other bands observed in AC-soft can be
ascribed to the presence of PDADMAC, as reported in ref. 74. In
particular, bands at 950–1050 cm�1 C–N+ vibrations, and at
1380–1400 cm�1 methyl symmetric bending of the CH3

group.75,76 A peak at 1620–1640 cm�1 is indicative of water
adsorbed on a hydrophilic cationic polymer.77

3.2. Influence of the applied cell voltage on ion uptake and
release

Before evaluating the influence of the applied cell voltage, it is
important to recall that the extraction process of Li+ ions from
LMO requires activation of the material by applying a positive
voltage to overcome the lithium diffusion barrier.78,79 It has
been reported that for undoped LMO, the barrier is approxi-
mately 0.35 eV, and it is presumed to be higher at the material
surface.80 Based on experimental cyclic voltammetry data, a cell
voltage of 0.9 V is sufficient for activation, highlighting the
importance of precise voltage control to enhance sorption
efficiency.81,82

Fig. 1 Structural and physicochemical characterization of electrode materials. (A) Crystal structure of spinel LiMn2O4 and (B) lithium diffusion pathways.
Transmission electron micrographs of (C) LMO, (D) AC activated carbon, and (E) carbon black particles. (F) X-ray diffractograms of pristine and PSS-
coated LMO; Miller indices in the top panel were obtained using PowderCell 2.4. (G) Fourier-Transform infrared spectra of LMO and PSS-functionalized
LMO; grey bands correspond to environmental contaminants (H2O, CO2), red bands to PSS coating, and blue bands to LMO vibrations.
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To examine how the cell voltage affects ion uptake once the
activation threshold is reached, experiments were conducted at
three cell voltages: 0.4 V, 0.9 V, and 1.2 V. To evaluate the
influence of the applied voltage, two characteristic parameters
were considered: the specific uptake capacity (SAC) and the
charge efficiency (e). The SAC is defined as (eqn (2))

SAC ¼
Ð
half cycle cin � cout½ �fvdt

m
(2)

where cout (cin) is the outlet (inlet) electrolyte concentration, fv

is the pumping flow rate, and m is the mass of the active
material on both electrodes. Another characteristic parameter
is the charge efficiency, or the ratio between the charge of the
removed ions and the charge of the transferred electronic
charge, given by eqn (3)

e ¼
Ð
half cycle cin � cout½ �fvFdtÐ

half cycleIdt
(3)

being F the Faraday constant and I the current through the cell.
To provide a more fundamental electrochemical perspective,

the lithium recovery capacity is not only reported in terms of
mass (SAC, mg g�1) but also as the lithium molar insertion
fraction (y). This metric represents the moles of Li+ intercalated
per mol of LMO (LiMn2O4) and is calculated from the SAC using
the respective molar masses of Li and LMO (MLi and MLMO,
respectively) eqn (4):

y ¼ SAC� 10�3
MLMO

MLi
(4)

Expressing the Li content in terms of molar composition
clarifies the specific electrochemical mechanism governing the
ion uptake process. Note that if y is below 1, Li is inserted in
tetrahedral sites, corresponding to the so-called 4 V process,
which retains the crystal structure of LMO. In contrast, y 4 1
would force the lithium ions partially into octahedral sites,
producing Jahn–Teller distortions and degrading the crystal
structure.83,84 For the sake of clarity and to facilitate compar-
ison with theoretical limits, all SAC values reported hereafter
are accompanied by their corresponding lithium molar inser-
tion fraction (y) in parentheses.

Experiments performed at a cell voltage of 0.4 V, presented
in Fig. 2A, show negligible differences between the deionization
of LiCl and LiCl/NaCl mixture solutions. This is expected
because the applied voltage is insufficient to significantly
activate the intercalation of Li+ in the LMO electrode, with
the maximum SAC values being (7.2 � 0.1) mg g�1 (0.1876 �
0.0026). In contrast, at a cell voltage of 0.9 V (Fig. 2B), oxidation
of the LMO is anticipated, facilitating the intercalation of Li+

into its structure. As shown in the Figure, the system demon-
strates considerable extraction capacity for Li+ in pure solution,
reaching SAC values of (21.9 � 0.1) mg g�1 (0.5706 � 0.0026),
with near-maximum efficiencies (Table 1). For a mixed
solution, we see a less pronounced ion uptake/release curve,
which has an amplitude lower than that of LiCl.

Finally, to evaluate whether increasing the cell voltage
enhances the selectivity of the process or induces side effects

like undesired oxidation, additional experiments were con-
ducted at 1.2 V. As shown in Fig. 2C, the application of this
cell voltage reveals a complex deionization behavior that, to our
knowledge, has not been previously reported. One might expect
that in a mixed solution containing both Li+ and Na+, the LMO
electrode would only capture the Li+, remaining indifferent to
the Na+. Conductivity measurements demonstrate that ion
release occurs even during the ion-capture step in mixed
solutions. This suggests that the elevated cell voltage not only
intensifies the intercalation of Li+ into the LMO but could also
be causing the release of previously adsorbed Na+, which is
likely to be expelled from the electrode because of the prefer-
ential uptake of Li+. To confirm this hypothesis, we carried out
real-time ICP-OES measurements of ion concentration using a 5
mM NaCl + 5 mM LiCl mixed solution (SI, Fig. S5). Initial
uptake occurs at a similar rate for both Na+ and Li+ ions;
however, Na+ uptake is less sustained, and a net ion release is
observed at the end of the process. Conversely, Li+ incorpora-
tion into LMO continues throughout the ion uptake step.
Obviously, ion replacement occurs when Li+ is intercalated into
the LMO lattice, causing the release of previously uptaken Na+.

3.3. Polymeric coating on LMO

During the cell operation, LMO experiences manganese dissolu-
tion into the aqueous electrolyte, resulting in the gradual degra-
dation of the active material. This process becomes particularly
significant in environments involving electrochemical potential
variations, such as those present in the desalination cycles
investigated. Several factors, including the pH of the electrolyte,
the operating temperature, and the applied charge/discharge
cycles, govern the extent of Mn dissolution. Such effects com-
promise the durability of LMO and restrict its applicability in
long-life systems.25,85–88 To address this limitation, several stra-
tegies have been proposed, notably structural modification
through metal doping89–91 to stabilize its spinel structure.

On the one hand, coating LMO with polymers has been
posited as an effective strategy to enhance its stability.86,92 This
polymeric coating functions as a physical barrier, thereby
mitigating the structural degradation of LMO caused by man-
ganese dissolution in aqueous media. On the other hand, PSS
coating AC enhances the electrical conductivity in proximity to
the interfaces, thereby increasing cation uptake efficiency while
impeding the co-ion penetration into the electrode during
reverse-voltage operation.44–47 For this reason, LMO has been
combined with PSS, and a direct comparison between the LMO-
soft electrode and its uncoated version is presented in Fig. 2,
where the experiments were repeated for the three different cell
voltages with PSS-coated LMO (LMO-soft). It yields ion uptake/
release profiles (Fig. 2D–F) for both the pure and mixed solu-
tions that are qualitatively similar to those obtained with bare
LMO (Fig. 2A–C). Consequently, we used a cell voltage of 1.2 V
for all subsequent analyses.

The concentration profiles are depicted in Fig. 3. These
measurements were taken for a 1.2 V cell voltage; the release
was performed in RV mode. Polyelectrolyte-coated electrodes
exhibit a more distinct conductivity minimum that occurs
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slightly earlier than in uncoated LMO. Subsequent to this
minimum, there is a more rapid return of the conductivity to
the inlet value. Despite a faster ion uptake, this phenomenon

results in a lower overall uptake capacity compared to uncoated
electrodes. Table 1 shows that the SAC decreases from
(44.5� 0.1) mg g�1 (1.1593� 0.0026) for the uncoated electrode

Table 1 Calculated SAC values and charge efficiency for measurements with 10 mM LiCl solutions and the cell voltage indicated

Solution Cell voltage (V) SAC (mg g�1) Lithium molar insertion fraction y Charge efficiency e

LMO electrode 10 mM LiCl 0.4 7.2 � 0.1 0.1876 � 0.0026 0.96 � 0.02
0.9 21.9 � 0.1 0.5706 � 0.0026 0.94 � 0.02
1.2 44.5 � 0.1 1.1594 � 0.0026 0.91 � 0.02

LMO-soft electrode 10 mM LiCl 0.4 10.7 � 0.1 0.2788 � 0.0026 0.81 � 0.02
0.9 12.5 � 0.1 0.3257 � 0.0026 0.78 � 0.02
1.2 34.1 � 0.1 0.8884 � 0.0026 0.76 � 0.02

Fig. 2 Relative conductivity (outlet/inlet) versus time during ion uptake/ion release cycles for two feed compositions: 10 mM LiCl and 5 mM NaCl +
5 mM LiCl. (A–C): bare LMO electrodes operated at cell voltage of 0.4 V (A), 0.9 V (B), and 1.2 V (C) during the uptake stage (measured against an AC
counter electrode). (D–F): PSS-coated LMO electrodes operated at cell voltage of 0.4 V (D), 0.9 V (E), and 1.2 V (F) during the uptake stage. All cycles were
done with RV desorption.
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to (34.1 � 0.1) mg g�1 (0.8884 � 0.0026) for the LMO-soft
electrode, while the charge efficiency decreases from 0.91 �
0.02 to 0.76 � 0.02. For the uncoated LMO at 1.2 V, the molar
insertion fraction exceeds the theoretical maximum of the 4 V
plateau (y 4 1). This over-lithiation explains the complex
deionization behavior observed at this elevated voltage. In
contrast, the LMO-soft electrode under identical conditions
remains in the stable 4 V region, suggesting an interesting
effect of the polyelectrolyte coating, even if the amount of
retained Li+ (SAC) is slightly reduced.

When a cell voltage of 0.9 V or 0.4 V is applied, the insertion
coefficient y remains below 1 for both electrode configurations,
with SAC values lower for LMO-soft than for LMO electrodes. In
the case of 0.4 V, SAC increases slightly when using LMO-soft
electrodes, although it remains much lower than when higher
cell voltages are applied. These differences indicate that the
polymer coating facilitates the initial accessibility of Li+ ions to
the active LMO substrate, attributed to the negatively charged
sulfonate groups in PSS.93 However, this phenomenon also
hinders the subsequent intercalation of Li+ ions, resulting in
diminished retention and accelerated, thus less prolonged,
uptake kinetics. In mixed solutions (Fig. 3B), a similar trend
is observed for both electrode configurations. Initial uptake
and subsequent release (minimum and maximum in

conductivity, respectively, when 1.2 V is applied) are accentu-
ated in the case of LMO-soft, consistent with observations in
pure solutions.

Considering the differences in ion affinity between AC and
LMO, it is expected that the ratio of LMO to AC will be crucial
for selectively capturing cations. This becomes particularly
important in the desalination of LiCl or LiCl/NaCl solutions.
Results for the AC:LMO-soft electrodes show that the amount of
Li+ removed decreases as the ratio AC:LMO-soft is raised
(Fig. 3C). This confirms that the LMO component plays a
relevant role in Li+ uptake, indicating that intercalation is more
favorable than capacitive electrosorption within AC. Conductiv-
ity measurements in LiCl/NaCl mixed solutions often display a
secondary maximum after the initial minimum (Fig. 2C and F),
attributable to Na+ release and specifically associated with the
properties of the LMO component (Fig. 3D).

Although the spinel framework is capable of accommodat-
ing Na+ ions, as previously reported for non-aqueous sodium
cells,94 this process induces significant lattice strain. It triggers
a phase transition where the original spinel structure partially
converts into a layered phase (NazMnO2). In our aqueous mixed
system, the high thermodynamic preference of the LMO struc-
ture for Li+ ions leads to the rapid and competitive displace-
ment of any transiently inserted Na+, thereby preserving the

Fig. 3 Relative conductivity (outlet/inlet) at 1.2 V cell voltage for LMO and LMO-soft electrodes. Panels (A) and (B) correspond to desalting of 10 mM LiCl
and 5 mM LiCl + 5 mM NaCl solutions, respectively. Panels (C) and (D) show the uptake stage for the same solutions, for the indicated AC:LMO-soft
electrode compositions.
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spinel framework. This ion-exchange-like mechanism results in
the observed Na+ release shortly after the beginning of the
uptake stage, manifesting as a secondary conductivity max-
imum (SI, Fig. S5). When the AC fraction exceeds 40 : 60 (AC :
LMO), this maximum disappears, demonstrating that AC con-
tributes only through a non-selective capacitive process, where
both Na+ and Li+ ions participate in building the EDLs within
the carbon pores.

3.4. Tuning the desorption stage for cation selectivity

In electrochemical systems based on LMO, selectivity is influ-
enced by the preferential intercalation capacity of lithium in
the material structure, which favors the uptake of Li+ over Na+.
In addition, the release of these ions may also exhibit selective
behavior. To investigate this phenomenon, ion release was
performed in two stages. In the first stage, the short-circuit
mode (zero-cell voltage, ZV) was used. This is intended to allow
ions less strongly bound to the electrodes to migrate out of
them so that in this step, Na+ or just adsorbed (not intercalated)
Li+ will be released into the solution. This observation is
consistent with previous studies showing that Na+ preferen-
tially adsorbs at the electrode surface without significant

intercalation, whereas Li+ is more prone to intercalate into
the LMO lattice.78

Measurements were performed with LMO and LMO-soft
electrodes bathed in a LiCl and NaCl mixed solution (Fig. 4A–
D). Samples were taken for ion chromatography analysis at
different times during the cycle to identify the ionic species
present in the effluent solution at each step of the process.
During the uptake phase (steps 1–2), Na+ and Li+ exhibit
distinct behaviors: after approximately 50 s (step 2), Na+ is
partially released while Li+ remains retained within the elec-
trode (Fig. 4A–C). Meanwhile, Cl� continues to adsorb on both
electrode types. In the subsequent zero-voltage ion release (step
3, B330 s), both cations are released in small and nearly equal
amounts (B0.15 mM each), regardless of whether LMO or
LMO-soft electrodes are used (Fig. 4B and D).

During the reverse-voltage stage (step 4), a stronger release
of Li+ occurs (0.62 mM for LMO and 0.52 mM for LMO-soft). In
comparison, Na+ release remains limited (0.21 mM for LMO)
and within the experimental uncertainty for LMO-soft, consis-
tent with the absence of residual Na+ in the electrode. This
stage also causes a higher conductivity increase, confirming
that it is primarily associated with Li+ release from the LMO
structure, with minimal Na+ contribution.

Fig. 4 Performance data for LMO (A) and (B) and LMO-soft (C) and (D). Conductivity K of the outgoing solution relative to that of the incoming one, K0

(A) and (C), and concentration increments (relative to those of the feed solution, 5 mM NaCl + 5 mM LiCl) (B,D) as a function of time. Successive ion
release steps at short-circuit (Step 3) and reversed voltage (Step 4) for a 1.2 V cell voltage. The sampling times are 18 s (1), 60 s (2), 330 s (3), and 630 s (4).
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A transient Na+ release is detected during the early uptake
stages (steps 1–2), which reduces the amount of Na+ captured
for subsequent release. However, small residual amounts of
Na+ are still measurable after steps 3 and 4 for bare LMO. In
contrast, the contribution of Na+ during release is almost
negligible for LMO-soft electrodes.

In this context, differential release of Na+ and Li+ is a key
factor. During the initial ZV ion release step, Na+ is preferen-
tially released, whereas Li+ remains bound due to its stronger
interaction with the LMO lattice, consistent with our observa-
tions in mixed LiCl/NaCl solutions. When the cell voltage is
reversed in the second step, Li+ release becomes predominant.
This differential behavior suggests that the polymer coating not
only protects the electrode material but also enhances the
selectivity by favoring Li+-release over Na+-release.

3.5. Performance of LMO electrodes with asymmetric Li+/Na+

solutions

To evaluate the performance of the LMO and LMO-soft electrodes
when employed under highly asymmetric conditions that closely
resemble the challenges associated with lithium recovery, the experi-
ments were conducted using a LiCl/NaCl mixture with a composition
of 0.5 mM Li+ + 9.5 mM Na+. This composition represents laboratory
simulations designed to mimic the low lithium fractions typically
encountered in natural brines, where the proportion of Li+ in the
total salt content varies between 0.1% and 2%.9

The corresponding results are shown in Fig. 5 as relative
concentration changes (instead of absolute differences) for
improving data visualization. Compared with the results in
Fig. 4, LMO-soft electrodes consistently remove about 6% of Li+

during step 1 across all initial concentrations (Fig. 5C), suggesting
that the LMO-soft electrode architecture preserves its effectiveness
for Li+ separation, even under the highly asymmetric initial condi-
tions. In contrast, bare LMO captures a negligible amount of Li+.
The response of the system to Na+ is similar in both cases, with an
initial ion uptake followed by a pronounced release (Fig. 4 and 5).

4. Conclusions

This study investigates the use of LMO as a promising active
electrode material for selective lithium recovery with hybrid

electrochemical ion separation cells, and its combination with
a polyelectrolyte layer (LMO-soft electrodes). By exploiting the
intrinsic intercalation capabilities of the spinel lattice, LMO
successfully overcomes a significant constraint of conventional
capacitive deionization using AC electrodes: the limited ability
to differentiate between monovalent cations.

Voltage-dependent experiments confirmed that Li+ uptake
increases markedly with applied potential, reaching 440 mg g�1

at 1.2 V with efficiencies above 90%. The intercalation of Li+

drives the release of Na+, which initially migrated to the LMO
electrode, thereby unveiling a replacement mechanism that
directly addresses the challenge of selectivity in mixed-ion
environments. The adjustment of electrode composition led
to a reinforcement of the interplay between capacitive adsorp-
tion associated with AC and intercalation mechanisms relative
to LMO. Concurrently, low levels of activated carbon to lithium
manganese oxide (AC : LMO) ratios have been observed to
preserve Li+ intercalation and the associated Na+ displacement.

Moreover, a side result we have found by using combined
conductivity and ion chromatography measurements is a
sequential release, whereby Na+ is expelled during the zero-
voltage step and Li+ during reverse-voltage operation.

The introduction of a polyelectrolyte achieves a dual enhance-
ment in electrode stability and ion separation. While LMO-soft
demonstrated diminished uptake capacities, the coating may
improve long-term durability and reshapes ion release profiles.
Notably, these behaviors persisted under asymmetric feed com-
positions (0.5 mM Li+ + 9.5 mM Na+), selected as a laboratory
simulation for the low-lithium conditions characteristic of
brines. Despite the challenging conditions, LMO-soft electrodes
demonstrated a consistent ability to recover Li+ while facilitating
Na+ release. This finding underscores the robustness of the
intercalation–desorption sequence when Li+ is present as a
minor component within the salt mixture. This finding directly
addresses the practical motivation of developing systems suited
for realistic brine environments.

Overall, the results demonstrate the efficacy of combining
intercalation-type electrodes with functional polymer coatings
to create a versatile platform for selective lithium extraction.
The study establishes a linkage between fundamental electro-
chemical mechanisms and the pressing need for sustainable
alternatives to conventional lithium extraction. This connection

Fig. 5 (A) Relative conductivity in the uptake stage when desalting a 0.5 mM LiCl + 9.5 mM NaCl mixed solution for electrodes with LMO and LMO-soft.
Relative sodium and lithium concentration changes in steps 1 and 2 of Fig. 5A for LMO (B) and LMO-soft (C) electrodes. The cell voltage was 1.2 V.
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is achieved by integrating voltage-driven intercalation, ion repla-
cement, polymer-modulated ion release, and compositional
tuning. This integrated approach delineates a pathway toward
stable, efficient, and scalable electrochemical technologies for
lithium recovery from saline resources.
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