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ABSTRACT: The demand for lithium production has seen a
significant rise, with the growing electric vehicle and stationary
battery markets requiring further development of sustainable and
scalable extraction methods. Direct lithium extraction technologies
have been developed to address potential shortages, with
adsorption emerging as a key method due to its efficiency and
low environmental impact. Given that Al(OH)3 is already utilized
as an adsorbent in various industrial applications, the practical
importance of Al-based alternative systems for lithium ion
extraction is increasing, yet lithium ion recovery requires harsh
chemicals. In this study, we report a novel lithium extraction
method combining chemical adsorption and electrochemical
release using a synthesized aluminum layered double hydroxide
(Al-LDH) material, developed under mild reaction conditions. The performance of the Al-LDH electrode was evaluated against a
commercial Al(OH)3 adsorbent. Comprehensive characterization using techniques such as X-ray diffraction, Fourier-transform
infrared spectroscopy, and scanning electron microscopy revealed detailed insights into the crystalline structure, particle size
distribution, and surface morphology of the materials. The Al-LDH electrode exhibited a lithium ion adsorption capacity, achieving
an average chemical uptake of lithium ions of 57.6 mg/g. In contrast, lithium-ion uptake capacity for Al(OH)3 was 1.0 mg/g over 15
cycles. Notably, this method operates under pH-neutral conditions, eliminating the need for harsh acidic or basic eluents. As a result,
it prevents structural degradation and minimizes secondary pollution for potential future applications of lithium-ion recovery. The
material’s layered structure selectively allowed lithium ion intake while blocking sodium ions, demonstrating its high selectivity and
utility in lithium ion recovery processes. The integration of pH-neutral regeneration and high selectivity shows that Al-LDH
electrodes as viable candidates for next-generation, green lithium extraction technologies.
KEYWORDS: aluminum-layered double hydroxide, electrochemical regeneration, lithium ion recovery, selective adsorption, ion separation,
lithium-ion extraction, intercalation materials

1. INTRODUCTION
The demand for lithium, strongly driven by battery production,
is increasing from 32,000 tons in 2012 to a range of 850,000 to
1,200,000 tons by 2050.1 Recent reports show a 23% annual
rise in lithium production, which climbed from 146,000 tons in
2022 to roughly 180,000 tons in 2023.2 The production of
electric vehicles is a significant driving force for the growing
demand for lithium-ion batteries.3,4 Around 14 million electric
vehicles (EV) were purchased in 2023, and the global sales are
projected to reach 17 million in 2024.3 Favorable policies, in
addition to more positive consumer perception of electric
mobility, are expected to further bolster EV sales to more than
40 million units by 2030.3 Accordingly, investment in electric
vehicles and battery manufacturing has risen to around 500
billion USD.3 The corresponding increase in lithium
consumption may deplete the currently available lithium
resources,4,5 which come primarily in the form of lithium

carbonate (Li2CO3), lithium oxide (Li2O), lithium hydroxide
(LiOH), and spodumene (LiAlSi2O6) extracted from con-
tinental brines (Li2CO3) and hard-rock minerals (Li2O, LiOH,
and spodumene).4

The rising demand for lithium and its forecasted scarcity
from the most common sources (such as hard-rock minerals
and brines) necessitate the development of efficient methods
for removing lithium from the environment.6 Numerous
commercial and laboratory-scale methods for direct lithium

Received: August 6, 2025
Revised: October 23, 2025
Accepted: October 24, 2025
Published: October 31, 2025

Research Articlepubs.acs.org/journal/ascecg

© 2025 The Authors. Published by
American Chemical Society

19218
https://doi.org/10.1021/acssuschemeng.5c08261

ACS Sustainable Chem. Eng. 2025, 13, 19218−19228

This article is licensed under CC-BY 4.0

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 S

A
A

R
L

A
N

D
 o

n 
Fe

br
ua

ry
 2

4,
 2

02
6 

at
 0

9:
03

:1
0 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cansu+Ko%CC%88k"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pablo+Vega+Herna%CC%81ndez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jean+G.+A.+Ruthes"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Oliver+Janka"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Antje+Quade"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Volker+Presser"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acssuschemeng.5c08261&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.5c08261?ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.5c08261?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.5c08261?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.5c08261?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.5c08261?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/ascecg/13/44?ref=pdf
https://pubs.acs.org/toc/ascecg/13/44?ref=pdf
https://pubs.acs.org/toc/ascecg/13/44?ref=pdf
https://pubs.acs.org/toc/ascecg/13/44?ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acssuschemeng.5c08261?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/journal/ascecg?ref=pdf
https://pubs.acs.org/journal/ascecg?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


extraction (DLE) exist, including evaporation, direct precip-
itation, membrane processes, solvent extraction, sorption, and
ion exchange.7,8 But these methods are hindered by high
chemical consumption, cost, and scalability, and environmental
impacts such as soil and water contamination, higher energy
demands.9 It is important to prioritize the efficient and
environmentally friendly recovery of lithium.10,11

Among the various DLE technologies, adsorption is
distinguished as the most advanced method, currently at
technology readiness level (TRL) 9/9, due to its high
theoretical lithium uptake capacity and low energy con-
sumption.7,12 Adsorption serves as a cost-effective technique
for recovering lithium ions by selectively removing them from
aqueous media. This process plays a crucial role in assisting a
circular economy.13 In the sorption-based DLE process,
lithium ions are separated from complex, multi-ion aqueous
environments through the use of aluminum-based sorbents
that exhibit a high degree of selectivity for lithium ions over
other competing ions. These specialized sorbents bind lithium
ions from the solution, effectively concentrating the lithium
ions while leaving other elements behind. Once the lithium
ions have been sorbed, they are subsequently released or
desorbed by flushing the system with fresh water, which
facilitates the recovery of lithium ions in a purified form.
Sorption offers several advantages, including the absence of
hazardous chemical reagents and acids, a low environmental
impact, an extraction efficiency of over 90%, and suitability for
commercial operation.14,15

While several organic and inorganic sorbents, such as lithium
manganese oxides, titanium oxides, aluminum hydroxides, iron
oxide hydroxides, lithium iron oxide, clay minerals, and zeolites
have been examined, lithium aluminum hydroxides stand out
as particularly promising due to the structure of gibbsite-type
aluminum hydroxides (γ-Al[OH]3).1,9,16,17 These materials
offer significant advantages, including consistent adsorption
efficiency, lower production costs, simple manufacturing,
durable adsorption−desorption cycles, and easy regenera-
tion.18 Lithium ions are attracted and adhere to the surface of
gibbsite, which can occupy the central cavity of the hexagon
formed by the six aluminum atoms in gibbsite; in contrast,
larger alkaline earth metal ions are unable to do so due to steric
hindrance.7 Positively charged layers are induced when lithium
ions diffuse into these vacancies.19 Anions then intercalate into
the interlayer to maintain charge balance. Dong et al.
synthesized a porous LiAl-LDH material, intending to increase
its adsorption capacity.20 Kotsupalo et al. showed that they
obtained high stability after more than 200 cycles in a large-
scale column system (25 t) with an aluminum-based layered
adsorbent.21 Zhong et al. created two-dimensional Li/Al-LDHs
with high lithium ion selectivity via coprecipitation to adsorb
lithium ions at room temperature.22 The effect of salinity on
lithium ion adsorption by LiAl-LDHs adsorbents was studied
at various magnesium chloride concentrations to explore Li+/
Mg2+ separation.16 Results showed that increasing magnesium
chloride from 0 to 500 g/L raised lithium ion adsorption
capacity from 0.6 to 3.0 mg/g.16

However, there are environmental concerns regarding the
commonly applied methods for lithium ion release. The most
common approaches are to dispose of the saturated sorbent or
to chemically regenerate it, which generally requires a relatively
high temperature (>50 °C) and produces a lower eluate LiCl
concentration compared to ion exchange.7,23 Alternative
regeneration methods, such as electrochemically assisted

regeneration, have been proposed to circumvent the chemical
treatment of the sorbents.10,14,24,25 Electrochemical ion
separation enables energy and cost efficiency, a high extraction
rate against selective ions, and minimal maintenance
expenses.11,25,26 While the electrochemical regeneration of
ions like Sb(V) and Pb(II) has been explored in the literature,
to the best of our knowledge, no studies have investigated the
electrochemical recovery of lithium ions using aluminum-based
adsorbent.14,27

This study focuses on the room-temperature synthesis of Al-
LDH material with the goal of advancing a synthesis method to
form a material that can be used for selective electrochemical
lithium ion recovery. By leveraging the architecture of Al-based
adsorbent, we aimed to create an electrode with high lithium-
ion selectivity, thereby improving its electrochemical reversi-
bility and enhancing the critical desorption stage through a
pH-neutral washing step. Al-based adsorbents can desorb
lithium ions using pure water which creates hydration shells
that enable lithium ion release without the use of acids, thus
lowering operational expenditures by removing the need for
neutralization and waste treatment expenses.28 Unlike tradi-
tional adsorption processes that typically require high temper-
atures and acidic conditions, this is a gentle yet effective
method for achieving high lithium-ion selectivity and
maintaining the electrode’s performance in continuous
lithium-ion extraction processes. By testing the performance
under various operating conditions, we aim to understand how
process parameters influence lithium ion separation efficiency
and electrode stability. A systematic study was conducted to
evaluate the uptake-release capacity and purity performance of
the Al-LDH electrode over 15 cycles, achieved through
controlled voltage application. The findings reveal that the
Al-LDH electrode not only exhibited superior adsorption and
electrochemical release capacity but also demonstrated
enhanced selectivity for lithium ions toward sodium ions,
marking its potential as a highly effective material in this
application. In addition, the implementation of a neutral pH
washing step allowed the recovery of lithium ions that could
not be recovered during the electrochemical process. This mild
electrochemical regeneration approach eliminates the need for
corrosive eluents, strengthens the method’s environmental
compatibility, and positions Al-LDH as a promising material
for sustainable lithium-ion extraction technologies.

2. EXPERIMENTAL SECTION
2.1. Synthesis of the Al-LDH Material. Al-LDH has been

synthesized following previous work.29 0.81 g LiOH·H2O (Sigma-
Aldrich, >98.0%) and 2.4 g Al(OH)3 (Sigma-Aldrich; reagent grade)
were mixed in a two-neck flask with approximately 75 mass % of
deionized (DI) water. The mixture was saturated with argon gas and
stirred at room temperature for 48 h. Next, ion exchange was
performed by gradually introducing HCl (37% Sigma-Aldrich) at an
equivalent mole ratio to the base into the solution. The mixture was
stirred for 1−2 h to ensure completion of the reaction while
maintaining the solution’s pH above 5.5. After washing with deionized
water and overnight vacuum filtration, the sample was subsequently
ground into a granulated form.
2.2. Al-LDH Electrode Preparation. The Al-LDH electrode was

prepared by mixing the as-prepared Al-LDH material, carbon black
(Alfa Aesar, purity of 99.5 mass %), and polytetrafluoroethylene
binder (60 mass % dispersion in water, Sigma-Aldrich) with a mass
ratio of 8:1:1 in ethanol. The mixture is carefully ground to create a
uniform paste. Then, the paste was rolled into a free-standing
electrode with a thickness of 150−200 μm using a hot rolling cylinder
press (MTI HR01, MTI Corp). The Al-LDH electrode was dried at
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40 °C under vacuum overnight. Punched electrode discs with a
diameter of 26 mm were used as working electrodes.
2.3. Material Characterization. The morphology was analyzed

using scanning electron microscopy (SEM). A ZEISS GEMINI 500
microscope with an EDX detector from Oxford Instruments was used
in the experiments. The samples were ground in a mortar, fixed on the
copper foil, and transferred to the sample holder. The micrographs
were collected at an acceleration voltage of 1 kV with a 20 μm
aperture.
Transmission electron microscopy (TEM) was performed with a

2100F system (JEOL) at a voltage of 200 kV. A copper grid coated
with lacey carbon was used as the sample holder. The samples were
dispersed in ethanol via an ultrasonic bath, and then 10 μL was drop-
casted onto the grids and dried for 24 h. Phase analysis of the material
was conducted using X-ray diffraction (XRD) with a D8 Discover
diffractometer (Bruker) equipped with a copper source (Cu Kα, 40
kV, 40 mA), a VANTEC two-dimensional detector covering a 20° 2θ
angular range, a Göbel mirror, and a 1 mm point focus. The detector
was repositioned 4 times, with each measurement lasting 1000 s, to
encompass an angular range of 10−80° 2θ. All scans went through
background subtraction and were normalized to (0−1). The samples
were ground using a rotary motion in a mortar and transferred to the
sample holder.
Additional X-ray diffraction measurements were carried out at

room temperature on pulverized samples of all the compounds
discussed, using a Bruker D8-A25 Advance diffractometer operating in
Bragg−Brentano θ−θ geometry (goniometer radius: 280 mm). The
instrument employed nonmonochromatic Cu Kα1,2-radiation (λ =
154.0596 and 154.4425 pm). Diffraction data were collected over a 2θ
range of 6−130°, with a step size of 0.013° 2θ and a total acquisition
time of 1 h. A 12 μm Ni foil served as a Kβ filter, and a variable
divergence slit was installed on the primary beam side. On the
secondary beam side, a LYNXEYE detector with 192 channels was
utilized. The recorded data were evaluated using the Bruker TOPAS
5.0 software, employing both the fundamental parameter approach
and the Rietveld method.30

Raman spectroscopy was conducted using a Renishaw inVia Raman
microscope, which employed a neodymium-doped yttrium aluminum
garnet laser operating at a wavelength of 532 nm. Each sample was
placed on a glass slide, and spectra from 10 points were recorded with
a 10 s exposure time and accumulated five times. The microscope
employed a 50× magnifying lens with a numeric aperture of 0.5.
Spectra were treated by cosmic ray removal and normalized to (0−1).
The nitrogen adsorption analyses at −196 °C were carried out by

using a Quadrasorb IQ system (Anton Paar, formerly Quantach-
rome). Before each measurement, the samples were outgassed for 12
h at 100 °C under vacuum.31 The specific surface area was
determined using the Brunauer−Emmett−Teller (BET) method,
implemented through the Quadrasorb IQ software.32

Fourier-transform infrared spectroscopy (VERTEX 70v FT-IR
Spectrometer, Bruker) was used to analyze the functional groups on
the surface of the adsorbent material, including their bonding and
interactions with adsorbates. The powders were directly analyzed
under the lens without any additional modifications. The surface
groups of the material were determined within the spectral range from
400 to 4000 cm−1.
The concentration of the feed and recovery solutions was

determined with an inductively coupled plasma optical emission
spectrometer (ICP-OES, ARCOS FHX22, SPECTRO Analytical
Instruments).33 2 mL of samples were collected before and after the
experiment, and they were injected into the system with a 1 mL/min
sample flow rate. We established the connection between each ion
concentration and the corresponding ICP-OES signal intensity. The
calibration was performed with mixed ion solutions containing known
concentrations of 0.1, 0.5, 1, 2, 5, and 10 mM of LiCl, NaCl, KCl,
CaCl2, and MgCl2.
X-ray photoelectron spectroscopy (XPS) was performed with the

Kratos Axis Supra (Kratos Analytical). The photon source was a
monochromatized Al Kα line. Survey spectra were acquired with an
analysis area of 300 × 700 μm2 and 160 eV pass energy at 15 kV. The

highly resolved measured spectra were acquired using a pass energy of
10 eV at 15 mA and 15 kV for Al 2p, C 1s, and O 1s scans. All spectra
were analyzed using CasaXPS software (version 2.3.15). The peaks
were calibrated to the aliphatic component in C 1s (285.0 eV). For
measurements, the loose powders were spread onto the surface of a
small piece (5 × 5 mm2) of carbon adhesive tape.34 The flat side of a
freshly cleaned spatula was used to press the powders firmly into the
tape. After removing the loose powder from the surface of the sample
holder, the holder was inserted into the XPS load lock.
Thermogravimetric analyses (TGA) were carried out in air with a

Netzsch TG-209−1 Libra from 0 to 1000 °C at a heating rate of 10
°C/min. Five milligrams were taken from each sample and put into
the alumina crucibles (Ceramic, TG F1 Libra). Then, crucibles were
fixed to the device. Experiments have been performed in an argon
(99.9%) atmosphere.
2.4. Calculations. The sorption capacity was calculated according

to eq 1:

c c V
m

sorption capacity
( )i t=

×
(1)

where ci is the initial concentration, ct is the final concentration of the
uptake-release process, m is the mass of the sorbent, and V is the
volume of the solution.

capacity regeneration
Cation release capacity
Cation uptake capacity

100%= ×
(2)

C
C

purity 100%Li

all
= ×

(3)

where ΔCLi and ΔCall are the concentration changes of lithium ions
and all cations in the recovery solution.
The selectivity regarding the lithium-ion to sodium-ion ratio was

calculated via:

C
C

selectivity Li

Na
=

(4)

Here, ΔCLi and ΔCNa are the concentration changes of lithium and
sodium ions in the feed solution with the unit of mmol/L,
respectively.
Energy consumption was calculated according to eq 5:

E
energy consumption

cation release capacity
electrical=

(5)

where Eelectrical is the consumed electrical energy during one cycle.
2.5. Electrochemical Characterization. For electrochemical

measurements of the cell, discs were punched from the prepared Al-
LDH sheets and used as the working electrode (26 mm). An
oversized commercially available microporous activated carbon cloth
(Kynol ACC-507-10) was used as the counter electrode (26 mm) in a
flow-through electrochemical desalination cell.35 The electrodes were
separated by a few layers of glass-fiber filters (GF/A, Whatman). The
same cell setup was repeated for the Al(OH)3 electrode. The
electrodes’ capacity to store and release lithium ions was evaluated
using galvanostatic charge/discharge with potential limitation
(GCPL) of +1 to −1 V with a 2 h holding time, conducted with a
BioLogic VMP-300 potentiostat/galvanostat in a climate chamber
maintained at 25 ± 1 °C, and the pH of the solution was not adjusted.
Anion exchange membranes (Fumasep, FAS-PET-130) were used to
prevent the uptake of competing ions. The electrochemical cell
experiment proceeded in three stages, using two different solutions.
Initially, a feed solution containing 10 mM NaCl and 50 mM LiCl

was pumped through the cell for 24 h at a flow rate of 3 mL/min at
zero applied potential, allowing the electrodes to chemically adsorb
the ions. Afterward, the electrodes were rinsed for 30 min by pumping
deionized water (purified using a Millipore Milli-Q lab water system)
to remove any lithium ions and sodium ions that had not been
adsorbed into the electrode material. Finally, a recovery solution of 10
mM KCl was pumped through the cell while applying the GCPL
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technique with a current of 0.1 A/g, with a 1 V limit to the potential
difference between the electrodes. During this stage, the electrodes
were expected to release the lithium ions into the recovery solution.
Two mL of aliquots of both solutions were collected before and

after each step. These three stages constituted a cycle, and the process
was repeated 15 times to assess the electrodes’ ion storage/release
capacity. The amount of lithium ions adsorbed and released during
each cycle was determined using inductively ICP-OES. The Al-LDH

and Al(OH)3 electrodes have been analyzed through chronoamper-
ometry in 1 M LiCl solution. Measurements have been run for
approximately 14 h at 0.8 V.

3. RESULTS AND DISCUSSION
In this study, an aluminum-based layered oxide material has
been developed for the adsorption and electrochemical
regeneration of lithium. The material has been synthesized at

Figure 1. (A) X-ray diffractogram and associated Rietveld fitting of Al-LDH, (B) normalized X-ray diffractograms of Al-LDH, (C, D) scanning
electron micrographs of Al-LDH in different magnifications, and (E−H) transmission electron micrographs of Al-LDH.

Figure 2. (A) Nitrogen gas sorption isotherm of Al-LDH at −196 °C (STP: standard temperature and pressure), (B) Raman spectrum of Al-LDH,
(C) comparison of FTIR spectra of Al-LDH and Al(OH)3, (D) X-ray photoelectron spectra of Al-LDH, (E) TGA results of the Al-LDH and
Al(OH)3 in Ar atmosphere.
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room temperature, ensuring that the process was carried out
under mild and controlled conditions.
X-ray diffraction was used to prove that a crystalline material

has formed during synthesis and to clarify which compound
has formed, as the Pearson database (release 2023/2024) lists
three different structures (Figure 1A,B). Anhydrous LiAl2Cl-
(OH)6, which crystallizes in the hexagonal crystal system with
space group P63/mcm and two hydrated forms, LiAl2Cl(OH)6·
H2O and LiAl2Cl(OH)6·nH2O with n = 1.50 to 2.16.36,37

While the monohydrate crystallizes with space group P63/m
the higher hydrated forms adopt the monoclinic crystal system
with space group C2/m.38,39 According to Rietveld analysis,
the prepared compound is the monoclinic variant. The amount
of crystal water could not be refined from the collected powder
data. In addition, the preferred orientation along [001] is
observed, which is expected in view of the layered structure.
Some minor discrepancies remain between the refined model
and the collected data, which can be attributed to disorder and
partially occupied sites. A crystallite size of 8 ± 1 nm was
deduced from Rietveld fitting. The scanning and transmission
electron micrographs of the samples are shown in Figure 1C,D.
In our comparative analysis, we noted that the Al-LDH
material exhibits a distinctive sandrose-like flaky structure,
which presents an interesting contrast to the Al(OH)3
structure (Supporting Information, Figure S1A,B). This type
of structure indicates that lithium ions will penetrate the
material more effectively.20 The transmission electron micro-
graphs present in Figure 1E−H further display the sandrose-
like structure of the material, along with the overlaid

hierarchical layers, which corroborate with the scanning
electron micrographs and other reported Al-LDH materi-
als.40−42 Furthermore, the transmission electron micrographs
suggest the formation of aggregates of the Al-LDH particles
with different sizes. Micrographs indicate structures with
hollow spots, characteristic of nonrigid aggregates, which could
positively impact sorption−desorption, allowing more electro-
active sites to be reached when compared with Al(OH)3
powder (Supporting Information, Figure S1C−E).
Surface area analysis was utilized to interpret parameters

such as pore volume, specific surface area, and pore size.
Analysis showed that the material has an average BET surface
area of 60 m2/g (Figure 2A). In comparison, Al(OH)3 shows a
value of 23 m2/g for the BET specific surface area, which is
lower than that of the Al-LDH material (Supporting
Information, Figure S2). The noticeable increase in specific
surface area and pore volume indicates more accessible sites for
Faradaic reactions and double-layer formation.43 Based on the
hysteresis loops of the materials by IUPAC, the Al-LDH
material exhibits an H3 loop type.44 This type of hysteresis
loop is typically associated with nonrigid aggregates of plate-
like particles, as observed in the transmission electron
micrographs. The layered structure of Al-LDH consists of
positively charged metal hydroxide sheets with anions and
water molecules located in the interlayer spaces. This
configuration provides both high surface area and accessible
channels for lithium ions to enter, interact, and be selectively
adsorbed within the structure.45

Figure 3. (A) Schematic representation of the chemical uptake, washing step, and electrochemical release process, (B) ion uptake capacity of the
Al-LDH, (C) ion uptake capacity of Al(OH)3, (D) ion release capacity of Al-LDH, and (E) ion release capacity of the Al(OH)3.
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Raman spectroscopy (Figure 2B) showed three apparent
bands from lithium-rich oxides at 351, 396, 595 cm−1.46 The
prominent vibrational mode observed at 595 cm−1 is primarily
associated with the A1g and Eg symmetries from rhombohedral
group R3m, respectively.47 Appeared peak in 1065 cm−1 is the
characteristic band for the presence of Al.48,49 A typical
bending mode ν2 near 1595 cm−1 from a single H2O molecule
and 3320−3600 cm−1 range because of the O−H stretching
band in the spectra.50,51

FTIR spectra were used to identify functional groups, with
signals in the 2990−3600 cm−1 range attributed to the
stretching vibrations of −OH groups and bands in the 1380−
1635 cm−1 range corresponding to the bending vibrations of
−OH groups. (Figure 2C).13 The bands at 538 and 990 cm−1

indicate the presence of the Al−O bond.20 The bands between
980 and 650 cm−1 can be attributed to the vibration of metal−
oxygen bonding.20 Bands typically observed around 3300−
3600 cm−1, corresponding to O−H stretching of Al(OH)3.52
The chemical composition of the samples was also studied

using XPS. According to the literature, the Al 2p signal of
Al2O3 is positioned at a binding energy (BE) of 74.1 eV.

53

However, a higher BE of 74.4 eV for Al 2p indicates the
presence of a phase consisting of aluminum and lithium ions,
which suggests the presence of the Al-LDH material (Figure
2D). Furthermore, the position of the Li 1s peak at a binding
energy of 55.3 eV corresponds to the value published by Visser
et al. for Li in Li-LDH.54 The Cl 2p peak is positioned at a
binding energy of 198.1 eV. Zhong et al. found a similar
binding energy for Cl 2p and interpreted it as indicating that
more lithium chlorides were intercalated into Li/Al-LDHs
(Figure 2D).22

Figure 2E compares the thermograms of Al-LDH and
Al(OH)3. Thermogravimetric analysis of the materials was
performed in an argon atmosphere with temperatures ranging
from 30 to 1000 °C. Al-LDH followed two steps of mass loss,
including the initial weight loss due to the decomposition of
physically adsorbed water molecules in the material.55 Our
material decomposed at around 300 °C, and the total mass loss
was 47% for the Al-LDH. The second mass loss can be
attributed to the dehydroxylation of Al−OH.56
3.1. Electrochemical Cell Performance of the Al-LDH.

The two-step process used by us to extract lithium ions is
schematically illustrated in Figure 3A. Al-LDH enables
effective lithium ion sorption due to its structure connected
through hydrogen bonds, electrostatic interactions, and van der
Waals forces.7 In the initial step, the adsorption process
involves the chemical sorption of lithium ions. The second step
involves the electrochemical desorption of lithium. This
process was conducted by first washing the electrodes with
deionized water and applying an electric charge to the
electrochemical cell. Upon charging the cell, ions sorbed by
the Al-LDH electrode are released back into the recovery
solution, facilitating the regeneration of the electrode. The
central cavities of the hexagonal Al(OH)3 structure enable the
penetration of lithium ions into the material.
The adsorption and desorption mechanisms of Al-LDH can

be represented as follows:

Vacancy Al Cl(OH) Li LiAl Cl(OH)2 6 (aq) 2 6[ ]· + [ ]+
(6)

LiAl Cl(OH) H

Vacancy Al Cl(OH) Li

2 6 (aq)

2 6 (aq)

[ ] +

[ ]· +

+

+
(7)

Here lithium ions enter the vacancies in the material structure
coordinated with chloride ions. The adsorption of lithium
occurs with charge balancing using chloride ions, while
desorption can be triggered by the external voltage that
replaces lithium ions with protons.57,58

Electrochemical recovery of lithium ions was conducted in a
solution containing 50 mM of lithium ions and 10 mM of
sodium ions. Initially, for each cycle, the solution was pumped
at a rate of 3 mL/min for 24 h to facilitate the adsorption of
cations onto the electrode surface and then flushed with
deionized (DI) water. ICP-OES showed that the uptake
capacity of the lithium ions was much higher than that of
sodium ions for the Al-LDH electrode (Figure 3B). After 15
cycles, the average uptake capacity for lithium was 57.6 mg/g,
while the average uptake capacity for sodium was 12.5 mg/g.
After pH-neutral washing, a voltage of 1 V was applied to the
electrochemical cell for 2 h to facilitate the electrochemical
release of cations. At the end of 15 cycles, the average lithium
ion release capacity was calculated as 13 mg/g. The
corresponding value for sodium ions is 3.8 mg/g (Figure 3D).
The average lithium ion uptake capacity for Al(OH)3 was

1.0 mg/g, while for sodium ions, it was 0.4 mg/g (Figure 3C).
We found that the average lithium-ion release capacity of the
Al(OH)3 was determined to be 0.6 mg/g. In contrast, the
corresponding release capacity for sodium was calculated at 0.3
mg/g (Figure 3E). Comparative analysis revealed that the
lithium ion release capacity of Al(OH)3 was notably lower than
that exhibited by the Al-LDH electrode.
To assess the relative contributions of sorption and charge

to the release capacity following 15 cycles, the cell was flushed
for 1 h with DI water after the chemical sorption stage in each
cycle. The samples from the washing solution were collected to
get back any ions that were lost during the uptake and release
processes (Supporting Information, Figure S3).
Considering the material’s high adsorption capacity and its

ability to undergo electrochemical regeneration, some ion loss
was observed, which may reflect inherent trade-offs associated
with the current system design. This loss is hypothesized to
result either from the strong retention of ions within the
material’s structure, preventing their complete electrochemical
desorption, or from modifications occurring on the electrode
surface. The binding affinity of different anions to the layered
structure varies, following the order of Hofmeister lyotropic
series: CO32− > HPO42− > HAsO42− > CrO42− > SO42− > OH−

> F− > Cl− > Br− > NO3−. XPS analysis confirmed the
presence of CO32− anions within the material’s layered
framework (Supporting Information, Figure S4).59,60 Further-
more, postexperimental XRD characterization of the electrode
suggests the formation of lithium aluminum carbonate
hydroxide hydrate (Supporting Information, Figure S5). The
high lithium ion selectivity of the layered hydroxide material
likely arises from strong electrostatic or coordinative
interactions between lithium ions and functional groups such
as OH−. These strong interactions facilitate efficient ion
capture but also increase the energy barrier for desorption,
hindering ion release. These findings indicate the possibility of
side reactions occurring during the process, as well as the
inherent tendency of the adsorbent material to retain rather
than fully release adsorbed ions. Moreover, post-mortem
scanning electron micrographs of the electrode revealed
significant structural degradation after 15 cycles (Supporting
Information, Figure S6A-B).
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The regeneration rate and purity were calculated to assess
the reversibility of the electrodes and evaluate the efficiency of
the lithium ion extraction process (Figure 4A,B). The
regeneration ratio for Al-LDH generally ranged between 10
and 40%, which is consistent with the observed uptake-release
capacity results. Despite Al-LDH demonstrating strong
adsorption performance for lithium ions, it failed to fully
release the captured ions during the electrochemical
desorption stage. This asymmetry is attributed to the strong
electrostatic interactions and coordination between lithium
ions and the layered hydroxide host framework, which
stabilizes the intercalated ions within the host framework.19

Additionally, potential structural rigidity and diffusion
limitations within the interlayer spacing may impede ion
mobility during the release phase.58 These findings suggest that
while the material is highly effective for selective lithium ion
capture, tuning interlayer spacing within the material structure
and modifying host structure flexibility may be necessary to
improve release efficiency.
The purity of Al-LDH generally ranged between 70 and 90%

and dropped to 50% in the last 3 cycles (Figure 4A). These
values were inconsistent for the unmodified material Al(OH)3
(Figure 4B). Figure 4C plots the lithium ions selectivity factor
toward sodium ions, highlighting that the selectivity factor for
the Al-LDH electrode is higher than that of the Al(OH)3
electrode. The difference can be attributed to the selective ion
transport properties of the Al-LDH electrode, in which the
vacancies generated by the deintercalation of primordial
lithium ions during the desorption process act as highly
selective active sorption sites for lithium ions.61 Unlike Al-

LDH, the AlOH3 electrode’s behavior suggests that it facilitates
the passage of both lithium ions and sodium ions. The
adsorptive nature of the Al(OH)3 electrode implies that while
it may be efficient for general ion uptake, it does not possess
the discriminative capacity necessary for lithium-ion-specific
applications. This limitation highlights the importance of
electrode composition and structure in achieving targeted ion
selectivity. The cell corresponding to Al-LDH had a higher
current compared to Al(OH)3, indicating the transport of
cations. Chronoamperometry results provide that the current
for Al−LDH is consistently higher than Al(OH)3, indicating
ongoing electrochemical activity which can be attributed to the
LDH layered structure in enabling sustained current flow,
likely due to lithium ion transport within the layers (Figure
4D).
LDHs rely primarily on electrostatic interactions between

positively charged hydroxylated layers and the exchanged
anions, with a minor contribution from the free energy
associated with hydration changes.62 This is due to the
presence of exchangeable anions and water molecules bonded
within their interlayer spaces.63 The characterization results of
Al-LDH reveal the incorporation of carbonate anions within
chloride ions in its structure. The carbonates in the LDHs
structure exhibit a selective affinity toward anions. The
substitution of chloride ions with carbonate reduces the
interlayer spacing of LDHs, thereby enhancing the binding
energy between the interlayer anions and the basal layer.11

This structural modification decreases the interlayer gaps and
improves the selectivity of the material toward elements with
small ionic diameters, such as lithium.62,64 This selective

Figure 4. (A) Regeneration and purity of recovery solution for Al-LDH, (B) regeneration and purity of recovery solution for Al(OH)3, (C)
selectivity factor comparison of the feed solutions for Al-ALH and Al(OH)3, (D) chronoamperometry measurements of Al-LDH and Al(OH)3
electrodes vs Ag/AgCl in 1 M LiCl.
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interaction with carbonates enables a more targeted and
efficient incorporation of lithium ions into the structure,
thereby enhancing the overall performance of the cell. The
layered structure of Al-LDH facilitates an optimal framework
for the intercalation of anions between the layers. This
structural arrangement preferentially permits the transport of
lithium ions.59 In contrast, the Al(OH)3 electrode does not
exhibit the same level of selectivity. Its more generalized cation
uptake behavior suggests that it lacks the specialized ion
transport mechanisms present in Al-LDH.
The Al-LDH electrode exhibited stable, low energy

consumption across cycles, averaging ∼0.5 μWh/g. In contrast,
the Al(OH)3 electrode showed significantly higher energy use,
averaging 0.03 mWh/g per lithium ion, likely due to
electrochemical inefficiencies and discharge energy losses.
Elevated consumption in the first three cycles may result from
the material’s high adsorptivity and complex electrochemical
behavior. Cyclic voltammetry in a three-electrode setup
revealed quasi-reversible behavior for Al-LDH between 0 and
−0.6 V vs Ag/AgCl (Supporting Information, Figure S6A).
Although the Al(OH)3 sorbent is not electrochemically

active, the quasi-reversible peak of the intercalated AL-LDH
material between reduction and oxidation peaks can be
associated with the insertion of lithium ions into the crystal
structure of Al(OH)3 and crystal growth of the material,
causing expansion in the hexagonal structure.14,19

Table 1 displays various sorption studies on lithium-layered
materials. The removal efficiency typically falls within the range
of 70−95%. The study indicated that the AL-LDH material
exhibited a release efficiency of 53% and an uptake efficiency of
around 74%. Although the release efficiency is relatively lower
compared to the uptake efficiency, the process is reversible,
and the electrode’s self-regeneration slows down after 15
cycles. The average regeneration ratio for the Al-LDH
electrode is 35%, significantly surpassing the 29% value
found for Al(OH)3. These results highlight the potential of
Al-LDH as a regenerable material for electrochemical lithium
ion extraction; however, further optimization is required to
overcome current limitations and fully realize its practical
applicability.

4. CONCLUSIONS
In this study, the synthesis of the Al-LDH material was
successfully carried out under mild reaction conditions,
ensuring an environmentally friendly and energy-efficient
process. Following synthesis, the Al-LDH material′s structure
has been characterized using a variety of advanced techniques
to analyze its structural, morphological, and compositional
properties. These techniques included X-ray diffraction for
phase identification, Fourier-transform infrared spectroscopy
for functional group analysis, and scanning electron micros-
copy for examining surface morphology. The characterization
results provided a comprehensive understanding of the Al-
LDH’s crystalline structure, particle size distribution, and
surface properties. Our findings reveal that the Al-LDH
electrode showcased the adsorption−desorption capacity for
lithium ions.
The two-step process, which involves chemical sorption

followed by electrochemical desorption, enabled efficient
lithium ion uptake from mixed-ion solutions, with Al-LDH
significantly outperforming unmodified Al(OH)3 in both
selectivity and capacity. The layered structure of Al-LDH
facilitated high lithium ion uptake (average of 57.6 mg/g), and
its selectivity factor toward lithium ions over sodium ions was
approximately 2.5 times higher than that of Al(OH)3. The
desorption efficiency remained comparatively lower, with an
average of 13 ± 3 mg/g of lithium ions released. This
asymmetry is attributed to the strong electrostatic and
coordinative interactions between lithium ions and the
hydroxide layers, which enhance selectivity while also
stabilizing intercalated ions and impeding their release.
Lithium ions can be recovered by the additional step of pH-
neutral washing, which is beneficial in preserving the
performance of the electrode and thereby circumventing the
dissolution damage to lithium-adsorbed adsorbents typically
caused by acidic eluents. In particular, the electrochemical
regeneration process demonstrated here proceeds under mild
conditions and does not require the use of acidic eluents,
making it both environmentally benign and operationally
advantageous.
The layered structure of the Al-LDH material plays a crucial

role by promoting the ingress of lithium ions while effectively

Table 1. Comparison of the Al−Li Layered Materials in Different Lithium Extraction Studies

material
initial lithium ion
concentration (mg/L)

lithium ion up take
capacity (mg/g)

removal of lithium
ions (%) method ref

Al(OH)3 1150 943.5 92−94 adsorption 13
Li/Al layered double hydroxides (Li/Al-
LDHs)

399 7.3 72 adsorption 22

magnetic Li/Al-LDHs doped with Fe3O4
nanoparticles (NPs)

397 5.8 adsorption 65

granulated Li/Al-LDHs and NH4Al3(OH)6 solution 1:500 solution 1:9.7 adsorption 66
solution 2:969 solution 2:9.2 66

granulated porous Li/Al-LDHs solution 1:300 solution 1:8.5 adsorption 20
solution 2:999 solution 2:11.8 20

granulated Li/Al-LDHs 1400 14.5 83 adsorption 67
Zn2+-doped Li/Al-LDHs solution 1:750 solution 1:13.1 adsorption 45

solution 2:222 solution 2:6.1 45
Li/Al-LDHs dopedwith Fe3O4 NPs 397.1 13.4 adsorption 68
LiAl-LDH beads 200−500 BLDH-P:5.3 mg/g adsorption 69

BLDH-Cl: 4.7 mg/g 69
LDH-Si-BX 10−25−50 1.7 mg/g 83% adsorption 57
Al-LDH 0.4 57.6 60 chemisorption with

electrochemical regeneration
this
work
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blocking the penetration of larger sodium ions. Selectivity
comparison of the materials highlights the significance of
electrode material choice in applications where selective
lithium ion extraction is desired. The results confirm that Al-
LDH electrodes provide a more effective and sustainable
solution in electrochemical systems, owing to their higher
release capacity and higher purity level. The findings have
promising implications for sustainable lithium ion recovery,
contributing to greener energy-storage systems and paving the
way for scalable, environmentally conscious extraction
technologies that address global demand while reducing
ecological impact.
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