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e LMO/LAO (90/10) cathodes reached
highest specific capacitance: 159.6 F/g.

e MCDI system with LMO/LAO electrode
peaked at 900 pmol/g Li adsorption.

e Mixed electrode improved Li recovery
efficiency by 146 %.

o Demonstrated high Li selectivity over
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ARTICLE INFO ABSTRACT
Keywords: The increasing demand for lithium (Li), a crucial material in various industries, requires efficient recovery
Lithium recovery methods and a shift toward a circular economy. This study investigates a fast, eco-friendly technique for selective

Membrane-based capacitive deionization

(MCDD) Li recovery, emphasizing the use of innovative materials from spent Li-ion batteries (SLiBs), particularly LiM-

Spent Li-ion batteries n204(LMO)/LiAlO2(LAO)-based materials, to enhance Li’s circular economy. Conventional Li recovery methods
Gircular economy typically involve prolonged processes with chemical additives and environmental concerns, whereas electro-
LiMn,0, (LMO) chemical systems like membrane-based capacitive deionization (MCDI) offer promising high removal capacities,
regeneration ability, and scalability. However, no commercial electrochemical Li recovery system underscores
the need for continued research to improve their performance. This study employs MCDI for selective Li re-
covery, examining various electrode materials, including commercial activated carbon, LMO-based electrodes,
and modified LMO/LAO-based electrodes. The mixed LiMn,04/LiAlO, cathode exhibited high selectivity for Li*
extraction with a recovery efficiency of 83.1 %, achieving a deionization capacity of 38.15 mg/g at 1.0 V under
an initial feed concentration of 5 mM LiCl. The Li* adsorption reached 900 pmol/g, with a separation factor
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((xfj +) of 3.77 (C%fg/cﬁ = 1), setting a robust foundation for a comprehensive Li recovery framework that meets

the increasing Li demand while minimizing environmental impact.

1. Introduction

The surging demand for lithium (Li) as an essential component in
various industries, such as polymer production, electronics, energy
storage, ceramics, and lubricants, drives the need for efficient recovery
methods and a circular economy approach. As of 2016, 35 % of the
global Li supply was allocated to battery manufacturing, emphasizing
Li’s importance in emerging technologies [1]. The demand for Li-ion
batteries (LIBs) is projected to reach 25,000 tons annually, necessi-
tating innovative recovery strategies. Li resources include both liquid
(brines, seawater, wastewater) and solid (mineral ores) forms, with
liquid reserves constituting 85 % of the accessible extractable Li, totaling
1.6 M tons [2]. The global Li content in oceans is approximately 2.5 x
10'* kg, featuring an average concentration of 0.17 mg/L [3]. Among
liquid sources, high-salinity brines show the highest Li concentrations,
with geothermal brines reaching up to 15 mg/L, while Salt Lake brines
exhibit significantly higher concentrations of 1000-3000 mg/L [3].
Given the extensive use and consumption of Li, it is imperative to focus
on its efficient recovery from all viable sources using extraction tech-
nologies that are both effective and environmentally benign.

Various technologies have been employed to address the imbalance
in Li supply and demand, including solar evaporation, chemical pre-
cipitation, and solvent extraction. These methods, however, are associ-
ated with long processing times, the need for chemical additives, and
environmental impacts. In response, innovative Li recovery technologies
are being exploited, including ionic exchange [4], molecular sieve
adsorption [5,6], various membrane techniques [7,8], and electro-
chemical recovery methods [9,10]. Electrochemical systems are partic-
ularly promising for Li recovery due to their unlimited removal
capacities and scalability. These systems are noted for their superior Li
recovery capacities, selectivity, cyclic efficiency, reversibility, and
tunability [11]. Li capture in these systems is primarily facilitated by
applying a current, with the immobilization rate directly proportional to
the charge invested in the electrodes [12].

A notable innovation in this field is the membrane-based capacitive
deionization (MCDI) process, originally utilized in low-salinity water
desalination, where about 1-1.3 V is applied to capacitive electrodes to

desalinate the feed solution effectively. With the shift toward Li recov-
ery, the principle of battery operation has been adapted to enhance the
MCDI'’s application in Li extraction. This adaptation involves the inte-
gration of a faradaic intercalating electrode with anion (AEM) and
cation exchange membranes (CEM). This configuration allows for the
selective migration and capture of Li ions: Li ions pass through the CEM
and are absorbed by the intercalating electrode, while anions traverse an
AEM and accumulate at the capacitive electrode.

Shi et al. [13] were pioneers in employing MCDI for Li recovery,
utilizing a monovalent selective CEM to selectively capture Li from so-
lutions containing both Li* and Mg?". Their initial efforts achieved a Li
removal rate of 38 %, with a selectivity coefficient of 2.95 against Mg.
Further advancements in the CDI technology emphasized Li selectivity,
integrating faradaic Li-specific intercalation electrodes that often
replaced one of the traditional porous carbon electrodes, evolving into
what is known as hybrid capacitive deionization (HCDI). Recent de-
velopments in HCDI systems designed for Li recovery have seen exten-
sive experimentation with various battery-based faradaic intercalation
electrodes, including LiMny04 (LMO) [14-19], LiO-FeO-Mny03 [20], Li-
Mn-Ti-O [3,21723], LiNi0.0ggMOO‘Olenl‘gsoé‘ (LNMMO) [24], LiV04
(LVO) [25], and LiCoMnOg4 [26]. Research, as summarized in Table 1,
has predominantly focused on developing electrodes, particularly those
based on LMO, whether in their pristine form or modified. Despite these
advancements, research on CDI and MCDI technologies for Li recovery
remains relatively limited. Thus, further research is necessary to explore
the impact of feed solution characteristics, optimize current density, and
identify more efficient electrode pairs.

Building on previous studies, LMO emerges as a prominent Li
intercalation material for CDI applications due to its robust redox
properties and significant theoretical adsorption capacity. However, its
utility is somewhat curtailed by issues related to conductivity and sta-
bility. To mitigate these challenges, this study proposes the incorpora-
tion of LiAlO5 (LAO) to enhance LMO’s performance. Commonly utilized
as a conductive coating in commercially available LiBs, LAO features
excellent Li™ conductivity (3 x 10 ~° /Q cm), a high Li* diffusion co-
efficient (2.8 x 10 ~*! m?/s), and stable electrochemical properties over
a wide voltage range [27]. The integration of LAO is expected to

Table 1
Summary of studies on CDI for selective Li recovery.
Research focus Active cathode material Experimental conditions SAC (mg/g) Ref.
Initial salt conc. (mM) Flow rate (ml/min) Cell voltage (V) Operation mode

P h " AC 3.5996 10-30 0.6-1.4 - [13]
rocess enhancemen 10 ] 1 B [18]
34.37 20 1 2.415 [14]
LMO 2.5 40 3.5 8.7 [15]
2 20 0.1-2.0 1.36 [16]
LiO-FeO-Mn,03 10 67 1.23 98 [20]
CF-LNMMO 23.48 1 0.2-0.9 Contin. 14.4 [24]
LNMO 5 10 1 1.66 [21]
Electrode development LMTO 2.45 6 2 4.8 [22]
LVO/rGO 15 40 1.2 39.53 [25]
MnO,/rGO 10 10 0.9-0.7 25.47 [28]
LMO/GO 10 10 15mA/g 30.53 [29]
LCMO 10 10 1 30.53 [26]
CoP/Co304 1.17 - 0.2-0.6 37 [30]
LMO 20 - 1 Batch 159.49 [19]

LMTO Brine 67 2 Contin. 800 [31]
Process evaluation Carbon slurry 2.3 3to9 1.2 Flow - [31]
A-MnO, sieve 5-10 10 0.2-2.2 33.9 [17]1
LMTO 20 67 1.23 . 30 [32]
Membrane development AC/ZIF-8-PDA 10 20 0.5-1.5 Contin. 3 [33]
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enhance LMO’s conductivity and intercalation/deintercalation effi-
ciency, thereby improving its effectiveness as a Li intercalating electrode
in CDI. Moreover, the widespread use of both materials in LIBs un-
derscores their potential for repurposing spent LMO/LAO-based LiB
cathode materials.

This study seeks to investigate novel and efficient electrodes for
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elemental Li recovery, aiming to evaluate the feasibility of a compre-
hensive Li recovery and recycling system. This system is poised to
advance Li’s circular economy. In this context, a novel Li intercalating
electrode, combining LiAlO, with LiMn,O4, was fabricated and tested
using a simulated spent Li-ion batteries (SLiBs) cathode material in an
MCDI system for targeted Li extraction from liquid resources. This study
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Fig. 1. Synthesis procedure for CDI electrode materials: (a) LiMn,O4 (LMO) synthesized using the solid-state reaction method. (b) LiAlO, (LAO) produced via the

hydrothermal method.
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is detailed through a graphical abstract that includes a schematic of the
research methodology, along with depictions of various liquid Li sources
and their respective capturing mechanisms with a circular Li-recovery
framework.

2. Methodology
2.1. Chemicals and reagents

All chemicals used in this study were of analytical grade and used
directly as received without any further purification. Lithium chloride
(LiCl, >99.0 %), lithium hydroxide monohydrate (LiOH-H>0, 98.5 % -
101.5 %), lithium carbonate (LiCO3, >99.0 %), aluminum oxide (Al;03),
manganese(IV)-oxide (MnO,, 85-90 %), poly(vinyl chloride) (PVC),
tetrahydrofuran (THF, 99.9 %), sodium chloride (NaCl, 98.5 %), po-
tassium chloride (KCI, 98.0 %), magnesium chloride (MgCly, 98.0 %),
calcium chloride (CaCls, 90.0 %), and absolute ethanol were sourced
from Sigma-Aldrich, located in St. Louis, MO, USA. Acetylene carbon
was procured from MTI company in Richmond, California, USA. Sulfuric
acid (H2SOy4, 98 % solution) was from VWR Chemicals BDH (Leuven,
Belgium), while hydrochloric acid (HCl, 35-38 %) was purchased from
Research-lab fine chem industries in Mumbai, India. The feed solutions
for the MCDI were prepared by dissolving these chemicals in deionized
(DI) water, which was sourced from a Milli Q ultra-purification system
(type 2) with a resistivity of 18.2 MQ-cm.

2.2. Electrode fabrication

2.2.1. Synthesis of active materials

The active cathode material LiMny04 (LMO) was synthesized using
the solid-state reaction method. Initially, LIOH-H50 (1.2 g) and MnO,
(4.8 g) were combined, dry-mixed, and ground with ethanol, then air-
dried using a mortar and pestle. This mixture underwent calcination
at 700 °C for 10 h in a box furnace (Nabertherm GmbH, Germany),
heated at a rate of 10 °C/min. Following the calcination step, the
resulting material was ground, and 2.5 g of it was then acid-treated with
0.5 M HCI overnight to extract Li-ion. The resulting precipitate was
filtered, washed thrice with DI water, and centrifuged at 6000 rpm for
10 min each time. It was then dried overnight in a vacuum oven at 80 °C,
producing Li-deficient LMO. The synthesis procedure is illustrated in
Fig. 1a.

LiAlOy (LAO) was synthesized via the hydrothermal method. A
mixture of Li;COs3 (3.69 g, 0.05 mol) and Al;03 (5.09 g, 0.05 mol) was
dissolved in 100 ml of DI water and stirred vigorously for 3 h. The so-
lution was then transferred to a 500 ml Teflon liner and autoclaved at
200 °C for 18 h in a natural convection drying oven (Biobase, Biodustry).
Upon cooling, the white LiAlO, precipitate was separated, washed three
times with DI water, centrifuged at 6000 rpm for 10 min per cycle, and
dried overnight at 80 °C in a vacuum oven. The dried precipitate was
finely ground using a mortar and pestle, then annealed at 720 °C for 5 h
in a ceramic crucible in a box furnace, with a heating rate of 10 °C/min
to ensure phase purity and structural stability. Following this, the ma-
terial was treated by suspending it in 100 ml of 0.1 M HySO4 solution
overnight with continuous stirring. After filtration, washing, and drying
at 80 °C overnight, the active LAO product was obtained. The synthesis
process for this material is illustrated in Fig. 1b.

2.2.2. Electrode preparation

For this investigation, electrodes were fabricated in two sizes:
smaller electrodes measuring 3 x 2 cm? for electrochemical tests and
larger ones at 6 x 6 cm? for evaluating performance in the MCDI cell.
The electrode formulation consisted of a mass ratio of 8:1:1, comprising
active electrode cathode material, acetylene carbon, and binder. This
mixture was applied to a plain graphite sheet, serving as the substrate
and current collector. The binder was prepared by dissolving PVC in
THF. The components, including the active electrode material (LMO,
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LAO, or their combination) and acetylene carbon, were blended and
finely ground with a motor and pestle. This mixture was gradually in-
tegrated with the PVC/THF binder using a micropipette, ensuring uni-
formity through alternate magnetic stirring and ultrasonication in 30-
min intervals for optimal mixing. The resulting homogeneous paste
was then spread onto the graphite sheet and left to air-dry. The pro-
cedure was identical for the larger electrodes utilized in the MCDI setup,
employing 360 mg of the active material. The specifics of the electrode
compositions, including mass ratios used across various tests, are
detailed in Table 2.

2.3. Material characterization

The crystalline structures of the samples were examined using X-ray
diffraction (XRD) analysis, conducted on a PANalytical Empyrean X-ray
diffractometer (XRD, PANalytical Empyrean, Malvern Panalytical,
Malvern, UK), equipped with a Cu Ka X-ray source (wavelength A =
1.5406 A) set to operate at 40 kV and 30 mA. To assess the morpho-
logical and structural distribution of the fabricated powders and elec-
trodes, we employed scanning electron microscopy (SEM) equipped
with an energy dispersive X-ray (EDX) spectroscopy (SEM/EDX,
NOVANANOSEM 450, FEI Company, Hillsboro, OR, USA) and trans-
mission electron microscopy (TEM) using a FEI TECNAI G2 TEM, TF20.
Additionally, the chemical composition of the electrodes was analyzed
via X-ray photoelectron spectroscopy (XPS) using an AXIS Ultra DLD
spectrometer.

2.4. Electrochemical characterization

The electrochemical properties of the fabricated electrodes were
assessed using cyclic voltammetry (CV), galvanostatic charge/discharge
(GCD), and electrochemical impedance spectroscopy (EIS), conducted
on Gamry 5000 interface potentiostat (Gamry Instruments, Warminster,
PA, USA) within a 1 M LiCl aqueous solution. The fabricated electrode
functioned as the working electrode, with a Pt wire serving as the
counter electrode and an Ag/AgCl (saturated KCI) used as the reference
electrode. For EIS measurements, the frequency range was set from 0.01
Hz to 100 kHz, with an excitation signal amplitude of 5 mV vs. the open
circuit voltage. In the GCD tests, a constant current of +£0.1 A was
maintained, and voltage changes were recorded over a period of 1200 s.
The specific capacitance was calculated from the GCD data using the
following Eq. (1):

Table 2
Electrodes fabricated and tested in this study.
No.  Electrode Weight ratio Active Electrode
naming Active material: material size
Acytelene Carbon: PVC LMO: LAO
(mg) mass ratio
1 AC Activated carbon -
2 LMO 100:0
LMO/ LAO i
3 (90/10) 90:10
LMO/ LAO i
4 (80/20) 80:20
LMO/ LAO ) ) i 3 x2cm
5 (50/50) 120 mg: 15 mg: 15 mg 50:50
LMO/ LAO i
6 (20/80) 20:80
LMO/ LAO i
7 (10/90) 10:90
8 LAO 0:100
AC-CDI Activated carbon —
10 LMO-CDI 100:0 6 % 6 cm
LMO/ LAO- 360 mg: 45 mg: 45 mg
11 CDI 90:10
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Here, C represents the specific capacitance (F/g), I is the discharge
current, At is the time duration of the discharge in seconds, m denotes
the mass of the active material in the electrode (g), and AV is the voltage
(V) change during discharge.

2.5. Lithium extraction experiments in MCDI

2.5.1. Preparation of lab-scale MCDI unit
MCDI tests were performed using a bench-scale, flow-through system
crafted in-house. The cell was assembled by stacking electrode sheets,

(a) Cathode

v : : v :
Feed vessel v i Conductivity ¥
Outlet vessel :  probe

¥
Peristaltic
pump

MCDI cell
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membranes, and a spacer sandwiched between two acrylic plates: each
outfitted with two inlets and an outlet (1 cm in diameter) on the upper
plate. These plates secured the electrodes and membranes, forming the
cell structure. The cell’s flow channel measured 6 x 6 cm, providing an
effective ion adsorption/desorption area of 36 cm>.

During Li extraction tests, the working electrode functioned as the
cathode to attract Li ions. The cathode coating on the graphite sheet was
switched between different coatings: commercial activated carbon (AC-
CDI) (Kuraray Chemical Co., Japan), LiMn;04 (LMO-CDI), and a blend
of LiMny04/LiAlO5 (LMO\LAO-CDI). The anode consistently employed
a commercial activated carbon-coated graphite sheet. CEMs and AEMs
(ASTOM Corp., Japan) were positioned between the electrodes to filter
out divalent ions. A non-conductive nylon spacer (200 pm) ensured

AEM, CEM, and spacer

- e e <----— -l

v g
Gamry workstation Y

Data collector

Conductivity and
pH meter meter

Fig. 2. Overview of MCDI components and setup: (a) Assembly and stacking of the MCDI cell. (b) Bench-scale experimental setup for MCDI testing.
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separation of the membranes to prevent short-circuiting and facilitate
fluid movement through the cell components. Fig. 2a and b show the
assembled MCDI cell and the full bench-scale MCDI setup, respectively.
The MCDI system was connected to a feed vessel via two inlets and an
outlet channel, circulating the feed through 3 mm diameter silicon
tubing using a peristaltic pump (CARTRIDGE PUMP, Masterflex® L/S®,
model 7519-06). At the outlet, a station facilitated sample collection
and measurement of conductivity and pH with a conductivity/pH probe
(HQ14D, Hach). The electrical potential across the MCDI cell was
controlled using a potentiostat (Gamry 5000 interface). Experiments
were conducted in continuous batch mode, cycling between the Li-
containing solution and DI water for various charge/discharge cycles.

2.5.2. MCDI charge-discharge tests

Li extraction efficiency in the MCDI cell was assessed using the
following procedure: Initially, 100 ml of a 5 mM LiCl solution was
circulated at 30 rpm for 10 min using a peristaltic pump to establish a
stable flow and ensure all components were thoroughly wetted. A 10 ml
sample was then collected from the feed. The flow rate was subsequently
reduced to 10 rpm, and a + 1.0 V potential was applied to the cell for 10
min to facilitate the charging/adsorption process. After this charging
phase, the circulating solution was gathered for further analysis. Then,
50 ml of DI water was introduced into the cell at no applied voltage to
flush out residual ions from the electrode, a step repeated until the
conductivity stabilized. For Li-ion desorption from the electrodes, 50 ml
of fresh DI water was circulated for 15 min at a reverse potential of —1.0
V. A second desorption step involved a — 1.2 V potential with a new 50
ml DI water batch to ensure complete ion release. Conductivity and pH
were monitored throughout the charging and discharging phases using a
conductivity meter. This sequence constituted one complete cycle, and
the process was repeated five times (5 cycles) for each type of electrode.

Samples for Li concentration analysis were collected before and after
charging, and following each desorption stage. These samples were
analyzed using an inductively coupled plasma (ICP)-optical emission
spectrometer (OES) instrument (ICP5000 Dual View, PG Instruments,
Lutterworth, UK), calibrated with standard Li solution.

2.5.3. Evaluation methods

To evaluate the adsorption/desorption performance of both com-
mercial and fabricated electrodes, the salt adsorption amount (I') was
first calculated using:

r:vf/(co—cf)dt (2)
0

Here, I represents the salt adsorption amount (umole), V; is the flowing
solution volume (L), t is the duration (s), and Cp and C; (mM) are the ion
concentrations in the solution before and after MCDI adsorption,
respectively.

Expressed in relation to the mass of the working electrode (m), I is
given by:

Iy=——-""Vs 3

To determine the amount of Li* recovered from the source solution
per electrode mass unit, multiply I by the salt’s molecular weight and
divide by the cathode mass. This value, presented in Eq. (4), is termed as
the salt adsorption capacity (SAC) or recovery capacity (RC) in mg/g.

_ I'xMW

SAC = m x 1000

C)]
The salt adsorption rate (SAR) or recovery rate (RR) can then be

derived as:

SAC

(umole/s) =
harge tcharge

SAR =

(m'gog’1 os’l) (5)
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To determine the charge efficiency (A) of the tested electrodes, the
salt adsorption amount is divided by the charge stored in the Electrode
(X). The stored charge (Q) can be deduced from the integration of the
current (I) over the charging time, as shown in Eq. (6), followed by
converting it from Colomb (C) to moles using Faraday’s constant (F =
96,485C/mol).

Q:/fldt (6)
to

Al _(Co=C)xVyxF

z Q x MW )

The Li" removal efficiency was calculated using Eq. (8) as follows:

C

C —
(%) = % x 100 ®

0

For assessing the selectivity of the fabricated electrodes toward Li*,
the separation factor (aﬁ@) was used. it connects the electrode’s
adsorption preference for Li™ to its preference for another cation M™" (e.
g., Na®, KT, Ca", and Mg?"). The metric was derived from:

aﬁ:w _ Adsorbt1:on ran.'oLi ©
Adsorbtion ratioy
Adsorbtion ratio (M™) = CO(;) G (10)
Lastly, the specific energy consumption was evaluated using:
B Eaas [}/ Taas (£)dt + Eaeg [ Taes(0)dt an

Vv

Where E, I, and t represent voltage, current, and time, respectively. The
subscripts’ ads’ and ‘des’ signify the adsorption and desorption stages,
respectively. Additionally, V denotes the volume of water treated in one
cycle.

3. Results and discussion
3.1. Characterization of active material

Fig. 3a and c present the XRD diffraction patterns for the fabricated
Li-deficient LiMny04 and LiAlO, (LMO and LAO) active materials. These
patterns, plotting diffraction angles (26) against their intensities, show
sharp peaks for both materials, indicating their high purity and crys-
tallinity. Fig. 3a shows the XRD patterns of the LMO sample, with
distinct peaks at angles 18.67°, 36.19°, 44.00°, 58.24°, 63.98°, and
68.37°, corresponding to the (111), (311), (400), (511), (440), and
(442) crystal planes of spinel LMO. These findings are consistent with
previous literature and match the standard cubic spinel phase of LMO in
the Fd-3 m space group (ICDD:98-009-4339) [28,34,35], confirming the
material’s structure. Fig. 3b illustrates the spinel structure of LMO,
where manganese ions occupy octahedral sites surrounded by oxygen
ions, and vacancies enhance Li ion diffusion [19]. Li and Mn are posi-
tioned in tetrahedral (8a) and octahedral (16d) sites, respectively,
within a cubic oxygen framework.

Fig. 3c presents the XRD spectra for LAO, showing peaks for the
miller indices (003), (101), (012), (104), (015), (009), (107), (018), and
(110) at 20 angles of 18.71°, 37.59°, 39.22°, 45.48°, 49.35°, 58.37°,
59.30°, 65.02°, and 66.76°. These peaks indicate the presence of pri-
marily a-LiAlO, phase, along with signs of y-LiAlOj, suggesting a
mixture of these phases. Notably, a-LiAlO; exhibits a hexagonal crystal
system within the R-3 m space group (ICDD:98-002-8288), while
y-LiAlOs is characterized by a tetragonal crystal system in the P 41 21 2
space group (ICDD:98-003-0249) [27,36], as detailed in Fig. 3d.

XPS analysis was employed to analyze the chemical and elemental
compositions, including oxidation states, of LiMnyO4 and LiAlO,
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Fig. 3. X-ray diffraction (XRD) patterns and crystallographic structures: XRD patterns of prepared LiMn,O4 and LiAlO, materials (a, ¢) and crystallographic

structures of spinel LiMn,04 and LiAlO, (b, d) [36,37].

materials, as shown in Figs. 4a-c and 5a-c. The survey spectrum
(Fig. 4a) ranged from —10 V to 1350 V, using a 1 eV step size and a 100-
eV pass energy, confirming the presence of carbon (C), manganese (Mn),
and oxygen (O) in line with previous studies [28,34]. The wide-scan XPS
spectra displayed peaks for Mn 2p, O 1 s, and C 1 s at binding energies of
642.77, 530.9, and 284.86 eV, respectively, with atomic ratios of 22.67
% for Mn 2p, 58.98 % for O 1 s, and 18.36 % for C 1 s. High-resolution
core-level XPS spectra were taken with a 20 eV pass energy and a 0.1 V
step size, detailed in Fig. 4b and c. In Fig. 4b, the Mn 2p spectrum
showed two main peaks at 654 and 642.4 eV, indicating Mn 2p; » and
Mn 2p3,2 spin-orbit coupling states and a Mn oxidation state of 2+ [38].
The spin energy difference of 11.6 eV matches the characteristics of
MnO, [39]. Peaks at 641.7 eV and 643.5 eV represent Mn>* and Mn**
states, respectively. The O 1 s spectrum in Fig. 4c is deconvoluted into
peaks at 529.5, 530.9, and 533.2 eV, correlating with Mn-O, Mn-OH,
and C-O bonds [34]. The absence of a significant Li 1s signal suggests a
low Li surface concentration, confirming the intended Li-deficient state
of the LiMn,O4 electrode.

Fig. 5 illustrates the XPS spectra for the fabricated LiAlOy. The O 1 s
emission shows a notable peak at 531.26 eV, accounting for 60.91 % of
the atomic ratio, and the Al 2p peak at approximately 73.7 eV represents
22.04 atomic %. The spectrum also identifies a Li 1 s presence at 54.69
eV. The C 1 s peak, located around 284.67 eV, serves as a calibration
reference [40]. Fig. 5b and c reveal convolutions in Al 2p and O 1 s
spectra, with O 1 s peaks at 531.0 and 532.4 eV corresponding to Al-O-Al
and Al-OH bonds within the LiAlO; structure [41,42]. The primary peak
for Al at 73.7 eV, below 74.3 eV typically seen for Al,Os, verifies the
presence of LiAlO; in the sample [43].

To characterize the morphological structure of the synthesized ma-
terials, SEM and TEM analyses were performed, complemented by EDS
for elemental mapping, as presented in Figs. 4d-i and 5d-i. The SEM and

TEM images (Fig. 4d and e) depict particles with a consistent rod-like
shape, measuring approximately 2 pm in length and 500 nm in width,
consistent with those typically formed through solid-state reaction
synthesis of LiMnyO4 [44]. The elemental mapping displayed in Fig. 4f-i
shows a uniform distribution of manganese (shown in purple) and ox-
ygen (in red) across the examined sample, with mass percentages of
around 57.2 % and 34.9 %, respectively. Trace amounts such as C, Mg,
Al, and Cl were also detected.

For the LiAlO, material, depicted in Fig. 5, the morphology consists
of irregularly shaped, agglomerated particles, a common characteristic
of such materials as supported by previous studies [42,45]. TEM analysis
(Fig. 5d) reveals these agglomerates as single units, roughly 1 pm in size.
EDS mapping in Fig. 5f-i further confirms an even distribution of Al and
O throughout the sample, verifying the successful fabrication of the
LiAlO, material.

3.2. Electrochemical characterization of MCDI electrodes

The electrochemical properties of the fabricated LMO and LAO
electrodes were initially assessed using CV tests. Fig. 6a and b present
the CV profiles of LMO and LAO electrodes in 1 M LiCl and NaCl solu-
tions within a potential range of 0 to 1.1 V. The CV curve of the pure
LMO-based electrode, shown in Fig. 6a, obtained at a scan rate of 1 mV/
s, reveals two distinct reversible redox peaks at 0.76/0.60 and 1.0/0.90
V, consistent with previous findings [46,47]. These peaks reflect the
two-step reversible intercalation/de-intercalation processes of Li* ions
within the spinel LMO structure at specific lattice sites [47], represented
by the reactions:

4 ) —MnO, +Li" +e < 2 LipsMn,04 (R1)
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Fig. 4. XPS and morphological analyses of fabricated LiMn;O4: (a) a wide survey XPS spectrum, (b) high-resolution Mn 2p spectra, and (c) O 1 s spectra.
Morphological characterization of LiMny04: (d) TEM image, (e) SEM images, and (f-i) EDS elemental mapping.

2 LigsMn,04 + Li* 4 e~ < 2 LiMn, 0, (R2)

At 0.76 V, the charging process involves Li" ions migrating from the
electrolyte to the A-MnO; cathode and inserting into half of the tetra-
hedral sites marked by Li-Li interactions, leading to the formation of
LipsMnyO4 Eq. (R1). This is accompanied by a reduction of Mn from
Mn*" to Mn®* and an expansion of the crystal structure. At 0.6 V, the
additional Li ions intercalate, transforming the material to LiMn,04 and
completing the lithiation process Eq. (R2). The discharge peaks at 0.90
and 1.0 V reflect the de-intercalation of Li ions [48], leading the material
back to its original A-MnO, configuration with the oxidation of Mn>* to
Mn*" [37].

Fig. 6b shows the CV curve of LAO with prominent redox peak pairs
at 0.90/0.70 and 0.8/0.75 V, indicative of the typical two-step Li
insertion and extraction in the de-lithiated LAO structure (Eq. (R3))
[36].

AlO; +Li* < LiAlO, (R3)

Both electrode types exhibited enhanced capacitance in 1 M LiCl
compared to 1 M NaCl, suggesting superior Li* ion conductivity and
affinity in the cathode materials over Na* ions.

Fig. 6¢ shows the CV curves for both the pure and mixed LMO and
LAO electrodes along with the commercial activated carbon (AC) elec-
trode. The electrodes with varying ratios (%) of LMO to LAO (90/10, 80/
20, 50/50, 20/80, 10/90) exhibit different capacitive behaviors and

varying prominence of faradaic reaction. The pure LMO electrode dis-
plays the largest area under the curve, indicating the highest capaci-
tance, while the pure LAO electrode has the smallest. As for peak
definition, the pure LAO electrode exhibits sharper oxidation and
reduction peaks, demonstrating efficient Faradaic reactions and facili-
tated Li" intercalation/de-intercalation. Transitioning from pure LMO
to higher LAO content, there is a noticeable decrease in oxidation po-
tentials and an increase in reduction potentials, suggesting reduced
electrochemical polarization and improved redox reversibility.

To further assess and quantify the charge/discharge behavior of the
fabricated electrodes, GCD analysis was conducted using a 1 M LiCl
electrolyte solution, as depicted in Fig. 6d. The GCD profiles are ar-
ranged to provide a seamless transition from the charging to the dis-
charging phase, with each charging curve terminating at its plateau,
followed immediately by the corresponding discharge curve. From these
profiles, the specific capacitance values were calculated for each elec-
trode using Eq. (1), as shown in Fig. 6e. During the charging phase, both
the single LMO and the LMO/LAO (90/10) blend showed gradually
increasing charging curves, reaching higher potential differences of
1.79 V and 1.69 V, respectively. These values indicate superior perfor-
mance and increased capacitance compared to other electrodes, which
achieved their peak charging potentials more quickly, suggesting lower
intercalation capacities. In contrast, the AC electrode demonstrated the
smallest potential difference (1.4 V), highlighting the significant impact
of the Li" intercalation mechanism on effective charge storage and
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Fig. 5. XPS and morphological analyses of fabricated LiAlO,: (a) a wide survey XPS spectrum, (b) high-resolution Al 2p spectra, and (c) O 1 s spectra. Morphological
characterization of LiAlO,: (d) TEM image, (e) SEM images, and (f-i) EDS elemental mapping.

cation retention, as opposed to the non-Faradaic process of surface ion
adsorption.

Analysis of the GCD profiles and the calculated capacitance values
reveals that the LMO electrode demonstrated the slowest charging rate
but reached the highest peak potential. Conversely, its discharge curve
was notably short, indicating a high discharge rate, with all intercalated
ions released in around 170 s, resulting in a specific discharge capaci-
tance of about 96.15 F/g. Adding 10 % by weight of LAO enhances
discharge performance, as seen in the LMO/LAO (90/10) electrode,
which showed the longest discharge duration of 290 s, reflecting a
higher specific capacitance of 159.6 F/g than other tested electrodes.
However, increasing the proportion of LAO leads to a gradual decrease
in specific capacitance.

EIS was utilized to assess changes in impedance at the cathode-
electrolyte interface and to investigate the kinetics of Lit diffusion
within the cathode. Nyquist plots for most electrodes displayed distinct
curves with notably low resistance values across the frequency range.
These plots typically exhibit a semicircular pattern at higher frequencies
and a linear pattern at lower frequencies. An equivalent circuit, which
included constant phase elements (CPE; and CPE;) and finite Warburg
impedance, was used for analysis. As illustrated in Fig. 6f, this circuit
model helped distinguish different components of the Nyquist plot: an
ohmic resistance (Rs) at high frequencies, two semicircles at high-to-
medium frequencies representing film resistance (Rg) and charge
transfer resistance (R.y), and a sloped line at lower frequencies that
suggests Lit* diffusion within the electrode material [34]. The size of the
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Fig. 6. Electrochemical characterization of fabricated electrodes: Cyclic voltammetry (CV) curves for (a) LMO and (b) LAO in 1 M NaCl and LiCl solutions, scan rate
of 1 mV/s. (c) CV performance comparison of all tested electrodes in 1 M LiCl solution at a scan rate of 1 mV/s. (d) Charge-discharge time profiles for various tested
electrodes at a current of 0.15 A. (e) Specific capacitance correlated with the charge-discharge profiles. (f) Electrochemical impedance spectroscopy (EIS) plots and
equivalent circuits for the fabricated electrodes and AC electrodes within the frequency range of 0.01 Hz to 100 Hz.

semicircle directly reflected the Re. transfer and enhanced electrochemical performance [35]. A higher
The EIS profiles revealed a short circuit pattern with a low R for the concentration of LAO corresponded with an increase in R;. In contrast,
pure LMO electrode, while the pure LAO electrode exhibited a more the Nyquist plot for the commercial AC electrode predominantly

open circuit pattern. Electrodes with mixed components showed Rt featured a finite space Warburg impedance pattern, which differed from
values between these two, with the LMO/LAO (90/10) electrode dis- the semi-infinite Warburg impedance observed in other electrodes.
playing the lowest R, approximately 0.2 Q, suggesting efficient charge The electrochemical performance profiles emphasize the advantage
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of blending a suitable amount of LAO with LMO to enhance specific
discharge capacitance. Prior research on integrating LAO into Li-ion
battery electrodes reveals potential mechanisms behind this perfor-
mance enhancement. According to Gao, Jian, et al. [49], the ionic
conductivity of bulk LAO at room temperature is approximately 102! §
em™ !, which is a notably low value and would ideally hinder ion transfer
within the material. However, the application of a voltage bias in the
electrochemical CDI system significantly increases this conductivity by
enhancing both external Li sources (like interstitials/vacancies reser-
voirs) and charge carriers (electrons/holes) [43].

Additionally, the strategic incorporation of LAO to form a composite
with LMO enhances the Li-ion conductivity of the resulting material.
This improvement is primarily due to the growth of the LAO phase over
grain boundaries, which facilitates the movement of Li ions within these
regions, thus reducing grain boundary resistance [50]. Additional
studies, such as those by Pritee Wakudkar et al. [51], corroborate these
findings. They attributed the increased conductivity to a Li-conducting
phase at the grain boundaries, consisting of LiO4 and AlO4 tetrahedra
where Li and Al atoms occupy oxygen tetrahedral sites. These tetrahedra
share corners, forming conductivity channels to Li-ion diffusion along
the (100) and (001) directions. LAO’s ionic conductivity is associated
with structural disorder from point defects, as supported by density
functional theory (DFT), where Li ion migration occurs through Li point
defects and Frenkel defects between tetrahedra. The presence of Li va-
cancies and interstitial Li strongly influences Li conductivity [52].
Furthermore, Al incorporation from LAO into the lattice suggests that
AI®" can substitute for 3 Li" to maintain charge neutrality. This sub-
stitution leads to the creation of two additional vacancies, thereby
increasing the Li vacancy concentration and, consequently, the overall
conductivity of the material [51].

Overall, LAO acts as a conductive network within the LMO/LAO
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composite, facilitating Li-ion hopping and enhancing the kinetics of Li™
intercalation and de-intercalation in LMO. This results in improved
specific capacitance and electrochemical performance. Analysis of the
GCD profile reveals that incorporating 10 % LAO with LMO yields the
best performance, marking the optimal composition for the electrode’s
peak efficiency. Increasing the LAO content beyond this percentage
leads to a noticeable reduction in performance due to the inherently
poor conductivity of bulk alumina. Excessive LAO can obscure the active
sites in LMO, hindering the flow of Li ions and thereby reducing the
electrode’s overall electrochemical efficiency [27,40].

To further understand the impact of morphological characteristics on
the performance of the LMO/LAO (90/10) electrode, high-resolution
SEM imaging, and EDS mapping were employed, with results pre-
sented in Fig. 7. Fig. 7a displays the micrographs of the LMO/LAO (90/
10) mixed electrode, showing a densely packed pallet morphology with
an organized structure. Compared to the pure LMO electrode (Fig. 7b),
which features loosely connected granules, the addition of LAO results in
a denser microstructure with granules in close contact and minimal
voids, facilitating efficient electron migration. This denser structure is
due to the growth of the LAO phase at the grain boundaries. EDS map-
ping for Al and Mn (Fig. 7c-g) identifies distinct areas with small patches
of Al embedded among the predominant Mn atoms, which act as a
binder enhancing Li* ion migration within the composite, effectively
securing them in the material. This morphology aligns with similar
findings reported earlier [51]. The incorporation of LAO alters the
microstructure and serves as a key factor in promoting Li-ion conduc-
tivity within the composite. In each evaluated electrode, the close
interaction between the active materials and amorphous carbon forms a
robust conductive network, facilitating the transfer of both Li-ions and
electrons [41].

Fig. 7. Microscopic and elemental analysis of electrodes: (a) SEM images of LMO/LAO (90/10)-CDI electrode at magnifications(10,000 x ). (b) SEM image of LMO-
CDI electrode. (c) SEM images of LMO/LAO (90/10)-CDI electrode at magnifications (15,000 x ). (d—g) EDS elemental mapping for C, O, Mn, and Al in the LMO/LAO

(90/10)-CDI electrode.
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3.3. Test of electrodes in MCDI for Li" recovery

3.3.1. Charge/discharge performance of activated carbon and LMO
electrodes

To evaluate the Li™ capture performance in the MCDI cell, the tested
electrodes functioned as the cathode (negative electrode), with a com-
mercial activated carbon (AC) electrode used as the anode (positive
electrode). Fig. 8a—c presents the MCDI performance utilizing AC elec-
trodes as both roles, illustrating (a) the current profile (in Amperes, A),
(b) the accumulated charge on the electrode (in micromoles per grams of
active material, pmol/g), and (c) the change in concentration profile
(mM) of LiCl over three charge/discharge cycles, where AC = C¢ — Co.
Each cycle includes four phases, starting with introducing a 5 mM LiCl
solution into the cell for 10 min at a cell potential of 1.0 V during Phase 1
(Charging). In this phase, both cations (Li") and anions (Cl™) are
adsorbed into the micropores of the AC electrodes. The resulting chro-
noamperograms (Fig. 8a) show a rapid current surge, peaking at an
average of 0.039 A, followed by a gradual exponential decrease to near
zero, a pattern consistent with previous constant voltage CDI studies
[53,54]. The electrodes accumulated about 95.12 pmol/g of charge,
corresponding to a decrease in the effluent LiCl concentration by a AC of
0.43 mM, achieving a maximum Li adsorption capacity (SAC) of 4 mg/g
during the initial cycle, which diminished in subsequent cycles.

Following this, DI water was introduced to rinse any non-adsorbed Li
ions until the effluent solution’s conductivity stabilized (Phase 2:
Rinsing). Phase 3 (Discharging) involved introducing fresh DIW with a
— 1.0 V reverse cell potential, facilitating the release of adsorbed Li ions
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into the flow. A second discharge (Phase 4) employed a —1.2 V potential
to ensure all Li ions were released from the electrode voids, preparing
the system for subsequent cycles. During these discharging phases, the
accumulated charge showed a sharp initial decrease followed by an
exponential rise until stabilization. The initial significant drop in the
current discharge profile indicates rapid desorption of a large fraction of
adsorbed ions, driven by the electric field, transitioning to a gradual
increase as ion desorption becomes diffusion limited. As the system
approaches saturation, the ion release stabilizes, and the profile levels
off [16].

Subsequent investigations focused on the performance of the pure
LMO-CDI electrode to assess the impact of utilizing Li-specific inter-
calating material within the MCDI Li capturing system, with findings
presented in Fig. 8d-f (green-colored profiles). The LMO-CDI electrode
functioned as the negative cathode against a positive AC electrode in this
configuration. As shown in Fig. 8d, the current profile resembles that of
the AC-AC MCDI experiment, peaking at 0.03 A and then dropping to
—0.005 A during the second cycle. In Fig. 8e, the charge profiles reach
up to 137.5 pmol/g, significantly higher than the 96.1 pmol/g observed
for the AC electrode, and exhibit sharper rises and falls, suggesting a
greater ion adsorption and intercalation capacity within the LMO elec-
trode’s lattice. Fig. 8f shows a rapid decrease in the effluent solution’s
concentration during the initial minutes of charging, with a notable drop
of 1.89 mM in the second cycle. During the discharge step, the con-
centration stabilizes within 15 min, indicating a recovery of around
72.5 % of the previously adsorbed/intercalated ions back into the water
flow. The electrode underwent five cycles to verify the consistency of the
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charge/discharge process and the durability of the Li intercalating ma-
terial. Notably, with successive cycles, the amount of extracted Li
increased, contrasting with the declining current trend observed in
Fig. 8a. Fig. 9 illustrates the detailed mechanism of the Li* intercalation
process within the MCDI system across four repeated steps.

3.3.2. Performance of LMO/LAO mixed electrode for Li" recovery

The electrochemical analysis indicates that the LMO/LAO (90/10)
electrode outperformed others, displaying the highest specific capaci-
tance and the lowest charge transfer resistance. Thus, it was chosen for
the MCDI Li" recovery test to assess its performance and Li selectivity
within the MCDI cell. Fig. 8d-f presents the test results for the LMO/LAO
(90/10) electrode, comparing these with the pure LMO electrode under
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the same conditions. Notably, the mixed electrode significantly im-
proves both current and accumulated charge compared to the pure LMO
electrode. This increased charge correlates with a rapid decline in the
LiCl effluent concentration during the first 3 min of charging, decreasing
from 5 mM to an average of 2 mM and then moderately rising to stabilize
at around 3 mM by the end of the charge phase. Fig. 10a depicts a
detailed view of this AC-time profile, specifically highlighting the sec-
ond cycle. It illustrates a more pronounced reduction during the
charging step for the LMO/LAO (90/10) electrode compared to the pure
LMO and AC electrodes, reaching the highest adsorption amount of 900
pumol/g of active cathode material. In contrast, the LMO and AC elec-
trodes exhibited slower Li adsorption rates of 365 pmol/g and 57.7
pmol/g, respectively, as shown in Fig. 10b.
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Fig. 10c highlights the superior Li recovery performance of the mixed
electrode by comparing the SAC and SAR of each tested electrode. The
progression from AC to the pure LMO and then to the mixed electrode
shows data points ascending and moving right, indicating enhanced Li*
recovery rates and amounts. The improved charge/discharge dynamics
are attributed to including LAO, which potentially introduces a porous
or modified structure that enhances Li ion diffusion within the electrode,
thereby accelerating intercalation and de-intercalation rates [53].
Additionally, the presence of aluminum oxide acts as a conductive ad-
ditive, forming pathways for efficient electron transport and reducing
internal resistance [55]. As a result, integrating 10 % LAO with 90 %
LMO leads to a notable 146 % improvement in both SAC and SAR values
compared to the pure LMO electrode.

Fig. 10d presents various performance metrics, including charge ef-
ficiency (A), desorption efficiency (%), and Li removal efficiency. The
mixed electrode outperforms others with a charge efficiency of 96.5 %, a
Li removal efficiency of 53.2 %, and a high discharge efficiency of
around 83.1 %. Furthermore, Fig. 10d outlines the specific energy
consumption of the MCDI process, calculated using Eq. (11). This metric
covers the energy used during the adsorption and desorption steps,
excluding feed pumping energy. Energy consumption varied from 0.062
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kWh/m® for the AC electrode to 0.67 kWh/m® for the mixed electrode.
Although the mixed electrode’s energy use was slightly higher, it still
falls within the typical range for MCDI systems, which is between 0.2
and 1.5 kWh/m® [56].

Fig. 11 compares the specific adsorption capacity (SAC) of the mixed
LMO/LAO MCDI electrode for Li recovery against similar MCDI systems
from previous research (cited in Table 1). This comparison highlights
the enhanced SAC of the LMO/LAO electrode within the examined
concentration range compared to earlier results.

3.3.3. Effect of solution concentration on Li* recovery

The initial concentration of ions fed into the MCDI cell is a critical
factor in the charge-discharge process. To study this effect, a series of
charge/discharge cycles were conducted on the mixed LMO/LAO elec-
trode to investigate how varying initial LiCl concentrations affect Li*
capture efficiency. Fig. 12 presents the results of these tests across LiCl
concentrations of 1.25 mM to 20 mM. Fig. 12a displays the charge/
discharge time profiles, showing relative concentration (Cg) and con-
centration change (AC) for each initial concentration. Fig. 12b presents
the associated performance metrics, such as the amount of Li adsorption
(', pmol/g), charge efficiency (A, %), and Li removal efficiency (n;
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electrolyte conductivity at higher solution concentrations, facilitating
charge and ion transfer within the MCDI system and expediting the re-
action [20]. Lower initial concentrations show a gradual increase in
effluent concentration as charging progresses, whereas higher concen-
trations, such as 10 mM and 20 mM, demonstrate an immediate surge in
concentration difference followed by a leveling off at AC ~ 2.7 mM. This
pattern suggests a saturation point in electrosorption at these concen-
trations, beyond which no additional salt adsorption benefits from
higher ion availability due to electrode intercalation sites saturation.
This saturation point is already reached at 5 mM, where further con-
centration increases compress the electrical double layer (EDL) on the
electrode surface, reducing charge storage capability and the amount of
Li* adsorbed per charging cycle, as indicated by reduced Li* removal
and charge efficiencies at higher salt concentrations (Fig. 12b).

In order to further study the electrosorption properties of the fabri-
cated and tested LMO/LAO electrodes, Langmuir (Eq. (12)) and
Freundlich (Eq. (13)) adsorption isotherms were applied to the experi-
mental data and the results are presented in Fig. 12¢c:

KLC
. g = Gmf1Ce 12)
Removal, %0). 1+K.C.
During the charging phase, AC increases with raising initial con-
centration, correlating with a rise in I" from 364.33 pmol/g at 1.25 mM ¢ = KsC)" 13)
to 976.47 pmol/g at 20 mM. This trend is attributed to enhanced
(@) (b)
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Fig. 12. Charge/discharge performance of the LMO/LAO mixed electrode in the MCDI Li capturing system with LiCl feed concentrations of 1.25 mM, 2.5 mM, 5 mM,
10 mM, and 20 mM, featuring: (a) Profiles of relative concentration [Cg] and change in concentration [AC]. (b) Performance metrics including Li* adsorption amount
[T'], charge efficiency % [A], and Li removal efficiency % [Ny removail- (¢) Electrosorption isotherms. (d) Electrosorption kinetics for the LMO/LAO mixed electrode.
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where g, (mg/g of active material) is the equilibrium amount of LiCl
adsorbed/intercalated at the surface of the electrode and is calculated
using Eq. (2), ¢, (mg/g) denotes the maximum electrosorption capacity
for monolayer coverage, and C.(mg/L) is the equilibrium concentration
of LiCl. K (L/mg) serves as the Langmuir constant which is associated
with the enthalpy/heat of adsorption, while Kr (L/g) and n are constants
from the Freundlich isotherm, where 1/n (ranging from 0 to 1) indicates
the adsorption tendency of the adsorbate.

The Langmuir model assumes monolayer adsorption with no inter-
action between adsorbed species, ideal for evaluating heterogeneity in
adsorption energies. Conversely, the Freundlich model accommodates
surface heterogeneity and multilayer adsorption [57].

The values of various parameters and correlation coefficients for
both isotherms are summarized in Table 3. According to Fig. 12c, these
isotherm models exhibit strong correlation with the experimental data
from the LMO/LAO-based electrode. The Langmuir isotherm suggests a
maximum monolayer coverage (gn,) of 47.4 mg/g, indicating homoge-
nous adsorption energies across the electrosorption sites, while the
Freundlich isotherm yields an n value >1, implying favorable ion elec-
trosorption conditions. A closer examination of the correlation coeffi-
cient (R?) reveals that the electrosorption data align more closely with
the Langmuir model. This fit suggests that Li adsorption onto the LMO/
LAO electrode predominantly occurs as monolayer coverage. Although
the Langmuir model was originally developed for organic and inorganic
adsorption involving physical or chemical bonds on activated carbon
[58], it proves effective here for describing electrosorption. In this
process, ions adhere to the charged electrode surface through electro-
static interactions, similar to typical adsorption dynamic, affirming the
suitability of the Langmuir model for characterizing these interactions.

The kinetics of the fabricated electrode were also studied through a
series of experiments in the MCDI cell using 5 mM LiCl solution over
various charge/discharge intervals. These experiments were analyzed
using pseudo-first-order (Eq. (14)) and pseudo-second-order (Eq. (15))
adsorption kinetic models. The results, along with model-fitted plots and
parameters, are presented in Fig. 12d and Table 3. The equations for
pseudo-first-order and pseudo-second-order models are as follows:

kit
l0g(q — q) = 108 ~ 5352 a4

t 1 t
Ezb%+i (15)

where, g, and g (mg/g) are the amount of LiCl adsorbed at equilibrium
and time t (min), respectively, k; and ky are the adsorption rate con-
stants for the pseudo-first-order and the pseudo-second-order models,
respectively.

According to Fig. 12d, the equilibrium salt adsorption capacity is
observed to increase with the duration of the charge/discharge cycles.

Table 3

Parameters determined by fitting experimental data into Langmuir and
Freundlich isotherms, and pseudo-first-order and pseudo-second-order kinetic
models for the MCDI performance of the LMO/LAO electrode.

Equation Parameters Value
qm 47.428
Langmuir isotherm model g = qmK1Ce K. 0.4172
1+KC R? 0.9774
Kr 18.362
Freundlich isotherm model ge = KpCL/m n 3.4496
R? 0.8215
1
Pseudo-first-order kinetics log(g. — q) = logge — Ze 240 0‘1‘46;
model kit ! ’
2303 R? 0.9886
0.
Pseudo-second-order kinetics t 1 t de 90675
t_ 1 . ¢t k2 1.2134
model ko2
q 2qe  qe R2 0.9829
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The correlation coefficients for both models suggest they are effective in
describing the experimental data, yet, the pseudo-first-order model
shows a notably stronger fit, suggesting it more accurately reflects the
adsorption kinetics observed in these experiments.

3.3.4. Effect of competing ions on Li" recovery

A series of experiments evaluated the Li* selectivity of the mixed
LMO/LAO electrode using 5 mM single-salt solutions of LiCl, NaCl, KCI,
MgCly, and CaCl,. Fig. 13 displays the results, with Fig. 13a showing the
charge/discharge curves in terms of ion adsorption amounts (I').
Notably, Li" exhibited the highest adsorption rate, reaching a peak of
900 pmol/g at a rate of 32.4 pmol/g min (Fig. 13b), with a preference
order of Li* >Nat > Mg?" > Ca®" > K in terms of T, indicating that the
LMO/LAO-CDI electrode has high selectivity to Li*. For specific SAC and
SAR (Fig. 13b), Mg?" followed Li* closely with values of 20.58 mg/g
and 2.05 mg/g min, respectively. However, regarding charge efficiency,
Ca?* had a slightly lower value than K*, reversing their positions from
the previous I" order.

Fig. 13c presents the separation factor (aILV‘;J for the electrode
against various tested ions. Notably, the highest selectivity for Li ions
was observed against K*, with a aﬁ‘rvalue nearing 40, correlating with
the lowest salt adsorption of 70.37 pmol/g. This selectivity is attributed
to the electrode’s design, which optimizes confined void spaces partic-
ularly suited for Li, making it restrictive for larger ions like potassium.
On the other hand, the electrode’s selectivity for Li against Na™, Ca®*,
and Mngr showed competitive behavior, with values of 5.74, 5.48, and
5.25, respectively. Among these, Mg?* showed the most competitive
behavior, exhibiting the highest absorption capacity, salt adsorption
rate, and charge efficiency but the lowest Li selectivity, likely due to its
size similarity to Li™.

To assess the LMO/LAO mixed electrode’s performance in conditions
with higher concentrations of competing ions, its efficacy in recovering
Li* from synthetic brine (comprising 23.48 mM Li*, 120.83 mM Mg2*,
256.4 mM Na', 47.83 mM K', and 0.57 mM Ca?" [59]) was investi-
gated. Fig. 13d displays the adsorption results for various cations in the
synthetic brine, revealing that Li* adsorption reached 206 pmol/g,
significantly surpassing Mg>t (25 mmol/g), Na* (60 mmol/g), K* (8
mmol/g), and Ca®* (0.6 mmol/g). These findings underscore the LMO/
LAO mixed electrode’s robust selectivity for Li*, validating its potential
for Li extraction from real brine sources.

Further analysis explored the impact of co-existing Mg?" on Li*
selectivity by measuring the separation factor (aﬁ}) at various Li' to

Mg2+ ratios (1:1, 1:2, and 1:5) within a 5 mM total concentration feed
solution. The inset in Fig. 13d displays these values, showing a separa-
tion factor starting at about 5.24 at a 1:1 ratio and slightly increasing to
5.53 at a 1:5 ratio. This trend, consistent with previous studies
[28,33,60], indicates that the substantial hydration radius and strong
hydration energy of Mg+2 minimally affect Li intercalation [26], high-
lighting the electrode’s effectiveness for Li extraction from solutions
with a high Li to Mg ratio.

Table 4 further investigates the Li* selectivity against Mg?* by pre-
senting the (IIL\},;z values from various studies focused on this metric in
MCDI systems. The table lists the type of electrodes tested, the initial
ionic concentrations used, and the ”ﬁ}* at the most commonly evalu-
ated 1:1 Li* to Mg?" molar ratio. The highest aﬁ;z, of 9.2 was achieved
using pure LMO material at a relatively high initial LiCl/MgCly con-
centration of about 34.37 mM [14], although the associated salt
adsorption capacity (SAC) was relatively low at 2.42 mg/g.

A clear relationship is evident between the initial concentration of
the LiCl/MgCly mixture and the achieved aﬁéz, . As the initial concen-
tration increases, so too does the selectivity for Li* over Mg?*. This trend
prompts concerns about the practicability of using highly concentrated
feed solutions in natural Li-bearing liquid sources. For instance,
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Fig. 13. Effect of competing ions on Li" adsorption in an MCDI cell using the LMO/LAO-CDI electrode with 5 mM single-salt solutions including LiCl, NaCl, KCI,
MgCl,, and CaCl,, showing: (a) Adsorption amount [I'] for each ion, (b) Charge efficiency % [Al, salt adsorption capacity [SAC], and salt adsorption rate [SAR] for
various ions, (c) Separation factors of Li" relative to other ions (aLA}L ). (d) Adsorption amounts of various ions in synthetic brine, along with aﬁéh values at different

Li* to Mg®" ratios.

Table 4
Comparative analysis of Li recovery in MCDI processes focused on selectivity
i+
@),
Active Initial Flow SAC ali’ Li: year Ref.
Mg+
cathode saltconc.  rate (mg/ Mg
material (mM) (ml/ g) Mol
min) ratio
LMO 34.37 20 2.415 9.2 1:1 2017 [14]
LMO/GO 10 10 30.53 7 1:1 2023 [29]
MnOy/ 10 10 25.47 6.8 1:1 2022 [28]
1GO
LMO/LAO 5 10 38.15 5.25 1:1 2024 This
study
LNMO 5 10 1.66 5.2 1:1 2021 [21]
LCMO 10 10 30.53 3.5 1:1 2023 [26]
ACw/ 3.5996 10 _ 2.95 1:1 2019 [13]
MSCDI
A-MnO, 10 10 33.9 0.583 1:1 2021 [17]
sieve
AC/ZIF-8- 10 20 3 0.28 n.a. 2023 [33]
PDA

geothermal brines typically contain Li concentrations between 10 and
20 mg/L (1.44-2.88 mM) [9], while seawater holds vast Li reserves
estimated at 230 billion tons [61] but features a very low Li concen-
tration of about 0.17 mg/L [3]. Concentrations in seawater reverse
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osmosis (SWRO) brines typically range from about 0.2 mg/L to 0.3 mg/L
[62], emphasizing the challenge of achieving high selectivity and SAC in
MCDI systems when handling complex feed solutions at lower concen-
trations. As a result, recent studies have aimed to reduce the initial
concentrations to around 10 mM, still maintaining effective aﬁ;u and
SAC levels. For example, employing graphene oxide (GO) treated LMO
at an initial concentration of 10 mM led to a high SAC of 30.53 mg/g and
a selectivity of 7.0 [29].

Addressing the challenge of lower feed concentrations, this study
used an initial 5 mM LiCl/MgCl, mixture, achieving a respectable aﬁ .

of 5.25. Although this is slightly lower than values from studies using 10
mM, it remains comparable given the 50 % reduction in initial con-
centration. Similarly, an LNMO electrode [21] used in MCDI with a 5
mM initial concentration exhibited a selectivity of about 5.2 but a much
lower SAC of around 1.66 mg/g. In contrast, this study reached an SAC
of 38.15 mg/g, significantly enhancing the overall performance of Li
recovery.

3.3.5. Stability of LMO/LAO mixed electrode in MCDI

The stability of the LMO/LAO mixed electrode was examined
through 20 consecutive charge/discharge cycles in an MCDI setup using
a 5 mM LiCl solution. Fig. 14a displays the current-time profiles of these
cycles, which indicate minimal decay in capacitive performance. This
slight degradation may be due to natural blocking or fouling by con-
taminants and precipitated salts, which can obscure active sights on the
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Fig. 14. (a) Cyclic performance of the LMO/LAO mixed electrode in MCDI using a 5 mM LiCl solution. (b) XRD spectra of the LMO/LAO mixed electrode before and
after 20 charge/discharge cycles. (c and d) SEM image of LMO/LAO mixed electrode after 20 consicutive cycles. EDS elemental mapping of C (e), Mn (f), O (g), and

Al (h).

electrode’s surface and reduce its ion adsorption capacity in subsequent
cycles. Nevertheless, XRD analysis of the fabricated electrode before and
after 20 cycles reveals a stable crystalline structure without significant
changes (Fig. 14b), indicating that the volume changes associated with
Li* insertion and de-insertion are reversible. Additionally, SEM images
of the electrode post-testing, including after exposure to simulated brine
solution, confirm its structural stability with negligible morphological
alterations. As depicted in Fig. 14c, the compact structure of the elec-
trode remains intact, showing no visible degradation of its LMO and LAO
components. Elemental mapping of key constituents (Mn, Al, C, O)
further corroborates this finding, as shown in Fig. 14 e-h, highlighting
the electrode’s resilience and potential for long-term operational sta-
bility in MCDI applications.

4. Conclusion

This study explored the development of new and efficient electrodes
for elemental Li recovery, investigating the potential applicability of a
comprehensive Li recovery and recycling system to enhance the circular
economy of Li. Selective Li intercalating electrodes were fabricated
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using simulated spent Li-ion battery (SLiB) cathode materials based on
LiMny04/LiAlO; mixtures. These electrodes were employed in a
membrane-based capacitive deionization (MCDI) system for the selec-
tive recovery of Li. The main conclusions from this study include:

e XRD, XPS, and SEM analyses confirmed the successful fabrication of
phase-pure de-lithiated LiMnyO4 (LMO) and LiAlO, (LAO) active
cathode materials.

e Various cathodes with different LMO to LAO ratios were synthesized,

and electrochemical assessments via CV, GCD, and EIS tests showed

improved performance and specific capacitance, particularly with

10 % LAO incorporated into LMO. The LMO/LAO (90/10) electrode

exhibited the longest discharge time of 290 s, indicating the highest

specific capacitance (159.6 F/g) among the electrodes tested.

In the MCDI system, the charge/discharge performance of the LMO/

LAO (90/10) electrode achieved the highest adsorption capacity of

900 pmol/g, outperforming LMO and AC electrodes, which recorded

capacities of 365.0 pmol/g and 57.7 pmol/g, respectively.

e The inclusion of 10 % LAO to 90 % LMO resulted in a substantial
enhancement of about 146 % in specific adsorption capacity (SAC)
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and salt adsorption rate (SAR), reaching values of 38.15 mg/g and
90.0 pmol/g-min, respectively. The mixed electrode demonstrated
superior performance metrics, including a charge efficiency of 96.5
%, a Li removal efficiency of 67 %, and a high discharge efficiency of
around 83.13 %.
e The improved charge/discharge performance of the mixed LMO/
LAO electrode is attributed to the LAO’s contribution to forming a
porous structure that enhances Li ion diffusion, accelerates
intercalation/de-intercalation processes, and reduces internal resis-
tance through the conductive properties of aluminum oxide.
The LMO/LAO-CDI electrode demonstrated substantial selectivity
for Li", with an adsorption rate of 720.2 pmol/g, significantly higher
than other competing ions, confirming a preference order of Li* >
Nat > Mg?" > Ca?t > K*. The study also highlighted the minimal
impact of Mg?" on Lit intercalation, emphasizing the electrode’s
efficacy for selective Li extraction from sources with a high Mg?*/Li*
ratio.
Comparative analysis with previous research on MCDI Li" capture
systems indicated that the LMO/LAO mixed electrode surpassed
other studies within the tested concentration range. Moreover,
compared to previous CDI studies, the system maintained a low
specific energy consumption of 0.67 kWh,/m?>.
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