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Structural Insights Into Aluminum-Doped Manganese
Dioxides as Promising Materials for Direct Lithium
Extraction: Modeling and Mechanism Study

Shuxuan Yan, Shaozhen Pei, Xiaodong Li,* Zhongyan Luo, Xiangping Chen,*
Małgorzata Szlachta, and Junhua Xu*

This study aimed to provide new insights into lithium (Li) sorption and
extraction mechanisms by systematically investigating the structure, surface
properties, and defect vacancies of both doped and undoped manganese oxide
sorbents. HMnO and Al-doped HMnO sorbents are successfully synthesized,
and their formulas and vacancy ratios are determined using X-ray diffraction
(XRD), Fourier transform infrared spectroscopy (FTIR), Raman spectroscopy,
thermal gravimetric analysis (TGA), X-ray photoelectron spectroscopy (XPS),
and inductively coupled plasma-atomic emission spectroscopy (ICP-AES)
characterization. Among the materials tested, HMO-2.5Al exhibited the
best performance in batch sorption experiments, enhancing Li+ sorption to
44.49 mg g−1 and reducing Mn loss to 3.38%. HMO-2.5Al also demonstrated
exceptional lithium selectivity in the simulated brine test, with separation
factors of 𝜶Li

Ca, 𝜶Li
Na, 𝜶Li

K and 𝜶
Li

Mg being 3.33, 353.08, 1327.44, and 6552.76,
respectively. The sorbent displayed sustained durability before and after
five cycles of sorption-desorption. The ion exchange-surface complexation
model is employed to investigate the titration behavior, pH effects,
and sorption isotherms, providing insights into the mechanism underlying
Li+ sorption. A two-stage sorption mechanism is proposed, involving
a surface ion exchange reaction and a surface complexation reaction. Overall,
the synthesized HMO-2.5Al sorbents demonstrate significant potential for
direct lithium extraction from solutions with high concentrations of coexisting
ions and contribute a novel mechanism to the field of lithium extraction study.

1. Introduction

Lithium is the lightest metal element and has a wide range of
applications in various fields, including lithium-ion batteries,
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nuclear power, and aerospace
materials.[1,2] Lithium resources are
commonly found in brines, seawater,
clays, and ores.[3] Previous studies on
the global geographic distribution of
lithium resources have reported that
61.8% of verified lithium resources
exist in brines and 25% in minerals.[3]

Lithium extraction from salt lakes,
geothermal brines, and seawater has
increasingly emerged as a vital source
of lithium due to their abundance.
However, the extraction process from
such complex brines often involves high
concentrations of coexisting ions, includ-
ing sodium, potassium, magnesium,
and calcium, which present significant
challenges to the industrialization of
lithium-selective recovery processes.

Recently, lithium extraction from
aqueous resources has been inves-
tigated using numerous techniques,
such as precipitation,[4–6] solvent
extraction,[7,8] membrane separation,[9]

and sorption.[10,11] However, the devel-
opment of feasible and environmentally
sustainable extraction methods from
brines remains a significant challenge.

Among the emerging techniques, direct lithium extraction (DLE)
is notable for its practical and environmental benefits. In con-
trast to conventional methods using evaporative techniques,
DLE enhances both lithium recovery rates and purity while
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requiring fewer chemical reagents.[12] Inorganic ion exchangers
used in DLE are recognized as promising sorbents for lithium
sorption and purification due to their high selectivity, stability at
elevated temperatures, and resistance to ionizing radiation.[13–15]

Manganese-based ion sieves are more attractive adsorbents be-
cause of their high selectivity, high recovery, low cost, and rapid
sorption rates.[1] Manganese ion sieves have a unique spinel cu-
bic crystal structure and 3D mesh channels with structural sta-
bility during the sorption and desorption of Li.+[16] For exam-
ple, LiMn2O4,[17,18] Li4Mn5O12,[19,20] and Li1.6Mn1.6O4

[21,22] are the
most commonly used manganese-based ion sieves. However, in
the process of lithium extraction, manganese has been found to
gradually dissolve into a solution, which may significantly reduce
the Li+ sorption capacity of manganese oxide compounds after
several applied cycles.[23–25]

In order to overcome this problem, doping strategies have
been applied to manganese-based ion sieves, because exogenous
ions can increase the average chemical valence of Mn in an LMO
spinel, thus reducing the Mn3+ content, inhibiting the Jahn–
Teller effect, or enhancing the octahedral chemical bonding.[26]

Qian et al.[27,28] doped Fe3+, Co2+, and Al3+ into Li1.6Mn1.6O4,
which increased the Li sorption capacity from 32.3 mg g−1 to 35.3,
35.4, and 40.9 mg g−1, respectively, with the Mn dissolution re-
duced from 5.4% to 3.95%, 4.42%, and 2.1%. Chen et al.[29] syn-
thesized Al-doped LiAlxMn2-xO4 using a hydrothermal method,
achieving a sorption capacity of 26.38 mg g−1 for the doped sor-
bent compared to 31.7 m g−1 for the undoped sorbent. In terms
of dissolution loss, Mn dissolution in the lithium-containing
solution was 2.75% for the doped sorbent and 5.53% for the
undoped sorbent. Wang et al.[16] synthesized zirconium-coated
Li1.6Mn1.6O4 using a solid-phase combustion method, achieving
a sorption capacity of 25.96 mg g−1 compared to 28.88 mg g−1 for
the undoped material. The Mn dissolution loss was 0.349% for
the zirconium-coated sorbent, significantly lower than the 0.89%
observed for the undoped one. Gao et al.[30] synthesized magnet-
ically recoverable iron-doped lithium-ion sieve LiMn2-xFexO4 us-
ing a solid-phase method, with the sorption capacity of the un-
doped HMO during the sorption–desorption cycle ranging from
34.8 to 17.5 mg g−1, and the doped sorption capacity ranging from
30.8 to 20.5 mg g−1, while the dissolution loss of Mn decreased
from 2.48% to 0.51% after doping.

Recent studies have increasingly focused on understanding
the extraction mechanisms of manganese oxide-based sorbents
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in the lithium extraction process. Hunter et al.[31] proposed a
redox mechanism, suggesting that Mn3+ undergoes dispropor-
tionation into Mn2+ and Mn4+ during the extraction process. In
this process, Mn4+ remains within the spinel structure, form-
ing 𝜆-MnO2 and preserving the crystal lattice, while Mn2+ dis-
solves in the solution. Shen et al.,[32] on the other hand, proposed
an ion exchange mechanism, whereby Li+ and H+ ions are ex-
changed on the ion sieve sorbents. In addition, the formation of
oxygen vacancies in manganese oxides during synthesis is often
unavoidable.[33] These vacancies, especially after metal doping,
can significantly influence the extraction mechanism. Under-
standing how these vacancies affect the lithium extraction pro-
cess is a promising area for future research. To this end, further
investigations integrating synthesis, sorption experiments, and
modeling will be essential in elucidating the underlying mech-
anism. In this study, sorbent synthesis, batch sorption experi-
ments, and model development were integrated to explore the
mechanism of Li sorption and extraction. First, Li1.6Mn1.6O4 and
Li, Al co-doped Li1.6Mn1.6O4 were prepared using a hydrother-
mal reaction calcination method, and second, the effects of differ-
ent Li, Al doping contents on the phase composition, dissolution
loss, and sorption properties were systematically investigated to
determine the optimal preparation and sorption conditions. Fur-
thermore, a series of batch sorption experiments were system-
atically carried out to investigate the sorption performance and
properties of Li, Al co-doped Li1.6Mn1.6O4. The lithium-ion sorp-
tion selectivity and cycling performance were tested in a simu-
lated brine solution. Additionally, a sorption-surface complexa-
tion model was developed, utilizing a coupling technique that in-
tegrated PHREEQC with Python for in-depth analysis of titration,
pH effects, and sorption isotherms. Finally, a novel mechanism
was proposed for Li+ sorption and extraction by synthesized Li,
Al co-doped Li1.6Mn1.6O4.

2. Results and Discussion

2.1. Structural Analysis

The crystal structures of synthesized LMO and Al-doped LMO
were analyzed by XRD (Figure 1). The XRD patterns of the ma-
terials indicated that the crystal structure was identical to that
of orthorhombic LiMnO2 (JCPDS NO. 35–0749; Figure 1a). The
XRD patterns of different LMO and Al-doped LMO powders are
displayed in Figure 1b. The main diffraction peaks of the sam-
ples were 18.80°, 36.56°, 38.27°, 44.53°, 48.68°, 58.93°, 64.68°,
and 68.03°, corresponding to eight crystal planes of (111), (311),
(222), (400), (331), (511), (440), and (531), respectively. The sharp
diffraction peaks indicate good crystallinity, which is indexed to
the spinel structure of Li1.6Mn1.6O4 and a face-centered cubic sys-
tem (Fd-3m) (JCPDS NO.52-1841). The distinct diffraction peaks
of the synthesized materials indicate that Li1.6Mn1.6O4 possesses
high crystallinity. A slight shift in the diffraction peak positions
of (111), (400), and (410) toward higher 2𝜃 values was observed in
LMO-10Al, with a higher Al content. This shift can be attributed
to the partial substitution of Al3+, whose ionic radius (0.61 Å) is
smaller than that of Mn3+ (0.66 Å) and Mn4+ (0.62 Å)[29,34] Fur-
thermore, as illustrated in Figure S1 (Supporting Information),
there was a gradual decrease in the lattice constant with an in-
crease in the Al doping content, which confirmed that the peak
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Figure 1. XRD patterns of the obtained materials: a) LiMnO2 and b) LMO, LMO-2.5Al, LMO-5Al, and LMO-10Al; c) HMO, HMO-2.5Al, HMO-5Al, and
HMO-10Al; d, e, f) SEM and TEM images of LMO and LMO-Al; g) FTIR spectra of H-type HMO and HMO-Al; h) Raman spectra of H-type HMO and
HMO-Al; i) TG-DTA curves of H-type HMO and HMO-Al.

position is slightly shifted to higher 2𝜃 values after doping. The
H-type HMO and Al-doped HMO were obtained by acid pickling
with 0.1 M HNO3. Their XRD patterns were consistent with those
of LMO and Al-doped LMO, except for a slight shift in the (440)
peaks, which may be due to the replacement of Li by H in the
structure. The morphologies of LMO and Al-doped LMO samples
are presented in Figure 1d–f. The prepared LMO nanoparticles
were aggregated as microspheres with a diameter of ≈200 nm
(Figure 1e). Figure 1d displays field emission transmission elec-
tron microscopy (FESEM) images of Al-doped LMO, revealing

that it retained the structural integrity of the microspheres with-
out noticeable distortion. The elemental mapping of O, Mn, and
Al in the LMO-2.5Al sample demonstrated an even distribution
(Figure S2a, Supporting Information). While the doped adsor-
bent exhibited a morphology similar to that of LMO, the particle
size of the aggregated microspheres decreased as the amount of
doped Al increased. Energy-dispersive X-ray spectroscopy (EDS)
revealed that the distribution of Al increases as a function of
the amount of Al doping (Figure S2b–d, Supporting Informa-
tion). As illustrated in Figures 1e–f, the outer surface of Al-doped
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Figure 2. a) Nitrogen sorption–desorption isotherm of LMO and LMO-Al; XPS spectra of the synthesized LMO and LMO-Al: b) full XPS spectra, c) Mn
XPS spectra, and d) O1s spectra of H-type HMO and HMO-Al; e) Al 2p of HMO-Al spectra; f) Change in the ratio of Mn3+ to Mn4+; g) The proposed
mechanism of acid pickling between Al-doped LMO and Al-doped HMO.

LMO is covered by an amorphous layer, indicated by the yellow
line. The thickness of this layer is ≈2–3 nm, which indicates that
the surface of Al-doped LMO had been successfully coated with
a metal oxide layer. This coating is very thin and consists of a
monolayer, which can provide an effective protective layer for
the spinel particles. The high resolution scanning electron mi-
croscopy (HRTEM) images reveal the existence of similar lattice
stripes on the surface of and inside LMO and Al-doped LMO. The
metal oxide layer can inhibit the dissolution of manganese by pre-
venting the direct contact of lithium-manganese oxides with the
pickling solution.[35] The HRTEM images display distinct dot pat-
tern streaks. The (111) intergranular surface of the space group
Fd-3m of LMO (0.470 nm) is larger than that of LMO-Al (0.428,
0.384, 0.325 nm), which is consistent with the results of the lattice
constants in Figure 1c.

Figure 1g displays the FTIR patterns of HMO and Al-doped
HMO. The peaks at 2351 cm−1 indicate the stretching vibration
of CO3

2−, which might be due to the measurement process be-
ing conducted in air, resulting in exposure to CO2.[36] The peaks
at 1536 cm−1 are suggested to be the O–H band in HMO, HMO-

2.5Al, HMO-5Al, and HMO-10Al.[10,37] The peak at 870 cm−1 is
ascribed to the Li–O band.[27] The peaks at 518 cm−1 result from
the Mn(III)-O band and the peaks at 604 cm−1 result from the
Mn(IV)-O band of [MnO6] groups.[38,39] With an increase in the
amount of Al doping, the peaks shift toward the right. It is no-
table that the intensity of the Mn(III)-O band increased, while
that of the Mn(IV)-O band decreased. This phenomenon indi-
cates that the proportion of Mn(VI) increases and the propor-
tion of Mn(III) decreases with an increase in the amount of Al
doping. In addition, Raman spectroscopy was performed for the
synthesized materials and is presented in Figure 1h. The syn-
thesized HMO and Al-doped HMO exhibited high wavenum-
ber (608 to 640 cm−1) Raman bands attributed to Mn–O stretch-
ing vibrations.[40] Thus, the confirmation of [MnO6] groups be-
fore and after Al doping implies the excellent stability of the
[MnO6] octahedron,[41] which is consistent with the XRD results
(Figure 2b).

To better understand the thermal stability of the synthe-
sized HMO, HMO-2.5Al, HMO-5Al, and HMO-10Al, TGA was
conducted. As illustrated in Figure 1i, the TG curves of the
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synthesized materials displayed endothermic peaks with weight
loss in the range of 139 to 164 °C (Figure S3a–d, Support-
ing Information), corresponding to the evaporation of absorbed
water.[42] The exothermic peaks with weight loss in the range
of 285 to 361 °C can be ascribed to the evaporation of hy-
droxyl groups with the transformation from spinel to 𝛽-MnO2.[10]

The large endothermic peak with weight loss in the range of
478 to 497 °C was due to the transformation from 𝛽-MnO2 to
the more stable 𝛼-Mn2O3 phase, accompanied by the dissipa-
tion of oxygen gas.[10] When the temperature reached 800 °C,
Mn2O3 transformed to MnO, with another stage of weight loss
occurring.[43]

The surface properties of the synthesized LMO and Al-doped
LMO were evaluated through Brunauer-Emmett-Teller (BET) and
XPS analysis. The specific surface area and pore size of the syn-
thesized LMO, LMO-2.5Al, LMO-5Al, and LMO-10Al were ana-
lyzed from the N2 sorption isotherm in Figures 2a and S4a–d
(Supporting Information). The sorption curves were of type III
in the isotherm classification by Brunauer, which is equivalent
to a single multilayer reversible sorption process occurring on
nonporous or microporous solids.[44,45] Among the four mate-
rials, LMO-2.5Al possessed the highest specific surface area of
17.21 m2 g−1 and a total pore volume of 0.052 cm3 g−1. In the-
ory, LMO-2.5Al has more sorption sites than the other synthe-
sized materials, suggesting a higher lithium sorption capacity
(Table S1, Supporting Information).

The XPS full spectra of LMO and Al-doped LMO are presented
in Figure 2b. The characteristic peaks of the elements C, O, Mn,
Al, and Li appeared in the range of 835–0 eV. The main bind-
ing energies of Mn2p, O1s, and Al2p at 642.2–643.1, 73.9, and
53.5 eV are ascribed to Mn3+/Mn4+, Al3+, and Li+, respectively
(Figure 2b–d).[46,47] The Al2p peaks were observed in the range
of 72–76 eV in the Al-doped LMO samples (Figure 2e). The peak
intensity increased with an increase in Al doping, indicating an
increase in the Al content on the adsorbent surface. In addition,
the proportion of Mn4+ increased with an increase in the amount
of Al doping (Figure 2f; Table S2, Supporting Information). The
suggested reason is that Mn was replaced by Al at 16d sites in the
HMO cubic structure, thereby increasing the average valence of
Mn.[27] The ratio of Mn4+/Mn3+ increased with an increase in the
amount of Al doping, which can effectively reduce the dissolution
of Mn from HMO-Al. However, excessive Al doping may modify
the lattice constant, resulting in the disordering of cations in the
crystal structure and aggravating the dissolution loss of Mn.[48]

Thus, increasing Al doping to an optimal level raises the con-
centration of -OH groups, thereby providing additional sorption
sites.

Based on the XPS data, XRD, Raman spectroscopy, FTIR, and
microwave digestion results, as well as the defection and vacancy
concept,[43,49,50] the formulas of the Li-type synthesized sorbents,
namely LMO, LMO-2.5Al, LMO-5Al, and LMO-10Al, were calcu-
lated and are presented in Table S3 (Supporting Information),
and the formulas of HMO, HMO-2.5Al, HMO-5Al and HMO-
10Al were calculated and are presented in Table 1. Their corre-
sponding H-type sorbents were obtained by acid pickling using
0.1 M HNO3 (Figure S5a, Supporting Information). After acid
pickling, the XPS results for the obtained H-type sorbents in-
dicated that the ratio of -OH increased (Table S4, Supporting
Information) compared with that of the pristine Li-type synthe-

Table 1. The calculated chemical formula with vacancy (□) of synthesized
H-type sorbents.

Samples Chemical formula

HMO Li0.035 H1.563 (Mn(III) 0.412Mn(IV) 0.5885)1.652

□0.474O4·0.23H2O

HMO-2.5Al Li0.010H1.588 Al0.01(Mn(III) 0.393Mn(IV) 0.607)1.494

□0.983O4·0.22H2O

HMO-5Al Li0.012 H1.588 Al0.052(Mn(III) 0.344Mn(IV) 0.656)1.534

□0.636O4·0.22H2O

HMO-10Al Li0.002H1.600 Al0.087(Mn(III) 0.329Mn(IV) 0.671)1.436

□0.865O4·0.23H2O

sized sorbents (Table S2, Supporting Information). These find-
ings were consistent with the ion exchange reaction, which is in
line with Eq. 1from the reference,[32]

(Li)
[
MnIIIMnIV

]
O4 + H+ → (H)

[
MnIIIMnIV

]
O4+Li+ (1)

There is an assumption that can be applied to interpret the Mn
loss during acid pickling. According to crystal field theory, both
high-spin trivalent manganese (Mn3+) and low-spin tetravalent
manganese (Mn4+) reside in an octahedral field within an oxy-
gen framework, exhibiting d4 and d3 electronic configurations,
respectively.[51] The three d electrons of Mn4+ occupy stable or-
bitals, while Mn3+ contains an additional, more reactive electron
that tends to be lost. As a result, during acid pickling, the average
valence of manganese in pristine LiMnO or Al-doped LiMnO sor-
bent tends to increase. The Li-Mn(III)-O structure becomes un-
stable, causing Mn3+ to release an electron, which migrates to the
inner structure and is captured by Mn4+. This process ultimately
leads to the formation of Mn2+ when Mn4+ captures a sufficient
number of electrons (Equations 2 and 3):

Mn (III) − O − Li + 2H+ → Mn (IV) + Li+ + e− + H2O (2)

2Mn (IV) + 2e− → Mn (II) (3)

The dissolution of Mn was confirmed and quantified using the
ICP data, as displayed in Figure S5b (Supporting Information).
After acid pickling, the Mn4+: Mn3+ ratio increased, consistently
with Equation (2). In summary, the proposed mechanism of acid
pickling of LMO and Al-doped LMO is illustrated in Figure 2g.

2.2. Batch Sorption Experiments

2.2.1. Potentiometric Titration

Potentiometric titration of the synthesized HMO, HMO-2.5Al,
HMO-5Al, and HMO-10Al was investigated in a 1.0 M LiNO3
background solution, which was used to sharpen any equivalence
points in weakly acidic ion exchangers due to the shift in the equi-
librium:

ROH + Li+ ⇔ R − OLi + H+ (4)

Based on Equation (4), the whole conversion values to the Li
form of HMO, HMO-2.5Al, HMO-5Al, and HMO-10Al materials
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Figure 3. Titration experimental data for Li+ sorption in a 1 M LiNO3 solution: a) HMO, b) HMO-2.5 Al, c) HMO-5Al, and d) HMO-10Al; Modeling
results for titration experimental data: e) HMO, f) HMO-2.5Al, g) HMO-5Al, and h) HMO-10Al; i) The modeled moles of sorption sites on the surface
of HMO-2.5 Al.

in the LiNO3 solution were calculated as 1.40, 2.18, 1.76, and 1.87
meq g−1, respectively (Figure 3a–d). After titration with LiOH, the
ion exchange sites in the material will be balanced by Li+ ions.
The ion exchange capacity can be estimated from the plateau
of the curve: 3.98 meq g−1 for HMO, 5.47 meq g−1 for HMO-
2.5Al, 5.13 meq g−1 for HMO-5Al, and 5.38 meq g−1 for HMO-
10Al. The above-obtained capacity values are close to the inflec-
tion points of the corresponding MnO2 presented by the first
derivative. Thus, the total cation exchange capacity (CEC) was cal-
culated as 5.38 meq g−1 for HMO, 7.65 meq g−1 for HMO-2.5Al,
6.89 meq g−1 for HMO-5Al, and 7.25 meq g−1 for HMO-10Al.

To further illustrate the titration results and surface proper-
ties of the synthesized materials, the titration results were mod-
eled based on the protonation/deprotonation reactions and ion-
exchange reactions between surface and aqueous Li+, which were
assumed to occur on two surface sites (≡SSOH and ≡SWOH):
protonation reactions:

≡ SOH + H+ ⇔≡ SOH2
+ (5)

deprotonation reactions:

≡ SOH ⇔≡ SO− + H+ (6)

and ion-exchange reactions:

≡ SOH + Li+ ⇔≡ SOLi + H+ (7)

The defined surface reactions and their corresponding equilib-
rium constant values are summarized in Table 2. For each type of
sorption site, the protonation, deprotonation, and reactions with
Li+ were considered in the titration modeling processes. Table 2
provides the general parameters used for the modeling studies.
These primary parameters were fixed for the whole modeling pro-
cedure.

The modeled reaction constants (Equations (6) and (7)) for
the strong and weak sorption sites are presented in Table 3 and
the results are displayed in Figure 3e–h with experimental data
for comparison. The figures illustrate that the modeling results
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Table 2. The parameters used in titration and sorption data modeling.

Sample CEC (meq g−1) Surface area (m2 g−1) Density of strong sites
(sites nm−2)

Density of all sites
(sites nm−2)

HMO 5.38 12.53 99.8 249.2

HMO-2.5Al 7.65 17.21 77.5 191.4

HMO-5Al 6.89 14.52 112.0 217.9

HMO-10Al 7.25 15.63 95.5 208.0

provided a good fit to the experimental results for HMO and
Al-doped HMO samples. Figure 3i presents the distributions
of different functional groups on the surfaces of HMO and Al-
doped HMO samples under different pH conditions. For the four
synthesized materials, ≡SSOH, ≡SwOH, ≡SSO−, ≡SwOH2

+, and
≡SwOH, were found to be the main functional groups, which is
in line with Equations (5), (6), and (7). Specifically, at low pH val-
ues, the main sorption sites are ≡SWOH and ≡SSOH. At a pH
of ≈7 to 8, ≡SSO− becomes the main sorption site. At higher pH
levels, ≡SWOLi becomes the main sorption site because of the ad-
dition of LiOH for pH adjustment. The number of ≡SSO− sites
remains constant in both neutral and alkaline conditions, which
illustrates the differing behaviors of ≡SwOH and ≡SSOH sites
under different pH conditions.

2.2.2. Effect of pH on sorption

Investigations into the effect of solution pH on Li sorption were
performed in a 150 mg L−1 LiNO3 solution in a pH range from 4–
12. The Li+ sorption of HMO, HMO-2.5Al, HMO-5Al, and HMO-
10Al is illustrated in Figure 4a. The overall trend is that the Li+

sorption of the four synthesized materials increased with an in-
crease in pH. To some degree, the results regarding the pH ef-
fect on Li sorption are consistent with the concentration of H+

ions constraining the ion exchange process. That is to say, the
sorption of Li+ in a high pH solution is favorable. The maxi-
mum Li+ uptake of HMO, HMO-2.5Al, HMO-5Al, and HMO-
10Al was 30.95, 34.54, 33.70, and 28.14 mg g−1, respectively, at
pH 12 (Figure 4a). In addition, HMO-2.5Al and HMO-5Al dis-
played the best removal rate of ≈58% (Figure S6, Supporting In-
formation), and the best Kd value was recorded at pH 12 due to
the highest amount of Li sorption (Figure 4b).

The effect of pH was modeled according to the assumed sur-
face complexation and ion exchange reactions listed in Table 3.
The modeled pH curve provides a good fit to the experimental
data (Figure 4c–f). At pH ≤ 11, ≡SSOH2

+ and ≡SSOH are the
main sorption sites, and the surface reactions are dominated by
the following ion-exchange equations between Li+ and surface
H+:

Li++ ≡ SSOH2
+ ⇔≡ SSOHLi+ + H+ (8)

≡ SSOH + Li+ ⇔≡ SSOLi + H+ (9)

At pH >11, because of the pH increase, ≡SwO− is the main
sorption site, and the surface reaction is dominated by the fol-
lowing surface complexation reaction between Li+ and ≡SwO−:

Li++ ≡ SwO− ⇔≡ SwOLi (10)

The assumption of two sorption sites is based on the structural
characteristics of LMO-type materials, which suggest the pres-
ence of at least two distinct physical sorption sites: plane and edge
surface sites (S) and vacancies (W) within the structural frame-
work. The modeling results indicate that the surface sites (S)
more easily sorb Li under low pH conditions. Typically, the sur-
face ion-exchange sites will be occupied first at a low pH. On the
contrary, below pH 10, Li migrates with difficulty into material
vacancies. The sorption capacity of Al-doped HMO sorbents was
observed to follow the order HMO-5Al > HMO-2.5Al > HMO >

HMO-10Al. This assumption was further confirmed by the mod-
eled moles of adsorbed species on the surface of HMO from pH
4–12. Surface sites were gradually occupied from pH 4–9, with

Table 3. The modeled protonation and deprotonation reaction constants for the strong and weak sorption sites.

Reactions logKHMO logKHMO-2.5Al logKHMO-5Al logKHMO-10Al

H+ + ≡SSOH = ≡SSOH2
+ −4.8 1.6 1.6 1.7

≡SSOH = ≡SSO− + H+ −6.4 −6.1 −5.2 −5.5

≡SWOH + H+ = ≡SWOH2
+ −11.8 −10.2 −3.9 −3.0

≡SWOH = ≡SWO− + H+ −9.9 −9.8 −10.2 −10.2

≡SSOH + Li+ = ≡SSOLi + H+ −3.6 −4.9 −2.8 −4.1

≡SWOH + Li+ = ≡SWOLi + H+ −16.4 −28.4 −22.9 −18.8

Li+ + ≡SSO− = ≡SSOLi −5.0 −6.5 −9.5 −12.4

Li+ + ≡SSOH2
+ = ≡SSOHLi+ + H+ 7.9 1.2 1.3 2.0

Li+ + ≡SWO− = ≡SwOLi 0.24 0.37 0.51 0.47

Li+ + ≡SWOH2
+ = ≡SWOHLi+ + H+ 10.1 8.3 0.50 0.62

Adv. Mater. Interfaces 2025, 2400912 2400912 (7 of 14) © 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 4. a) The effect of pH on the sorption capacity of HMO and HMO-Al from the equilibrium pH 4 to pH 12; b) The influence of pH on the distribution
coefficient; The experimental data and modeling results for the effect of pH from the equilibrium pH 4 to pH 12: c) HMO, d) HMO-2.5Al, e) HMO-5Al,
and f) HMO-10Al; g) The modeled moles of adsorbed species on the surface of HMO-2.5Al from pH 4–12; h) The effect of contact time on the Li+

sorption kinetics of HMO and HMO-Al; i) The influence of contact time on the distribution coefficient.

only a slight increase from pH 10–12. However, above pH 10, va-
cancy (W) sites began to dominate the sorption process, and the
amount of ≡SwOLi increased sharply under high pH conditions.

2.2.3. Sorption Kinetics

The sorption uptake of Li+ on HMO, HMO-2.5Al, HMO-5Al, and
HMO-10Al with an increase in the contact time is illustrated in
Figure 4h. A tendency of rapid absorption can be seen within the
first 25 min, followed by a gradual increase in the sorption capac-
ity until attaining equilibrium. For HMO-2.5Al, sorption of 27.21
mg g−1 was recorded at the time point of 25 min, which was the
fastest sorption among the four samples due to its larger surface
area and pore size. In addition, HMO-2.5Al possessed the highest

distribution coefficient (Kd) value (Figure 4i). Thus, according to
the kinetics performance, LMO-2.5Al sorbents exhibit the fastest
sorption.

2.2.4. Sorption Isotherms

The effects of the initial Li concentration on the sorption of
HMO, HMO-2.5Al, HMO-5Al, and HMO-10Al were investi-
gated in solutions with Li+ concentrations ranging from 80 to
600 mg L−1 at pH 12. According to the results, Li sorption in-
creased with an increase in the initial Li concentration until
a plateau was reached at the equilibrium for the four synthe-
sized sorbents (Figure 5a). Among these, the highest Li+ sorp-
tion capacity of 35.79 mg g−1 was observed for HMO-2.5Al at

Adv. Mater. Interfaces 2025, 2400912 2400912 (8 of 14) © 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 5. a). The isotherm sorption curves for Li+ sorption by HMO and HMO-Al; b) Effect of the equilibrium concentration on the selectivity coefficients
Kd of HMO and HMO-Al; The experimental and modeled sorption isotherm curves for Li+ sorption by HMO and HMO-Al: c) HMO, d) HMO-2.5Al,
e) HMO-5Al and f) HMO-10Al; g) The modeled moles of adsorbed species on the surface of HMO-2.5 Al in sorption isotherm experiments. Effect of
different coexisting ions on the h) Li uptake capacity and i) Kd value of HMO-2.5Al.

an initial Li+ concentration of 600 mg L−1. Figure 5b illustrates
that the Kd values of the four synthesized sorbents decreased
with an increase in the Li+ concentration. The maximum Kd of
HMO-2.5 Al was 5.61 mL g−1 at an initial Li+ concentration of
80 mg L−1.

A model was fitted to the sorption isotherm data that consid-
ered the surface reactions that occurred on the plane and edge
surface sites (S) and vacancies (W) within the structural frame-
work. As can be seen in Figures 5c–f, the model provided a good
fit to the sorption isotherm data. The modeled moles of adsorbed
species on the surface of HMO-2.5 Al in the sorption isotherm
experiments are displayed in Figure 5g. As can be seen, at a low
Li concentration (<250 mg L−1), the amount of Li sorbed by the
plane and edge (S) sites was higher than that of the vacancy sites
(W). With an increase in the Li concentration of the solution,
the amount of Li that was sorbed by the vacancy sites increased,
and they played a dominant role when the aqueous Li concen-

tration exceeded 300 mg L−1. Thus, we can conclude that, at low
Li concentrations, Li sorption preferably occurs at the plane and
edge (S) sites, which is easily achieved. Compared with these
sites, the diffusion of Li into vacancies requires a higher ionic
strength or a longer time to achieve. Thus, the vacancy sites (W)
dominate sorption when the plane and edge (S) sites are nearly
full.

2.2.5. Effect of Coexisting Ions

The effect of coexisting ions Li+, Mg2+, K+, Na+, and Ca2+ in the
simulated Li brine solution on Li sorption behavior was investi-
gated with HMO-2.5Al sorption (Table S5, Supporting Informa-
tion). As illustrated in Figure 5h, the sorption of Li by HMO-
2.5Al was higher than that of all other coexisting cations. HMO-
2.5Al was found to have the highest Kd value for Li+ sorption,

Adv. Mater. Interfaces 2025, 2400912 2400912 (9 of 14) © 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Table 4. Relevant selectivity parameters of HMO-2.5Al in the simulation of
brine.

Mg2+ K+ Na+ Ca2+ Li+

C0 (mg L−1) 18271.38 3971.93 5648.53 60.55 158

Ce (mg L−1) 18268.32 3968.64 5639.24 51.61 80.37

qe (mg g−1) 1.34 1.45 1.79 1.70 33.17

Kd (mL g−1) 0.018 0.091 0.34 36.29 101.54

𝛼Li
M 6552.76 1327.44 353.08 3.33 -

CF 0.074 0.00036 0.32 28.11 209.98

Ionic radius (Å) 0.72 1.38 1.02 1.00 0.76

indicating the highest selectivity for Li+ (Figure 5i). The calcu-
lated separation factors of 𝛼Li

Ca, 𝛼Li
Na, 𝛼Li

K and 𝛼Li
Mg were 3.33,

353.08, 1327.44, and 6552.76, respectively, indicating that HMO-
2.5Al displays a higher priority for Li sorption (Table 4). The cal-
culated CF of Li+ was much higher than that of the other cations,
indicating that the interference from other cations in the process
of Li+ sorption by HMO-2.5Al was very low. Li+ has the smallest
ionic diameter of 0.076 nm, which is preferred over larger cations
such as Na+ (0.102 nm) and K+ (0.138 nm) (Table 4). Although
Mg2+ has a similar ionic diameter of 0.072 nm, compared with
Li+, its extremely low sorption by the sorbent demonstrates that
more energy is needed to enter the lattice of the ion sieve.[52] In
summary, HMO-2.5Al possesses the highest selectivity for Li+

sorption among all other cations tested.

2.2.6. Cyclic Stability Performance

To evaluate the stability of the prepared HMO and HMO-2.5Al
sorbents in the sorption and desorption processes, the sorption
capacity and dissolution loss of Mn were investigated by re-

peating five sorption–desorption cycles. For the first cycle, the
lithium sorption capacity of HMO and HMO-2.5Al was 42.60 and
44.49 mg g−1, respectively. By the fifth cycle, the sorption capac-
ities had decreased to 31.35 mg g−1 for HMO and 36.23 mg g−1

for HMO-2.5Al (Figure 6a,b). Additionally, regarding the loss rate
of Mn through dissolution, after the fifth cycle, the Mn loss rates
in the sorption process were less than 0.2%, which is negligible.
However, Mn loss rates in the desorption process were 5.01%
for HMO and 4.53% for HMO-2.5Al. The lower Mn dissolution
of HMO-2.5Al is attributed to the doping of magnesium ions,
which decreases the amount of Mn3+. Additionally, the substitu-
tion of Mn3+ with Al3+ inhibits the disproportionation reaction
of Mn. Above all, all results demonstrate that the sorbent HMO-
2.5Al possesses a higher Li sorption capacity and lower Mn loss
rate, which results from Al doping of the HMO material. After
five sorption–desorption cycles, the dried HMO and HMO-2.5Al
were analyzed by XRD (Figure 6e,f). Compared with the pristine
LMO and HMO, all the XRD peaks after five sorption–desorption
cycles indicated high stability.

The Mn-type sorbents examined in previously published re-
search have been listed in Table 5. Compared with these, the syn-
thesized HMO material of this study displayed a higher sorption
capacity of 42.6 mg g−1 at a concentration of 150 mg L−1 Li+. This
higher capacity was due to our novel synthesis process, adding
LiNO3 during the synthesis of HMO. Undoubtedly, HMO-2.5Al
possesses an even higher capacity with Al doping, suggesting that
doping of HMO with Al can reduce manganese loss and enhance
the Li sorption capacity.

2.2.7. Sorption Mechanism

For insights into the mechanism of Li sorption on synthesized
Mn-type sorbents, XRD, Raman spectroscopy, and XPS were

Figure 6. The sorption capacity of a) HMO and b) HMO-2.5Al; Dissolution loss R of c) HMO and d) HMO-2.5Al in the desorption process and sorption
process over five cycles; e) XRD patterns of LMO and (f) LMO-2.5Al before and after desorption after the fifth cycle.
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Table 5. Comparison of the sorption capacity in the present study with
previous research.

Adsorbent Solution CLi
+ (mg L−1) qe (mg g−1) Refs.

H1.6Mn1.6O4-Zr-2.4% Salt Lake 150 25.96 [16]

Li1.6MgxMn1.6-xO4 LiOH 156 35.6 [26]

HMO-Al-5% LiCl 167 29.9 [27]

LiMn2-xFexO4 LiCl 200 34.8 [30]

LiAlxMn2-xO4 LiOH 50 27.66 [29]

Li1.6Mn1.6O4 Salt Lake 266 27.15 [53]

Li1.6Mn1.6-xCrxO4 Salt Lake 222 31.67 [48]

HMO/Al2O3 Seawater 30 6.2 [54]

H1.6Mn1.6O4/PAN LiCl/LiOH 35 10.3 [22]

LMO-Na LiCl 167 33.5 [55]

HMO LiOH 150 42.60 This study

HMO-Al-2.5% LiOH 150 44.49 This study

conducted on the sorbents before and after sorption. The XRD
pattern revealed no significant shifts in the peak positions of
the materials before and after sorption, suggesting that their
chemical structure remained stable throughout the process
(Figure 7a). The vibration features of the Raman spectrum of
LMO-2.5Al showed a new peak located at ≈365 cm−1 (Figure 7b),
which can be attributed to the vibration frequency of LiO6 octahe-
dra, indicating that Li successfully intercalated in HMO-2.5Al.[56]

The shift of Mn–O symmetric stretching vibration at 643.59 cm−1

for HMO-2.5Al to 640.67 cm−1 for LMO-2.5Al is attributed to the
weak vibration of the MnO6 structure in the bonding and force
constants upon Li intercalation.[57] The XPS spectra of the Mn2p3
orbit, Li1s, and O1s were recorded. The Li1s XPS spectra were
observed after Li sorption on sorbents from 54–55 eV binding
energy (Figure 7c). Additionally, we observed a slight decrease of
≈2% in the Mn4+: Mn3+ ratio, with an Mn loss rate of less than
0.2% for HMO and HMO-2.5 Al after 5 cycles in the sorption
process, which may be considered a negligible effect on the sor-
bent (Figure 7d). Moreover, a slight shift in the O1s peak from
≈529.6 to ∼530.0 eV was observed (Figure 7e), along with a 13%
decrease in the ratio of -OH groups compared to the pristine sor-
bent (Figure 7f). This suggests that -OH groups were involved in
the Li sorption process, probably through a surface ion-exchange
or surface complexation reaction during Li extraction.

Based on the batch experiment, surface complexation and ion-
exchange modeling, and the calculated formula, a two-stage sorp-
tion mechanism is proposed (Figure 7g). Apparently, at least two
physical sorption sites exist on LMO-type material surfaces: plane
and edge surface sites (S) and vacancies (W) in the structural
framework. From the sorption mechanism based on these anal-
yses, it can be concluded that at low Li concentrations, Li sorp-
tion preferentially occurs at the plane and edge (S) sites, which
is readily facilitated through surface ion-exchange reactions. In
contrast, the diffusion of Li into vacancy sites requires a higher
ionic strength or an extended time to proceed as a surface com-
plexation reaction. Accordingly, the proposed mechanism en-
compasses two distinct sorption stages at pH ≥ 12: surface ion-
exchange reactions in stage I, Equations (8) and (11),

Li++ ≡ SwOH2
+ ⇔≡ SwOHLi+ + H+ (11)

and surface complexation reactions in stage II, Equations (10)
and (12),

≡ SWOH ⇔≡ SWO− + H+ (12)

The surface ion-exchange reactions first occur between the Li+

in the solution and S sites. When the S sites approach saturation,
the vacancy sites become the dominant sorption sites through
surface complexation reactions. In other words, for the four syn-
thesized sorbents at pH 12, a higher vacancy rate leads to a greater
sorption capacity. The experimental results confirm the proposed
mechanism: HMnO-2.5Al, which had the highest number of va-
cancies among the four synthesized sorbents, exhibited the great-
est capacity for Li sorption.

3. Conclusion

This study provides novel insights into Li sorption mechanisms
by systematically investigating the structure, surface, and de-
fect vacancies of synthesized LiMnO and Al-doped LiMnO sor-
bents. Through characterizations such as XRD, FTIR, Raman
spectroscopy, TG, XPS and ICP-AES, the formulas and vacancy
ratios of synthesized LiMnO and Al-doped LiMnO sorbents
were determined. Among the sorbents, HMnO-2.5Al demon-
strated superior performance, achieving a Li+ sorption capacity of
44.49 mg g−1 and reducing the Mn loss to 3.38%. Its high selec-
tivity for lithium was evident from exceptional separation factors,
including 𝛼Li

Mg at 6552.76.
A two-stage sorption mechanism was elucidated, with planar

and edge surface sites dominating at lower pH and Li+ concen-
trations and vacancy sites taking precedence at higher pH and Li+

levels. The role of pH in facilitating lithium-ion diffusion to va-
cancy sites was highlighted, aligning with the observed superior
performance of HMnO-2.5Al, which possessed the highest va-
cancy density. Additionally, the desorption process was proposed
to involve surface ion-exchange reactions.

These findings demonstrate that HMnO-2.5Al, with its high
selectivity, capacity, and durability, offers significant potential for
application in the direct lithium extraction industry, advancing
both understanding and practice in this field.

4. Experimental Section
Materials and Chemicals: Sodium hydroxide (NaOH, 96%), nitric

acid (HNO3, 65–68%), hydrochloric acid (HCl, 36–38%), sodium nitrate
(NaNO3, 99%), magnesium chloride hexahydrate (MgCl2·6H2O, 98%),
potassium chloride (KCl, 99.8%), sodium chloride (NaCl, 99%), calcium
chloride (CaCl2, 96%), and aluminum nitrate hydrate (Al(NO3)3·9H2O,
99%) were purchased from Sinopharm Chemical Reagent. Lithium hydrox-
ide monohydrate (LiOH·H2O, 99%), manganese oxide (Mn2O3, 98%),
and lithium nitrate (LiNO3, 99%) were purchased from Aladdin. All chem-
ical reagents were used as received without further purification. Milli-Q
water with a resistivity of >18.5 MΩ was used in all the experiments.

Synthesis—Synthesis of LiMnO2: LiMnO2 was synthesized by improv-
ing the method reported by Chitrakar.[58] First, LiOH·H2O and Mn2O3
powders were dissolved in deionized water, with the molar ratio of Li: Mn
being 9. After mixing in the homogeneous phase, the liquid was trans-
ferred to an autoclave for hydrothermal reaction at 120 °C for 1 day. The fil-
tration used deionized water and drying at 60 °C. Finally, the black powder
obtained was the manganese-based lithium-ion sieve precursor LiMnO2.

Adv. Mater. Interfaces 2025, 2400912 2400912 (11 of 14) © 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 7. The characterization of HMO-2.5 Al in the pristine form and after 5 cycles of Li sorption: a) XRD, b) Raman spectra, c) XPS Li1s, d) XPS
Mn2P3/2, e) XPS O1s, and f) the transfer of Mn4+/Mn3+ and MnO6/-OH; g) The proposed two-stage mechanism for direct lithium extraction using
Al-doped LMO at pH ∼12.

Synthesis—Synthesis of Al-Doped LiMnO Materials: Al-doped LiMnO
was synthesized by mixing LiNO3 solution with the obtained LiMnO2 pow-
der at a Li: Mn molar ratio of 1:10. Subsequently, Al(NO3)3 solution (pH
12) was added to the mixed solution in varying molar ratios of Al to Mn,
specifically 0%, 2.5%, 5%, and 10%. The reaction of all mixed solutions
occurred under ultrasonic stirring for 2 h at 60 °C. After filtration, wash-
ing with deionized water, and drying in an oven, the resulting solid was
placed in a tube furnace for calcining at 400 °C for 4 h with air flow. Finally,
brown powders with different molar ratios of Al to Mn (0%, 2.5%, 5%, and
10%) were obtained. These samples were referred to as LMO, LMO-2.5Al,
LMO-5Al, and LMO-10Al, respectively, in the following sections.

Synthesis—Synthesis of H-Type HMO and HMO-Al: H-type HMO and
HMO-Al were prepared with an acid reaction method using nitric acid, with
1.0 g of LMO, LMO-2.5Al, LMO-5Al, and LMO-10Al each being placed in
400 mL of 0.1 mol L−1 HNO3 solution and stirred at 500 rpm for 24 h at
room temperature to reach equilibrium. Subsequently, after phase sepa-
ration, the resulting solid was washed with deionized water and dried in
an oven at 60 °C for 24 h. Finally, the HMO, HMO-2.5Al, HMO-5Al, and

HMO-10Al materials were obtained. To determine the chemical composi-
tion of the samples, 50 mg of each sample was added to 10 mL of aqua
regia solution (a mixture of HCl and HNO3, volume ratio = 3:1).[29] The
supernatants were collected after complete dissolution and were then fil-
tered using a syringe PTFE membrane filter with a pore size of 0.2 μm. The
obtained filtrates were used for ICP-AES analysis.

Batch Sorption Experiments—Potentiometric Titration: The direct titra-
tion was performed using the synthesized HMO, HMO-2.5Al, HMO-5Al,
and HMO-10Al in a batch manner. Fifty milligrams of each sample were
mixed with 19 mL of 1 M LiNO3 solution and equilibrated at a stirring
speed of 60 rpm for 24 h. The equilibrium pH of the samples was recorded,
followed by the addition of varying volumes (0–500 μL) of 1 M LiOH solu-
tion. After this, all the samples were further equilibrated for another 24 h,
followed by pH measurement.

Batch Sorption Experiments—Effect of pH: The effect of pH on the Li
sorption capacity at equilibrium was examined by adjusting the pH of the
Li+ solution using NaOH or HNO3 solutions. Typically, 50 mg of HMO,
HMO-2.5Al, HMO-5Al, and HMO-10Al materials were placed in 20 mL of
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the Li+ solution with an initial concentration of 150 mg L−1. The mixed
samples and solutions were equilibrated at a stirring speed of 60 rpm for
72 h at room temperature. After phase separation, the pH of the super-
natant solution was measured. The lithium sorption capacity (qe, mg g−1)
and the distribution coefficient (Kd, mL g−1) were calculated according to
Equations (13) and (14):[59]

qe = (C0 − Ce) V∕m (13)

Kd = (C0 − Ce) × V∕ (m × Ce) (14)

where C0 and Ce are the initial and residual lithium-ion concentrations
(mg L−1), V is the volume of the solution (L), and m is the mass of the
adsorbent (g).

Batch Sorption Experiments—Kinetics Study and Isotherm Sorption: The
sorption kinetics were studied at specific time intervals (from 25 min to
72 h). Fifty milligrams of HMO, HMO-2.5Al, HMO-5Al, and HMO-10Al
materials were placed in 20 mL of the Li+ solution with an initial concen-
tration of 150 mg L−1 at pH 12. The sorption isotherms were obtained by
shaking the mixture, having concentrations of 80–600 mg L−1 with an ad-
equate interval, for 72 h at room temperature. For all obtained samples,
after phase separation, the Li concentrations of the supernatants were an-
alyzed by ICP-AES. The amount of Li+ adsorbed at a given time (qt) can
be calculated using Equation (15) and plotted against the contact time (t)
to generate the adsorption kinetics curve at various temperatures.

qt = (C0−Ct) V∕m (15)

Batch Sorption Experiments—Effect of Coexisting Ions: To assess the se-
lectivity of the sorption behavior for the prepared adsorbents, experiments
were conducted in simulated lake brine with a Li concentration of 155 mg
L−1, Mg concentration of 10 523 mg L−1, K concentration of 3630 mg L−1,
Na concentration of 5390 mg L−1, and Ca concentration of 72 mg L−1. Fifty
milligrams of HMO-2.5Al were placed into 20 mL of the above simulated
lake brine in a rotary mixer (60 rpm) for 24 h. The concentration factor (CF)
and separation factor (𝛼) of different metal ions in a multi-component sys-
tem were determined using Equations (16) and (17) respectively:[16,60]

CF = qe∕C0 (16)

𝛼Li
M = KLi

d∕Kd
M (17)

𝛼Li
M was used to analyze the degree of separation of Li+ from other metal

ions, while CF was indicative of the influence of interfering ions on the
sorption of target ions by HMO-2.5Al.

Batch Sorption Experiments—Cyclic Stability Performance: The
reusability of HMO and HMO-2.5Al was evaluated through five con-
secutive sorption–desorption cycles. In each cycle, for the sorption
experiments, 1.0 g of HMO and HMO-2.5Al were introduced into sep-
arate 400 mL volumes of 0.05 M LiOH solution for a 72-h equilibrium
period. For the desorption experiments, the Li-loaded HMO and HMO-
2.5Al were placed in a 0.5 M HNO3 solution to release the adsorbed
lithium.

Modeling Methods: The results for the titration, pH effect (sorption
edge), and sorption isotherm experiments were modeled with a program-
ming code that coupled PHREEQC and Python. PHREEQC was a geo-
chemical modeling tool that can perform various geochemical calcula-
tions, e.g., speciation calculations, ion exchange and surface complexa-
tion reactions, and transport calculations. The PHREEQC codes were fitted
into Python script through the ipheeqc tool, which was a COM version of
PHREEQC for coupling purposes with all PHREEQC capabilities. Python
was a popular computer programming language that was widely used in
scientific calculations. In this study, Python was used for control of the
fitting iterations, optimization, and visualization of the modeling results.
All the calculations were performed based on the standard phreeqc.dat
database, because Li data were well documented in the database.

Two types of sorption sites were assumed in all the modeling processes,
termed the S sorption site (≡SSOH) and W sorption site (≡SWOH). The

assumption of two sorption sites was based on the structural character-
istics of LMO-type materials, which suggest the existence of at least two
types of physical sorption sites: planar and edge surface sites (S) and va-
cancies (W) within the structural framework. Both surface complexation
reactions and ion exchange reactions were assumed to occur between Li
species and assumed surface sites.

Model development was performed by fitting titration data, pH effect
data, and sorption isotherm data in iterative processes. The titration data
were modeled first to provide basic information on the protonation and de-
protonation reactions of ≡SSOH and ≡SWOH sites, i.e., the interactions
between surface sites and H+ or Li+ in the aqueous phase. The modeled
logK values (equilibrium constants) of protonation and deprotonation re-
actions were kept constant in all the modeling processes. Modeling of the
sorption edge and sorption isotherm results was performed by fitting the
assumed reactions to both ≡SSOH and ≡SWOH sites. The modeling pro-
cess was iterated until a group of parameters was identified that could
provide a good description of all the titration, sorption edge, and sorption
isotherm experimental data. The optimization between the experimental
and modeled data was performed by minimizing the squares of the dif-
ference between them (least square errors). The absolute errors between
iterations that were acceptable for convergence were set to be 10−7.

Characterization: XRD patterns were recorded using a MiniFlex600 X-
ray powder diffractometer with the setting of 40 kV, 40 mA, and Cu-K𝛼 radi-
ation. The synthesized samples were imaged via FESEM (SU-8010, Tokyo,
Japan) and HRTEM (JEM-F200, Japan). A FTIR (Bruker Optics, Germany)
was used to analyze the surface functional groups of the synthesized LMO
and LMO-Al at ≈298 K over the range of 4000–600 cm−1. The Raman
spectra were recorded on a LabRaM HR800 microscope equipped with a
24 mW He–Ne green laser (532 nm) operating at 0.24 mW. TGA was per-
formed using a Mettler Toledo TGA850 with a heating rate of 10 °C min−1

in N2 flow. The specific surface area, pore volume, and pore-size distri-
bution of the synthesized samples were measured by N2 physisorption at
77 K with a BET (ASAP2020C, American Micromeritics). The concentra-
tions of Li ions and other ions were measured using a Perkin Elmer
Avio200 ICP-AES. An XPS (Thermo Fisher ESCALAB 250xi) equipped with
REELS, ISS, SPS, and a hemispherical electron analyzer was used to an-
alyze the surface properties of the synthesized samples and the samples
after sorption.
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