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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,*
Ma�gorzata 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 di�raction
(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-�.�Al exhibited the
best performance in batch sorption experiments, enhancing Li+ sorption to
��.�� mg g�� and reducing Mn loss to �.�	%. HMO-�.�Al also demonstrated
exceptional lithium selectivity in the simulated brine test, with separation
factors of �Li

Ca, �Li
Na, �Li

K and �Li
Mg being �.��, ���.
	, ����.��, and ����.��,

respectively. The sorbent displayed sustained durability before and after
�ve cycles of sorption-desorption. The ion exchange-surface complexation
model is employed to investigate the titration behavior, pH e�ects,
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-�.�Al sorbents demonstrate signi�cant potential for
direct lithium extraction from solutions with high concentrations of coexisting
ions and contribute a novel mechanism to the �eld of lithium extraction study.

�. Introduction
Lithium is the lightest metal element and has a wide range of
applications in various �elds, including lithium-ion batteries,
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nuclear power, and aerospace
materials.[�,�] Lithium resources are
commonly found in brines, seawater,
clays, and ores.[�] Previous studies on
the global geographic distribution of
lithium resources have reported that
��.�% of veri�ed lithium resources
exist in brines and ��% in minerals.[�]
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 signi�cant
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,[���] solvent
extraction,[	,�] membrane separation,[
]
and sorption.[��,��] However, the devel-
opment of feasible and environmentally
sustainable extraction methods from
brines remains a signi�cant challenge.

Among the emerging techniques, direct lithium extraction (DLE)
is notable for its practical and environmental bene�ts. 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.[��] Inorganic ion exchangers
used in DLE are recognized as promising sorbents for lithium
sorption and puri�cation due to their high selectivity, stability at
elevated temperatures, and resistance to ionizing radiation.[�����]
Manganese-based ion sieves are more attractive adsorbents be-
cause of their high selectivity, high recovery, low cost, and rapid
sorption rates.[�] Manganese ion sieves have a unique spinel cu-
bic crystal structure and �D mesh channels with structural sta-
bility during the sorption and desorption of Li.+ [��] For exam-
ple, LiMn�O�,[�	,��] Li�Mn�O��,[�
,��] and Li�.�Mn�.�O�

[��,��] 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, whichmay signi�cantly reduce
the Li+ sorption capacity of manganese oxide compounds after
several applied cycles.[�����]
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 Mn�+ content, inhibiting the Jahn�
Teller e�ect, or enhancing the octahedral chemical bonding.[��]
Qian et al.[�	,��] doped Fe�+ , Co�+ , and Al�+ into Li�.�Mn�.�O�,
which increased the Li sorption capacity from ��.�mg gŠ� to ��.�,
��.�, and ��.
 mg gŠ�, respectively, with the Mn dissolution re-
duced from �.�% to �.
�%, �.��%, and �.�%. Chen et al.[�
] syn-
thesized Al-doped LiAlxMn�-xO� using a hydrothermal method,
achieving a sorption capacity of ��.�� mg gŠ� for the doped sor-
bent compared to ��.	 m gŠ� for the undoped sorbent. In terms
of dissolution loss, Mn dissolution in the lithium-containing
solution was �.	�% for the doped sorbent and �.��% for the
undoped sorbent. Wang et al.[��] synthesized zirconium-coated
Li�.�Mn�.�O� using a solid-phase combustion method, achieving
a sorption capacity of ��.
� mg gŠ� compared to ��.�� mg gŠ� for
the undoped material. The Mn dissolution loss was �.��
% for
the zirconium-coated sorbent, signi�cantly lower than the �.�
%
observed for the undoped one. Gao et al.[��] synthesized magnet-
ically recoverable iron-doped lithium-ion sieve LiMn�-xFexO� us-
ing a solid-phase method, with the sorption capacity of the un-
doped HMO during the sorption�desorption cycle ranging from
��.� to �	.�mg gŠ�, and the doped sorption capacity ranging from
��.� to ��.� mg gŠ�, while the dissolution loss of Mn decreased
from �.��% to �.��% 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.[��] proposed a
redox mechanism, suggesting that Mn�+ undergoes dispropor-
tionation into Mn�+ and Mn�+ during the extraction process. In
this process, Mn�+ remains within the spinel structure, form-
ing � -MnO� and preserving the crystal lattice, while Mn�+ dis-
solves in the solution. Shen et al.,[��] 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.[��] These vacancies, especially after metal doping,
can signi�cantly in�uence the extraction mechanism. Under-
standing how these vacancies a�ect 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, Li�.�Mn�.�O� and
Li, Al co-doped Li�.�Mn�.�O� were prepared using a hydrother-
mal reaction calcinationmethod, and second, the e�ects of di�er-
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 Li�.�Mn�.�O�. 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 PHREEQCwith Python for in-depth analysis of titration,
pH e�ects, and sorption isotherms. Finally, a novel mechanism
was proposed for Li+ sorption and extraction by synthesized Li,
Al co-doped Li�.�Mn�.�O�.

�. Results and Discussion
�.�. Structural Analysis

The crystal structures of synthesized LMO and Al-doped LMO
were analyzed by XRD (Figure � ). The XRD patterns of the ma-
terials indicated that the crystal structure was identical to that
of orthorhombic LiMnO� (JCPDS NO. ����	�
; Figure �a). The
XRD patterns of di�erent LMO and Al-doped LMO powders are
displayed in Figure �b. The main di�raction peaks of the sam-
ples were ��.��°, ��.��°, ��.�	°, ��.��°, ��.��°, ��.
�°, ��.��°,
and ��.��°, corresponding to eight crystal planes of (���), (���),
(���), (���), (���), (���), (���), and (���), respectively. The sharp
di�raction peaks indicate good crystallinity, which is indexed to
the spinel structure of Li�.�Mn�.�O� and a face-centered cubic sys-
tem (Fd-�m) (JCPDS NO.��-����). The distinct di�raction peaks
of the synthesized materials indicate that Li�.�Mn�.�O� possesses
high crystallinity. A slight shift in the di�raction peak positions
of (���), (���), and (���) toward higher �� values was observed in
LMO-��Al, with a higher Al content. This shift can be attributed
to the partial substitution of Al�+ , whose ionic radius (�.�� ¯) is
smaller than that of Mn�+ (�.�� ¯) and Mn�+ (�.�� ¯)[�
,��] Fur-
thermore, as illustrated in Figure S� (Supporting Information),
there was a gradual decrease in the lattice constant with an in-
crease in the Al doping content, which con�rmed that the peak
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Figure �. XRD patterns of the obtained materials: a) LiMnO� and b) LMO, LMO-�.	Al, LMO-	Al, and LMO-��Al; c) HMO, HMO-�.	Al, HMO-	Al, and
HMO-��Al; 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 �� values after doping. The
H-type HMO and Al-doped HMOwere obtained by acid pickling
with �.�MHNO�. Their XRDpatternswere consistent with those
of LMO and Al-doped LMO, except for a slight shift in the (���)
peaks, which may be due to the replacement of Li by H in the
structure. Themorphologies of LMOandAl-doped LMO samples
are presented in Figure �d�f. The prepared LMO nanoparticles
were aggregated as microspheres with a diameter of � ��� nm
(Figure �e). Figure �d displays �eld 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-�.�Al sample demonstrated an even distribution
(Figure S�a, 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 S�b�d, Supporting Informa-
tion). As illustrated in Figures �e�f, the outer surface of Al-doped
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