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ption capacity and structural
stability of Li1.6Mn1.6O4 adsorbents by anion/cation
co-doping†

Yifan Su,ab Fangren Qianab and Zhiqiang Qian *ab

Modifying the structure of Li1.6Mn1.6O4 (LMO) to enhance its structural stability and adsorption capacity is an

effective method to generate materials to recover Li+ ions from mixed solution. Herein, the co-doping of

trace non-metal ion (S) and metal ion (Al) into Li1.6Mn1.6O4 (LMO-SAl) is established and shows excellent Li+

adsorption capacity andMn anti-dissolution properties. The adsorption capacity (when [Li+] is 6mmol L�1) is

increased from 26.1 mg g�1 to 33.7mg g�1. This is attributed to improved charge density via substitution of S

at O sites, which facilitates the adsorption/desorption process. TheMn dissolution is also reduced from 5.4%

to 3.0% for LMO-SAl, which may result from the stronger Al–O bonds compared to Li–O bonds that

enhance the structural stability of the LMO. The ion-sieving ability of the co-doped material goes by the

order of Kd (Li+ > Ca2+ > Mg2+ > Na+ > K+), indicating that Li+ can be efficiently separated from Lagoco

Salt Lake brine. These results predict that lithium ions are effectively adsorbed from brine by the co-

doped LMO material, which manifests the feasibility of lithium recovery and provides basic data for

further industrial applications of adsorption.
1. Introduction

Due to the production of ceramics, glass, grease, and especially
lithium batteries, the demand for lithium (Li) and its
compounds continues to increase.1 Salt lakes and seawater are
regarded as vital sources of lithium, however, it is difficult to
recover Li+ ions from the mixed solution because of the low
concentrations of Li+ and the high quantity of co-existing ions
such as Na+, K+, Mg2+, and Ca2+.2 Numerous technologies have
been adopted to extract lithium, including solvent extraction,3

membrane technology4 and adsorption,5 however, using highly
selective adsorption has been identied as one of the most
promising and environmentally friendly technologies for Li+

recovery from low-concentration solutions.
For the recovery of Li+ ions from salt lakes or seawater using

ion-exchange adsorption technology, the key step is to prepare
adsorbents with high Li+ adsorption capacities and low
manganese (Mn) dissolution. As lithium ion-sieves, manganese
oxides with spinel structure, including LiMn2O4,6 Li4Mn5O12,7

and Li1.6Mn1.6O4,8 have excellent adsorption characteristics due
to their unique pores. Especially, Li1.6Mn1.6O4 (LMO) has the
ighly Efficient Utilization of Salt Lake

, Chinese Academy of Sciences, Xining,

.ac.cn

rces and Chemistry of Salt Lake, Xining,

tion (ESI) available. See DOI:
highest theoretical Li+ absorption, but there will still be unde-
sirable Mn loss during acid treatment, which hinders its further
application in industry.9 Many methods including element
doping,10 surface coating11 and electrochemical ion-separation12

have been used to improve the stability of LMO. Foreign
element doping is considered one of the most effective tech-
nologies to enhance the regeneration ability of Li1.6Mn1.6O4.
Many studies have explored the inuence of doping elements
(such as Al, Fe, Mg, and Ni) on the structural stability of
LMO.13–16 Among them,many studies have tried to usemetal ion
doping to improve the cycle stability of Li1.6Mn1.6O4. Never-
theless, there are few studies on anion doping, and almost no
studies on anion and cation co-doping. However, co-doping is
expected to further improve the structural stability by adjusting
the electronic structure.17

In general, it is difficult to improve the adsorption capacity
and reduce the Mn dissolution loss of Li1.6Mn1.6O4 simulta-
neously by single ion doping. In our previous works, it was
found that cation doping reduces the dissolution loss of Mn,
and anion doping increases the adsorption capacity of Li+.5,8,9

However, cation and anion co-doped LMO are still a virgin eld
for exploration, which is considered to further improve struc-
tural stability and Li+ uptake capacities by tailoring the elec-
tronic structure and synergistic effect. Most oen, S ion provide
more charge carriers than O ion,9 and Al ions can enhance the
Mn anti-dissolution more than Li ions in LMO.5 In general,
these two properties are difficult to improve simultaneously by
single ion doping. In this work, Li1.6Mn1.6O4 with non-metal ion
(S) and metal ion (Al) co-doped was synthesized, and the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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morphology and microstructure were characterized using
various techniques. The adsorption/desorption properties of co-
doping with anions (S) and cations (Al) were systematically
investigated. It is indicated that a vital improvement was
demonstrated in the logical design and preparation of anions
and cations co-doped in Li1.6Mn1.6O4 to enhance the adsorption
and anti-dissolution properties.
2. Materials and methods
2.1 Preparation of doped materials

To begin, a hydrothermal process was used to produce ortho-
rhombic LiMnO2.18 The co-doped samples were prepared by
calcinating mixtures of (NH4)2S and AlCl3 with LiMnO2 at
a certain molar ratio at 350 �C for 24 h to form LMO-SAl. The
ion-sieve (HMO-SAl) was obtained by the HCl (0.6 mol L�1)
treatment of precursor (LMO-SAl) at 25 �C with magnetic stir-
ring for 24 h. The samples are expressed as r-LMO-SAl. In
addition, samples doped with a single S (derived from (NH4)2S,
designated as LMO-S, HMO-S, and r-LMO-S), or a single Al
(derived from AlCl3, denoted as LMO-Al, HMO-Al, and r-LMO-
Al), and samples without doping (designated as LMO, HMO
and r-LMO) were prepared by the above-mentioned method.
2.2 Sample characterization

The crystalline phases were characterized by X-ray diffraction
(XRD, X-Pert PRO), and the scanning angle 2q range is 10–90�.
The morphologies of as-obtained samples were analyzed by
a scanning electronmicroscope (SEM, LEO 1530VP). Through X-
ray photoelectron spectroscopy (XPS, ESCALAB 250Xi), the
surface content and binding energy changes were investigated.
The Mn4+ and Li+ concentrations in the solution was measured
using an inductively coupled plasma emission spectrometer
(ICP-OES, Optima 7000DV). The functional groups were recor-
ded by Fourier transform infrared spectroscopy (FT-IR spec-
troscopy, Bruker Tensor 27), in the range of 400 to 4000 cm�1.
2.3 Li+ adsorption properties

The Li+ adsorption/desorption process by LMO-SAl are illus-
trated in Fig. 1. The batch experiments for the adsorption of Li+

in solution were carried out in a thermostatic water bath with
a shaking speed of 150 rpm for 48 h. In a typical batch experi-
ment, 0.1 g of HMO-SAl was put into 100 mL of LiCl solution.
The inuence of factors (such as solution pH, experiment
temperature, initial solution concentration) on the adsorption
capacity of adsorbent were investigated. The solution pH values
were adjusted over the range of 4–12 using by HCl or NaOH
solution, the initial Li+ concentration was 6, 8, 12, 24, or
36mmol L�1, and the temperature range of the experiments was
25–45 �C.

The equilibrium adsorption (qe) was calculated using the
following eqn (1):19

qe ¼ V

m
ðC0 � CeÞ (1)
© 2022 The Author(s). Published by the Royal Society of Chemistry
where qe represents the Li+ adsorption uptake (mg g�1); C0 and
Ce signify the initial and nal Li+ concentrations in the solution
(mg L�1); m is the weight of the HMO-Al-R (g); and V is the
solution volume (L).

The adsorption selectivity was determined in a MCl (M+ ¼
Li+, Na+, K+, Rb+, Cs+) mixture solution. To evaluate the
adsorption behaviors of the prepared adsorbents under Salt
Lake brine, 0.1 g of HMO-SAl was added to the Lagoco Salt Lake
brine (100 mL). The distribution coefficient (Kd), concentration
factor (CF), and separation factor (aLiM) were obtained by eqn (2)–
(4), respectively.20

Kd ¼ ðC0 � CeÞ V

mCe

(2)

CF ¼ qeM/C0M
(3)

aLi
M ¼ KLi

Kd

(4)

2.4 Dissolution of Mn

The Mn content in the solid adsorbent is obtained by dissolving
LMO-SAl in a mixed solution containing HCl/H2O2 and
measuring the concentration of Mn in the solution. The Mn
dissolution rates was obtained by eqn (5):21

r ¼ Ci /S (5)

where r is the rate of dissolved Mn; Ci refers to the Mn2+

concentration in the solution at a certain time; S is the content
of Mn2+ in the adsorbent.
2.5 DFT calculations

The structure and electronic properties of the LMOs were
investigated using rst-principles calculations with DFT,
implemented using the Vienna Ab initio Simulation Package
(VASP)18 Our previous work established the correlation methods
and parameter settings.19 The ESI† includes detailed informa-
tion about the calculation.
3. Results and discussion
3.1 Preparation of co-doping LMO

The XRD patterns of co-doping LMO/HMO are shown in Fig. 2.
It is indicated that the diffraction peaks for the precursors
(LMOs), ion-sieves aer HCl treatment (HMOs), and materials
with Li+ reinserted by co-doping (r-LMOs) correspond to
a spinel structure. The interplanar spacing decreases from 4.7 Å
to 4.6 Å aer the acid leaching process, and return to 4.7 Å aer
Li+ reinsertion, implying that the structure is stable in both
acidic and alkaline environments and that ion-exchange occurs
via an adsorption/desorption process.22 Themorphologies of as-
prepared samples are shown in Fig. 3a–c. It can be indicated
that the morphology of co-doped LMO and HMO changes little
in an acidic or alkaline environment. The EDS elementmapping
shows that the elements (O, Mn, S, Al) are uniformly distributed
(Fig. 3e).
RSC Adv., 2022, 12, 2150–2159 | 2151
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Fig. 1 Schematic illustration of the LMO-SAl for Li+ adsorption and desorption process.

Fig. 2 The XRD patterns of various manganese oxides with co-doping
(the precursors (LMOs), ion-sieves after HCl treatment (HMOs), and
materials with Li+ reinserted by co-doping (r-LMOs)).
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The FT-IR spectra of the co-doped anions and cations LMO
and HMO are shown in Fig. 4. The –OH bands near 3422 cm�1

and 1628 cm�1 are existed in the spectrum of the co-doped
LMO, however the intensity of the –OH signal is enhanced in
the co-doped HMO, which means that the ion exchange
between Li+ and H+ occurs in Li+ extraction process.23 In
Fig. 3 Morphologies of (a) LMO-SAl; (b) HMO-SAl (c) r-LMO-SAl and (d
survey spectra of EDS from (d), respectively.

2152 | RSC Adv., 2022, 12, 2150–2159
addition, a new peak near 907 cm�1 appeared in the HMO-SAl
sample, which further supports the existence of the ion
exchange process.23 The peak near 1072 cm�1 in the LMO-SAl
sample is attributable to the Li–O bond, which is still existed
in the HMO-SAl sample, but the peak intensity decreases,
indicating that the Li+ desorption is incomplete, which may be
due to the Li+ in the 16d site is difficult to extract.24 The bands of
Mn(III)–O and Mn(IV)–O are similar in the co-doping LMO and
HMO, demonstrating that the spinel structure has high stability
in acidic environment,25 which is consistent with the XRD
results.

Fig. 5 shows the XPS tting curve of the co-doped LMO and
HMO. There are [Mn4+O] bands at 642.7 eV and [Mn3+O] bands
close to 642.1 eV in the spectra of co-doped LMO and HMO,26

while the amount of Mn4+ in HMO is higher because Mn3+ is
partially dissolved in HCl solution (Fig. 5a). Compared with the
LMO (Fig. S1†), the amount of Mn4+ is increased (84%) by co-
doping, which improves the resistance to solubility. Aer Li+

is extracted, the –OH band intensity near 531 eV increases,27

while the peak caused by [MnO6] does not change in the co-
doped LMO and HMO (Fig. 5b), indicating that during the
Li+/H+ ion exchange process, the framework structure of [MnO6]
shows stable in an acidic environment, which is consistent with
the results of FT-IR.28
) enlarged of LMO-SAl; (e) are the elemental mapping from EDS and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 FT-IR spectra of co-doped LMO (LMO-SAl) and co-doped
HMO (HMO-SAl).

Fig. 5 XPS spectra of different LMO-SAl and HMO-SAl. (a): Mn 2p and
(b) O 1s fitting curves.

Fig. 6 The adsorption capacity and removal rate of HMO-SAl at
various pH (3–12).
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3.2 Adsorption properties

3.2.1 Effect of pH. Fig. 6 shows the effect of solution pH on
lithium adsorption. The effect of solution pH on the lithium
adsorption is shown in Fig. 6. The Li+ adsorption capacity of
HMO-SAl is extremely low (<5 mg g�1) in an acidic environment.
The adsorption of HMO-SAl increased to 10.56 mg g�1 at pH 10,
and reached 33.74 mg g�1 at pH 12. It can be considered that
the adsorption capacity increases with the increase of pH,
which may be due to the promotion of the ion exchange process
by the alkaline environment according to eqn (6).29

H1.6Mn1.6O4 + Li # Li1.6Mn1.6O4 + H (6)

3.2.2 Inuence of initial Li+ concentration and tempera-
ture. Fig. 7 shows the adsorption of the adsorbent in different
LiCl solution concentrations and different temperatures. It can
be seen from Fig. 7a that the adsorption capacity of HMO
increases with the increase of the initial concentration. When
CLiCl ¼ 6 mmol L�1, the equilibrium adsorption capacity of
HMO-SAl is 33.7 mg g�1. As the concentration of LiCl solution
increases to 24 mmol L�1, its adsorption capacity increases to
40.4 mg g�1. It can be considered that the adsorption capacity
increases with the increase of the initial lithium concentration,
and the adsorption capacity of co-doped HMO increases
signicantly compared with un-doped HMO (Fig. S3,† 22.5 mg
g�1 at CLiCl ¼ 6 mmol L�1). In addition, the adsorption capacity
of HMO-SAl is also higher than HMO-Al (29.4 mg g�1) and
HMO-S (27.4 mg g�1). The reason may be the synergistic effect
of the replacement of anion and cation, which improves the
© 2022 The Author(s). Published by the Royal Society of Chemistry
structural stability and inhibits the irreversible capacity decay
caused by the Jahn–Teller effect.15

Fig. 7b shows the adsorption of Li+ by the HMO-SAl at
different temperatures. The adsorption capacity of HMO-SAl at
25 �C is 33.7 mg g�1. When the temperature continues to
increase to 35 �C and 45 �C, the adsorption capacity increases to
34.4 mg g�1 and 36.2 mg g�1, respectively. The results show that
as the temperature increases, the equilibrium adsorption
capacity also increases, indicating that the adsorption of Li+ by
HMO-SAl is an endothermic reaction.

The performance of the element doping in Li–Mn–O ionic
sieves have been summarized in Table S1.† Overall, the
proposed HMO-SAl material demonstrated a higher adsorption
capacity at a relatively low initial Li+ concentration than has
been shown in prior works, as summarised in Table S1 in ESI.†
This anion/cation co-doping HMO in the present work has
excellent uptake properties and may have a promising appli-
cation for the recovery of Li+ from solution containing Li+.

3.2.3 Adsorption isotherms. The Langmuir and Freundlich
adsorption isotherm models are used to investigated the
absorption behavior of Li+, which can be shown as eqn (7) and
(8):30

Ce

qe
¼ 1

qmb
þ Ce

qm
(7)

ln qe ¼ ln kF þ 1

n
ln Ce (8)

where Ce means the equilibrium concentration of Li+ (mg L�1),
qe and qm are the experimental and theoretical capacities (mg
g�1), b, kF (mg g�1) and n denote is the Langmuir coefficient and
the Freundlich constants, respectively.

Fig. 8 shows the tting curve, and the relevant parameters
are listed in Table 1. It can be observed that the Li+ adsorption
behavior is t better to a Langmuir model (R2 ¼ 0.99) than
a Freundlich model (R2 ¼ 0.86), which is indicated that it is
a single layer adsorbed to the surface.30

3.2.4 Adsorption kinetics. The pseudo-rst order, pseudo-
second order, and intraparticle diffusion model are employed
RSC Adv., 2022, 12, 2150–2159 | 2153
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Fig. 7 The adsorption capacity of HMO-SAl: (a) various initial adsorption concentration (6 mmol L�1, 12 mmol L�1 and 24 mmol L�1), (b) various
temperature (25 �C, 35 �C and 45 �C).

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Ja

nu
ar

y 
20

22
. D

ow
nl

oa
de

d 
on

 4
/6

/2
02

6 
4:

14
:3

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
to investigate the adsorption kinetics of Li+. The equations are
shown as follows:31

ln(qe � qt) ¼ lnqe � k1t (9)

t

qt
¼ 1

k2qe2
þ t

qe
(10)

qt ¼ knt
0.5 + Cn (11)

where qe and qt are the Li+ adsorption capacities (mg g�1) at
equilibrium and random time t (min), the k1 (min�1) and k2 (g
(mg�1 min�1)) signify pseudo-rst-order and pseudo-second-
order coefficients, and kn (mol g�1 min�0.5) denotes the diffu-
sion rate coefficient of process n (n ¼ 1, 2, 3).

The tting results are shown in Fig. 9, and the relevant
parameters are summarized in Table 2. Comparing to the
pseudo-rst-order (R2 ¼ 0.98), the R2 (0.99) of pseudo-second-
order of HMO-SAl adsorbents is closer to linear, and a qe,cal
based on a pseudo-second-order model is closer to qe,exp, which
Fig. 8 (a) Langmuir, (b) Freundlich isotherm models of Li+ uptake behav

Table 1 Relevant parameters base on Langmuir and Freundlich models

Material

Langmuir

qm (mg g�1) b (L mg�1) R2

HMO-SAl 41.08 5.02 0.99

2154 | RSC Adv., 2022, 12, 2150–2159
is indicated that the pseudo-second-order model is more in line
with the adsorption process of Li+, suggesting the Li+ absorp-
tion is mainly promoted by the chemical adsorption caused by
the ion exchange between Li+ and H+.

Themodel of the particle internal diffusion was investigated,
and the diffusion rate constants (kn) were calculated. The tted
line is shown in Fig. 9c. It can be seen from Fig. 9c that the rst
process tting line has a steep slope, which indicates that Li+ is
transferred from the solution to the surface of the adsorbent
during the rate control process. The slope of the second
segment of the tted line gradually plateaus, indicating that
a decelerating adsorption process has occurred during this
process, in which Li+ may migrate from the surface to the pores.
In the third step, the transfer of Li+ inside the particle slows
down, indicating that the absorption has reached equilibrium.30

3.2.5 Adsorption selectivity. The presence of coexisting
ions has a signicant impact on the absorption behavior of Li+

in low-concentration Li solutions (such as salt lakes).
ior of HMO-SAl. (T ¼ 25 �C, CLi+ ¼ 6 mmol L�1).

(T ¼ 25 �C)

Freundlich

kF (mg g�1) (L mg�1)1/n n R2

4.04 18.18 0.86

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a) Pseudo first-order; (b) pseudo-second-order and (c) intra particle diffusion models for Li+ uptake behavior (T¼ 25 �C CLi+ ¼ 6mmol L�1).

Table 2 Relevant parameters base on kinetics models (T ¼ 25 �C)

Materials qe,exp (mg g�1)

Pseudo-rst-order Pseudo-second-order

k1 (min�1) qe,cal R2 k2 (min�1) qe,cal (mg g�1) R2

HMO-SAl 33.74 0.002 12.29 0.96 0.003 34.19 0.99

Fig. 10 Adsorption capacity of HMO-Al-5% for various monovalent
cations in single and mixed MCl solutions.
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The adsorption curves of ions for HMO-SAl adsorbents in
single and mixed MCl solutions are shown in the Fig. 10. In
a single LiCl solution, the absorption capacity of HMO-SAl for
Li+ is 4.86 mmol g�1, which is higher than that of the mixed
solution (4.58 mmol L�1). However, HMO-SAl hardly adsorbs
other ions, which may be because the pore size of the adsorbent
is similar to the ion radius of Li+, while other ions with a larger
radius cannot enter the pores and are adsorbed on the surface.30

In particular, the absorption capacity of HMO-SAl in a single
LiCl solution or mixed solution is higher than single ion doped
HMO (HMO-Al and HMO-S).5,9

In order to evaluate the practicality of the HMO-SAl adsor-
bent, adsorption experiments were carried out in Lagoco Salt
Lake brine containing Mg2+ and Ca2+, and the results are
summarized in Table 3. The absorption results show that HMO-
SAl has high selectivity to Li+ (Li+> Ca2+> Mg2+> Na+> K+)
according to the order of Kd in Table 3, which means that the
© 2022 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2022, 12, 2150–2159 | 2155
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Table 3 Selectivity of HMO-SAl in Lagoco salt lake

Ions C0 (mmol L�1) Ce (mmol L�1) qe (mmol g�1) CF (mL g�1) Kd (mL g�1) aLi/M

Li+ 45.18 41.00 4.18 92.52 101.95 1
Na+ 723.99 723.97 0.02 0.03 0.03 3398.33
K+ 63.53 63.50 0.03 0.47 0.47 216.91
Mg2+ 35.75 35.73 0.02 0.56 0.56 182.05
Ca2+ 0.41 0.41 0.001 2.44 2.44 41.78

Fig. 11 Li+ uptake and Mn loss rate of HMO-SAl in regeneration
process.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Ja

nu
ar

y 
20

22
. D

ow
nl

oa
de

d 
on

 4
/6

/2
02

6 
4:

14
:3

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
material has the ability to separate Li+ from solutions contain-
ing Mg2+ and Ca2+. The all separation factors (aLiM) of HMO-SAl
greatly exceed those of HMO-Al, suggesting that HMO-SAl
possess excellent and effective separation effect. The results
show that HMO-SAl has high selectivity to Li+ from Lagoco Salt
Lake brine, which has broad application prospects for Li+

recovery.
3.2.6 Cyclic adsorption performance. The absorption of Li+

and the dissolution loss of Mn in the ve cycles of adsorption
and desorption of HMO-SAl are shown in Fig. 11.

It can be clearly noticed that during the initial regeneration
process, the adsorption of Li+ and the loss of Mn are
Fig. 12 The Mn loss rate of HMO-SAl: (a) various HCl concentration (T ¼

2156 | RSC Adv., 2022, 12, 2150–2159
signicantly reduced, which can be attributed to the presence of
LiMnO2.32 Aer the h cycle, the Li+ absorption capacity of
HMO-SAl is 93% of the rst adsorption capacity. Compared with
the adsorption capacity of HMO-Al (28.0 mg g�1) aer ve
adsorptions, the adsorption capacity of HMO-SAl increased by
11.4%. Correspondingly, the dissolution loss rate of Mn is
below 3.0%, indicating that HMO-SAl has excellent adsorption
performance and stable structure.
3.3 Dissolution loss of Mn

The dissolution loss of Mn with different concentrations of
hydrochloric acid and different temperatures is shown in
Fig. 12. The solubility of Mn increased slightly from 2.9% to
3.0% as the HCl concentration increased from 0.3 mol L�1 and
0.6 mol L�1 respectively, which are slightly higher than the
dissolution loss of HMO-Al. Fig. 12b shows that the Mn disso-
lution rate increases with increasing temperature. This means
that in an acidic environment, the dissolution rate of Mn
increases, which may be stimulated by eqn (12):33

4(Li)[Mn(III)]O4 + 8H / 3(,)[Mn2(IV)O4] + 4Li+

+ 2Mn(II) + 4H2O (12)

Among them, “,” signies an unoccupied Li+.
3.4 Enhanced adsorption and anti-dissolution properties

A comparison of the adsorption capacity and Mn loss rate of
bare LMO, single doped LMO, and co-doped LMO are illustrated
in Fig. 13. The adsorption capacity of HMO-SAl is 33.7 mg g�1,
25 �C), (b) various temperature (cHCl ¼ 0.6 mol L�1).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Comparison of Li+ adsorption capacity and Mn dissolution of
un-doped LMO, S dpoed LMO, Al doped LMO and co-doped LMO.

Fig. 14 Optimized structures of replacing Li and O sites with anions (S)
and cation (Al). (a and b) Near and far S–Al in bulk; (c and d) near and far
S–Al in surface.

Fig. 15 Calculated density of states (DOS) for (a): un-doped LMO and (b

© 2022 The Author(s). Published by the Royal Society of Chemistry
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which is higher than both the bare HMO and single Al doped
(HMO-Al), and slightly lower than single S doped (HMO-S). The
Mn dissolution decreased to 3.7% in S and Al co-doped (HMO-
SAl), which is lower than bare LMO (5.4%), LMO-S (5.4%), and
LMO-Al (4.4%), indicating that the S and Al co-doped can
effectively reduce the Mn dissolution and improve the Li+

adsorption. These may be caused by an improvement in the
charge density produced by S doping. The impact of Al doping
may be due to its ability to reinforce the structural stability of
the LMOs, in alignment with our previous work. In summary,
both anions and cations co-doped can enhance the adsorption
and anti-dissolution properties.10
3.5 Theory calculations

3.5.1 Anion and cation co-doping induced structure
stability. Theory calculations were performed to probe the
surface structure of co-doped LMOs. To illustrate the forma-
tion of surface doped structures when anions and cations were
substituted, the energies of different models were calculated.
The structure models and calculation results are given in
Fig. 14. It was found that the formation energy of the bulk
material is lower than at the surface, and the energy for near S–
Al in the bulk is lowest (�0.86) and the near S–Al doped at
surface is the most stable (�3.54 eV). Consequently, the
structural stability was enhanced by doping due to the
formation of stronger Al–O bonds and the adsorption prop-
erties were improved by increasing the charge density via S
doping.34

3.5.2 Density of states. To further understand the mecha-
nism of the increase of Li+ adsorption capacity and the disso-
lution resistance of Mn by anion and cation co-doping, the
electronic structure including the density of states (DOS) and
the charge density were investigated. The DOS of LMO and
LMO-SAl are illustrated in Fig. 15a and d. The calculation
results reveal that the valence band is mainly composed of
Mn(d) and O(p), indicating that there is a strong interaction
between Mn and O in [MnO6]. The calculated bandgap of LMO-
SAl is 0.24 eV, which are slightly lower than bare LMO (0.17 eV),
indicating that the electronic conductivity was not enhanced by
S and Al co-doping.
): LMO-SAl.
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4. Conclusion

With the goal of developing high performing adsorbents for Li+

recovery from salt lake, a series of Li1.6Mn1.6O4 (LMOs) co-
doped with anions and cations were prepared, which
enhanced the adsorption of Li+ and reduced the dissolution of
Mn. The adsorption capacity of LMO-SAl reached 33.7 mg g�1,
which is higher the bare LMO (26.1 mg g�1). TheMn dissolution
was reduced from 5.4% for bare LMO to 3.7% for LMO-SAl. The
co-doped LMOs also possess a high selectivity for Li+ from
Lagoco Salt Lake brine containing Li+, Na+, K+, Mg2+, and Ca2+.
To further explore the adsorption and anti-dissolution
improvements, DFT calculations revealed that the cause was
likely charge transfer near co-doping sites, which may inform
subsequent development of newmaterials for the recovery of Li+

ions from mixed salt solutions.
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