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Spinel LiMn2−xSixO4 (x < 1) through Si4+ substitution as
a potential cathode material for lithium-ion batteries
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ABSTRACT  Spinel LiMn2−xSixO4 (x< 1, through substituting
Mn4+ with Si4+ in cubic spinel LiMn2O4) was synthesized
successfully by a facile sol-gel method. The as-prepared
LiMn2−xSixO4 consisted of pores with large size distribution
range from a few nanometers to over 200 nm and possessed
specific surface area of 8.76 m2 g−1. Results of X-ray powder
diffraction and X-ray photoelectron spectroscopy confirmed
that Si atoms entered the host lattice. As a cathode material
for rechargeable lithium-ion batteries, spinel LiMn2−xSixO4

exhibited excellent structural reversibility and integrity
during the charging-discharging process. The result indi-
cated that substitution of Mn4+ by Si4+ in spinel LiMn2O4

material effectively alleviated the phase transition caused
by Jahn-Teller effect. The initial discharge capacity of the
as-prepared spinel LiMn2−xSixO4 was 147 mA h g−1 over the
voltage range of 1.5–4.8 V. However, after 51 cycles, the
specific capacity was 88 mA h g−1 with capacity retention
of 60 %. More work is needed to understand the effects of
substituting Mn4+ by Si4+ and to improve the cyclic stability.
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INTRODUCTION
Although Li-ion batteries have achieved a wide commercial
success, the demand for higher energy and power densities
with longer cycling stability has stimulated wide spread in-
creasing research efforts in searching for better electrode
and electrolyte materials for Li-ion batteries [1–3]. Spinel
LiMn2O4 is one of the most attractive cathode materials
in the field of Li-ion batteries because of its high output
voltage (4 V), low cost, abundance in nature, environmen-
tally benign, and high safety [4–10]. However, it is well
known to suffer from the structural transition from cubic
to tetrahedron caused by Jahn-Teller (J-T) distortion when
the average Mn-ion valency falls below 3.5, namely, when
the LiMn2O4 electrodes are cycled below 3 V, which leads

to severe capacity fading during prolonged cycles [11–13].
To address this problem, various cations such as Li+, Mg2+,
Zn2+, Al3+, Co2+, Ni2+, Cr3+, Bi3+, and Fe3+, have been ex-
plored to substitute partial Mn3+ ions to increase the av-
erage valence of Mn ions and also limit the cyclic voltage
in the range of 3.5–4.4 V, resulting in better cyclic perfor-
mance compared to pristine LiMn2O4 [14–18]. Shi et al.
[18] reported that LiFe0.2Mn1.8O4 exhibited a discharge ca-
pacity of 122 mA h g−1 at 1 C (1 C = 148 mA g−1) and the
capacity retention reached 88% after 500 cycles. Reddy et
al. [19] reported LiNi0.5Mn1.5O4 delivered a capacity of 174
mA h g−1 at C/5 and reversible capacity at the end of 55th

cycle was 120 mA h g−1. However, all these methods are
at the expense of lithium-ion storage capacities, leading to
the practical capacity of approximately 120 mA h g−1 in
doped-LiMn2O4, when cycled in the narrow voltage win-
dow [14,20,21].

In the spinel LiMn2O4 structure, Li+ ions occupy the
tetrahedral 8a sites, Mn3+/Mn4+ ions are in the octahedral
16d sites, and O2

− ions are located in the 32e sites, which
form a cubic-close-packed array [22,23]. The adjacent
unoccupied octahedral 16c sites not only provide a three
dimensional pathway for Li+ to diffuse easily, but also
are capable of storing additional Li+, resulting in high
theoretical capacity of 296 mA h g−1 if reversible inser-
tion/extraction of 2 Li+ (Mn2+/Mn4+) takes place [24],
when the electrode is allowed to use in a wide voltage range
(e.g., 1.5–4.8 V). We hypothesize that the substitution of
Mn ions with tetravalent Si ions with smaller ionic radius
might improve the structural stability during lithium-ion
insertion and extraction process, and thus suppress the
Jahn-Teller distortion, and obtain cathode materials with
higher capacity and better cyclic stability than the pristine
spinel LiMn2O4 for Li-ion batteries.
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In the present study, spinel Si-substituted LiMn2O4

(LiMn2−xSixO4) has been synthesized by a facile sol-gel
method. The electrochemical properties of the resultant
LiMn2−xSixO4 used as cathode material in lithium-ion
batteries were investigated in a wide voltage range from 1.5
to 4.8 V, different from the previous reports. The effects
by Si-substitution on lithium ion storage capacity, cyclic
stability and structural evolution during charging/dis-
charging process were discussed.

EXPERIMENTAL SECTION

Material synthesis
Analytical grade lithium acetate dihydrate (CH3COOLi  ∙
2H2O), manganese acetate tetrahydrate (Mn(CH3COO)2
∙  4H2O), ethyl silicate (C8H20O4Si) and absolute ethanol
were employed as raw materials to prepare LiMnSiO4 by a
facile sol-gel method. In brief, 0.02 mol lithium acetate di-
hydrate and 0.02 mol manganese acetate tetrahydrate were
dissolved in ethanol followed by stirring for half an hour.
Then, stoichiometric amount of ethyl silicate in ethanol so-
lution was slowly added to the above mixed solution. The
solution was maintained at 80°C for 24 h under vigorous
stirring and then dried in oven at 80°C overnight. Sub-
sequently, the obtained xerogel were finely grounded by
ball-milling and calcined at 650°C for 10 h with a flow of
argon. The final obtained powder was LiMn2−xSixO4.

Material characterizations
X-ray powder diffraction (XRD) was collected by diffrac-
tometer (Smart Lab, Japan) with Cu Kα (λ = 1.5406
Å) radiation. The scanning angle 2θ was ranging from
10 to 80° at a step of 0.02°. X-ray photoelectron spec-
troscopy (XPS, ThermoESCALAB 250, USA) was used
to measure the chemical state of elements on the surface.
The morphology and particle size distribution were ob-
served by field emission scanning electron microscopy
(FE-SEM, HITACHIS-4800, Japan). N2 adsorption-des-
orption isotherms were measured by F-Sorb 2400 analyzer.
The specific surface area and average pore size were
calculated using Brunauer-Emmett-Teller (BET) and Bar-
rett-Joyner-Halenda (BJH) methods, respectively.

Electrochemical measurements
The electrochemical characterizations of the materials
were performed using CR2032-type coin cells. The work-
ing electrodes were prepared by mixing 80 wt.% active
materials, 10 wt.% acetylene black with 10 wt.% polyvinyli-
dene fluoride (PVDF) using 1-methyl-2-pyrrolidone as
a solvent. The resulting slurries were uniformly pasted

on Al foils and dried in vacuum at 100°C overnight, as
described in our previous report [25]. Circular elec-
trodes were cut-off from the sheets with a diameter of
12 mm and the active materials (LiMn2−xSixO4) weights
were maintained approximately at 2.5 mg cm−2. Cells
assembly were carried out in a glove box filled with high
pure argon (less than 1 ppm of water and oxygen) using
Li metal as the anodes, celgard2400 film as the separa-
tor and 1 mol L−1 LiPF6 dissolved in ethylene carbonate
(EC)/dimethyl carbonate (DMC)/ethyl methyl carbonate
(EMC) (1:1:1, by volume) as the electrolyte. Galvano-
static charge-discharge measurements were performed
on battery tester (LANDCT2001A, China) in the voltage
range of 1.5–4.8 V (vs. Li+/Li) with the current density of
10 mA g−1 at 30°C. Cyclic voltammogram (CV) was carried
out by electrochemical workstation (CHI660D, China)
between 1.5 and 4.8 V at a scanning rate of 0.2 mV s−1.

In order to investigate the structural evaluation during
charging-discharging process, the cycled batteries were dis-
assembled and the cathodes were washed by DMC and ab-
solute ethanol, and then dried in vacuum at 40°C. Ex-situ
XRD analysis was performed on the electrodes which were
charged or discharged to different states using Cu Kα radi-
ation with 2θ from 10 to 80° at a step of 0.02°.

RESULTS AND DISCUSSION
Fig. 1 illustrates the XRD patterns of the as-prepared
LiMn2−xSixO4 powder and the results of Rietveld re-
finement of the material. Two crystalline phases were
identified from the XRD results; most diffraction peaks
are well indexed to the cubic spinel structure with Fd-3m
space group, closely in accordance with LiMn2O4 refer-
ence data (JCPDS No.35-0782). Three minor XRD peaks
might be from a possible secondary phase, Li2SiO3 (JCPDS
No.29-0828), suggesting a small fraction of silicon did not
enter the spinel crystal. Refined lattice parameter for cubic
spinel LiMn2−xSixO4 is found to be 0.8222 nm, which is
slightly smaller than that of pristine LiMn2O4 reported
in the literature [21,26]. The substitution of Mn ion with
silicon ion induced the slight lattice contraction of cubic
spinel LiMn2O4, which might be well attributed to the
fact that the ionic radius of Si4+ (0.04 nm with CN = 6) is
smaller than that of Mn4+ (0.053 nm, CN = 6) [27]. The
lattice contraction also indicates that the Si ions enter into
the host crystal lattice. Fig. 2 shows the XPS spectra. The
Mn 2p spectrum consists of Mn 2p1/2 and Mn 2p3/2 which
results from the spin-orbit splitting. Peaks at 641.9 and
643.7 eV can be assigned to Mn3+ and Mn4+, respectively
[28,29]. Coexistence of  mixed  Mn3+ and Mn4+  after  the
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Figure 1    (a) XRD pattern of the as-prepared LiMn2−xSixO4 powder; (b) rietveld refinement of the LiMn2−xSixO4.

Figure 2   XPS spectra of (a) Mn 2p and (b) Si 2p for the as-prepared LiMn2−xSixO4.

substitution of Si indicates the incomplete replace of Mn4+.
Fig. 2b is the Si 2p XPS spectrum; the major peak around
103 eV splits into two different peaks, indicating different
chemical states of Si element existing in the as-prepared
material. The peak at 102.3 eV can be assigned to Li2SiO3,
which is in agreement with the results reported in the liter-
ature [30]. The peak at 103.4 eV is related to LiMn2−xSixO4.
The results demonstrate that Mn4+ has not been completely
replaced by Si4+ as expected, which agrees well with the
XRD data presented in Fig. 1.

The FE-SEM image with corresponding EDS pattern and
elementmappings of the as-prepared LiMn2−xSixO4 are pre-
sented in Figs 3a–c. Fig. 3a illustrates that the morpholo-
gies of LiMn2−xSixO4 powders are thin-walled porous struc-
ture. Themechanism for the formation of the porous struc-
ture is not very clear, but it might be resulted from the re-
lease of gas during thermal decomposition. The structure
can form three-dimensional channel for ion diffusion and

provide a relatively large contact area between the active
materials and electrolyte, which can facilitate the electro-
chemical reaction, as well as buffer the volume change dur-
ing the electrochemical charging-discharging process [18].
Fig. 3b shows the EDS pattern of the LiMn2−xSixO4, in
which only elements of Mn, Si and O were detected. More-
over, the elementalmappings demonstrate that the uniform
distribution of these elements, as can be seen in Fig. 3c.

Fig. 4 shows the N2 adsorption/desorption isotherms
and pore size distribution of the as-prepared LiMn2−xSixO4.
It can be observed that the isotherm exhibits a typically
type-IV plot with H2-type hysteresis, indicating a meso-
porous structure of porous LiMn2−xSixO4. The specific sur-
face area calculated by BET analysis is 8.76 m2 g−1, and the
pore size distribution determined from BJH analysis shows
a large range from a few nanometers to over 200 nm. It is
noted that Reddy et al. [19] reported the surface areas of
Ni-doped LiMn2O4 prepared at 700 and 750°C using poly-
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Figure 3    (a) FE-SEM image, (b) EDS pattern and (c) element mappings of as-prepared LiMn2−xSixO4.

Figure 4   N2 adsorption/desorption isotherms and pore size distribution
(inset) of spinel LiMn2−xSixO4.

mer precursor method were 1.22 and 0.85 m2 g−1, respec-
tively and LiMn2O4 prepared using molten salt method at
750°C showed a BET surface area of 15.9 m2 g−1[31]. The
above results indicate that the surface area varies apprecia-
bly depending on the methods of preparation and reaction
condition.

The electrochemical properties of the spinel
LiMn2−xSixO4 were investigated by typical 2032-type coin
cells. Fig. 5a presents the CV curves of the LiMn2−xSixO4

electrode between 1.5 and 4.8 V. As shown, during the

charging-discharging process, three pairs of redox peaks
appear at 3.19/2.71, 4.06/3.91, 4.19/4.05 V, corresponding
to the transformation of Mn2+/Mn3+ and Mn3+/Mn4+,
respectively [19]. The electrochemical redox reactions
occurred at about 4 V demonstrate typical characteristics
of spinel LiMn2O4 electrode, indicating that the insertion
and extraction of Li+ are carried out by two steps
[32]. During the charging process, the peak located at
4.06 V corresponds to the oxidation of Mn3+ to Mn4+

accompanied with the extraction of Li+ from the half of
the tetrahedral sites with Li-Li interaction, while the peak
located at 4.19 V is due to the extraction of Li+ from the
other half of tetrahedral sites without Li-Li interaction
[33–35]. During the discharging process, peaks at 3.91
and 4.05 V are corresponding to the insertion of Li+ into
the host lattice accompanied with the reduction of Mn4+

to Mn3+. It is worth noting that there is no appreciable
difference in the CV curves of LiMn2−xSixO4 electrode be-
tween the second and third cycles, indicating an excellent
reversibility as cathode material for Li-ion batteries. An
uncertain oxidation peak appears at about 3.80 V in the
second and third charging process, but no corresponding
reduction peak appears in the subsequent discharging
processes, which also appeared in the literature [36]. No
explanation has been found for this extra oxidation peak,
but it is unlikely to be associated with silicon substitution.
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Figure 5   Electrochemical properties of spinel LiMn2−xSixO4electrodes: (a) CV curves measured at a scan rate of 0.2 mV s−1; (b) charge/discharge curves
measured between 1.5 and 4.8 V with a current density of 10 mA g−1; (c) the cyclic performance.

Fig. 5b shows the charging/discharging curves of spinel
LiMn2−xSixO4 in the first three cycles. Both charging and
discharging curves exhibit two pseudoplateaus at about 4.0
and 4.2 V, due to the extraction and insertion of Li+ by two
steps. In the first discharging curve, when discharged to be-
low 3.0 V, a flat plateau appears at approximately 2.8 V, and
in subsequent charging, a corresponding oxidation plateau
appears at approximately 3.1 V, attributing to the transfor-
mation of Mn3+/Mn2+. In the following cycles, the charg-
ing/discharging plots of LiMn2−xSixO4 exhibit good coinci-
dence, indicating its good reversibility, which is well consis-
tent with the results of CV. The initial discharge capacity of
spinel LiMn2−xSixO4 is 147 mA h g−1, which is much higher
than ~120 mA h g−1 of the pristine LiMn2O4 commonly re-
ported in the literature [14,20]. The improved specific ca-
pacity might be related to the porous structure. However
the capacity gradually decreased during the prolonged cy-
cles, as shown in Fig. 5c. The electrodes lost approximately
1 mA h g−1 per cycle, and only retained a discharge ca-
pacity of 88 mA h g−1 with capacity retention of 60% af-

ter 51 cycles. The unsatisfied cyclic performance might be
ascribed to several factors: (i) the presence of secondary
phase, Li2SiO3, (ii) the unidentified irreversible oxidation
reaction at 3.80 V as revealed in CV curves, (iii) the pos-
sible structural change resulting from the Jahn-Teller ef-
fect as that occurred in pristine LiMn2O4 during insertion
and extraction of Li+, (iv) the serious polarization caused
by the poor electrical conductivity [37], and (v) possible
Mn dissolution upon cycling according to disproportional
reaction: Mn3+ → Mn4+ + Mn2+ [14,38–40]. Although the
battery performance of LiMn2−xSixO4 falls short of expec-
tation, it ismuch better than that of pristine spinel LiMn2O4

as reported in literatures.
In order to investigate the effects of Si-substitution on

phase transition of cubic spinel LiMn2−xSixO4 when deeply
discharged to below 3 V, ex-situ XRD was employed to an-
alyze the structural evolution during charging-discharging
process in the same cycle and different cycles, as shown in
Fig. 6. The peaks at around 44.8°, 65.2° and 78.3° in Figs 6a
and c are indexed to Al phase (current collector, marked as
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Figure 6   XRD patterns of spinel LiMn2−xSixO4 charged and discharged to different stages: (a) charged and discharged to different cut-off voltage in the
first cycle; (b) partial enlargement of (a); (c) charged to 4.8 V in the second cycle and discharged to 1.5 V after 51 cycles.

heart shape). Fig. 6a presents the XRD patterns of the
spinel LiMn2−xSixO4 charged and discharged to different
stages in the first cycle. As shown, when charged to 4.8 V,
the spinel crystal structure keeps a good integrity. When
discharged to below 3.0 V, the spinel crystal structure of
LiMn2−xSixO4 still remains its original state. From the
partial enlargement (Fig. 6b), it can be seen that the major
diffraction peak only shifts toward slightly higher or lower
angles, indicating the subtle change of lattice constant of
the spinel LiMn2−xSixO4, which is caused by extraction
and insertion of Li+ as well as corresponding change of
ionic radii of Mn with a change of valence states during
charging-discharging process. No phase transition was
observed. When charged to 4.8 V in the second cycle, the
crystalline structure converts back to the initial state as
indicated with identical XRD patterns shown in Fig. 6c.
After prolonged cycles, the spinel LiMn2−xSixO4 maintains
a good integrity without detectable phase transition as
indicated by the same XRD pattern as shown in Fig. 6c, al-
though the intensity of diffraction peaks gradually weaken
which is mainly because of the lower crystallinity. The
results unambiguously demonstrate that the substitution
of Mn4+ with Si4+ in the cubic spinel LiMn2O4 effectively
alleviates the undesired phase transition from cubic to

tetragonal phase when subjected to deep discharge. Si-sub-
stituted spinel LiMn2−xSixO4, therefore, possesses much
higher lithium ion storage capacity and better structural
stability than that of pristine LiMn2O4 when charging/dis-
charging in a wide voltage range. Therefore, we think
Si substitution to alleviate the phase transition of spinel
LiMn2O4 is worthy of recognition and may provide some
valuable reference for other materials.

CONCLUSIONS
Si-substituted LiMn2−xSixO4 was synthesized successfully
by a facile sol-gel method. Results of XRD and XPS
confirmed that Si atoms entered the host lattice. The
as-prepared LiMn2−xSixO4 consists of pores with large
size distribution range from a few nanometers to over
200 nm and possesses specific surface area of 8.76 m2

g−1. As cathode material for lithium-ion battery, the
LiMn2−xSixO4 showed excellent electrochemical reversible
behaviors. During charging-discharging process, the
structure maintained excellent reversibility and integrity,
attributing to substituting Mn4+ with Si4+ effectively al-
leviated the phase transition from cubic to tetragonal
caused by Jahn-Teller effect. However, the initial discharge
capacity of LiMn2−xSixO4 was 147 mA h g−1, and gradually
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decreased during the prolonged cycles. This might be
ascribed to high concentration of impurities, uncertain ir-
reversible electrochemical reaction, and poor conductivity,
etc. Although the battery performance of Si-substituted
LiMn2−xSixO4 was not as good as we expected, but the
effect on alleviating the phase transition should not be
disregarded. Therefore, further studies will be conducted
to improve the properties of spinel LiMn2−xSixO4 in terms
of purity and conductivity, thus enhance its capacity and
life cycle.
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Si替代尖晶石型LiMn2-xSixO4 (x < 1) 作为锂离子电池潜在正极材料的研究
汪敏1,2, 杨猛1, 赵相玉1, 马立群1*, 沈晓冬1*, 曹国忠2*

摘要   本文通过溶胶凝胶法成功制备了尖晶石型LiMn2−xSixO4 (x < 1,用Si4+替代尖晶石LiMn2O4中的Mn4+). 制备的LiMn2−xSixO4由几纳米至
200纳米的孔组成,比表面积为8.76 m2 g−1. XRD和XPS的结果表明Si原子进入到晶格中. 作为可充电锂离子电池的正极材料,充放电过程中
LiMn2−xSixO4展现出了优异的结构可逆性及完整性. 结果表明用Si4+替代尖晶石LiMn2O4中的Mn4+能有效缓解由Jahn-Teller效应引起的相转
变. 尖晶石LiMn2−xSixO4在1.5–4.8 V的电压窗口下,首次放电比容量为147 mA h g−1. 51次循环后,比容量仅为88 mA h g−1,容量保持率为60%.
因此, 需要进一步了解Si4+替代Mn4+的机理, 从而提高其循环稳定性.
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