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The uniform Li2MnSiO4 nanospheres with diameters of ~500 and 300 nm have been selectively 

prepared via monodisperse spherical SiO2 precursors with corresponding sizes by solid state method. 

Furthermore, Li2MnSiO4/C composites were obtained by annealing Li2MnSiO4 nanospheres with 

glucose at 400 °C. Electrochemical measurements show that spherical Li2MnSiO4/C with a diameter of 

~300 nm exhibits first discharge capacity of 145 mAh g
-1

, together with a stable discharge capacity of 

121 mAh g
-1

 after 50 cycles, which are higher than that with a diameter of ~500 nm. 
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1. INTRODUCTION 

The orthosilicates, Li2MSiO4 (where M = Mn
2+

, Fe
2+

, Co
2+

, Ni
2+

) [1-8], have been recognized 

as one of the most promising candidates in lithium-ion batteries (LIBs) due to its low cost, high safety, 

structure stability, and environmental friendliness. The most attractive feature is that Li2MSiO4 have a 

high theoretical capacity of 333 mAh g
-1

 by the insertion/extraction of two lithium ions per formula 

unit.  

Since Dominko et al. [9] first reported the synthesis and electrochemical performance of 

Li2MnSiO4, considerable research efforts have been directed to design and synthesis of Li2MnSiO4 

with enhanced electrochemical performance. Various methods have been developed to prepare 

Li2MnSiO4, mainly including sol gel method [10], solid state reaction [11], and hydrothermal process 

[12]. For instance, Li2MnSiO4 was prepared by an all-acetate sol gel method using tetraethyl 

orthosilicate (TEOS) as silicon source which showed large aggregates (10-50 µm) composed of 
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nanosized particles (100-200 nm). The as-obtained products presented a discharge capacity of 98 mAh 

g
-1

 after 15 cycles under 10 mA g
-1

 [13]. Aravindan et al. prepared Li2MnSiO4 by solid state method 

using SiO2 as silicon source, and irregular particulate morphology with some sort of aggregation was 

observed. When the carbon contents were 42 and 12%, discharge capacities of 140 and 25 mAh g
-1

 

after 40 cycles at 0.05 C were obtained, respectively [14]. 

As we known that the electrochemical performance of materials depends significantly on the 

particle size, so it is important to control the particle size and study its effects on cell performance [15]. 

While some groups have reported the synthesis of nanocrystalline Li2MnSiO4, size controlled synthesis 

of Li2MnSiO4 and investigation of the relationship between electrochemical performance and the 

particle size have been less carried out due to the difficulties in controlling the particle size. In 

particular, tailoring the particle morphology and size in solid state synthesis is more complicated than 

other methods because of the experiment being conducted at high temperature, which may usually 

results in irregular particulate morphology and strongly aggregation.  

Herein, we have devised a size controlled synthesis of uniform Li2MnSiO4 nanospheres by 

solid state method, where monodisperse SiO2 spheres with different sizes were used as precursors. 

Li2MnSiO4 nanospheres with diameters of ~500 and 300 nm have been prepared successfully. 

Li2MnSiO4 nanospheres were coated by carbon layers using glucose as carbon source to improve the 

low inherent electronic conductivity. The influence of particles size on electrochemical performance of 

Li2MnSiO4/C has been studied, which shows that spherical Li2MnSiO4/C with a diameter of ~300 nm 

displays higher reversible capacity and better cycle stability than that with a diameter of ~500 nm. 

 

 

 

2. EXPERIMENTAL 

All the chemical reagents used here were analytical grade, and were used without further 

purification. 

 

2.1 Synthesis of SiO2 spheres  

Monodisperse SiO2 solid spheres with diameters of ~500 and 300 nm were performed by a 

slightly modified Stöber process [16,17].  

Synthesis of ~500 nm SiO2 spheres: 4.5 mL of TEOS was rapidly added into the mixture of 9 

mL of ammonium hydroxide (28%), 24.75 mL of distilled water and 61.75 mL of absolute ethanol 

under stirring and kept for 3 h. The white precipitates were centrifuged and washed with absolute 

ethanol several times. The products were dried in a vacuum at 60 °C for 3 h.  

Synthesis of ~300 nm SiO2 spheres: 0.6 mL of TEOS, 0.7 mL of ammonium hydroxide (28%), 

5 mL of distilled water and 15 mL absolute ethanol were used. The experimental procedures were the 

same as those described above. 
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2.2 Synthesis of Li2MnSiO4 and Li2MnSiO4/C nanospheres 

Stoichiometric amount of LiOH•H2O, SiO2 (as-prepared), MnCO3 were fined ground using 

mortar and pestle and fired at 400 °C for 4 h in air. Then the intermediate products were ground and 

then calcined at 700 °C for 12 h in flowing argon (5wt%, H2). The as-prepared samples were labeled as 

Sample 1 (~500 nm in diameter) and Sample 2 (~300 nm in diameter) respectively. 

The as-prepared Sample 1 and Sample 2 were mixed with 40wt% glucose and carbonized at 

400 °C for 4 h under Ar (5wt%, H2) flow to obtain Li2MnSiO4/C composites and were labeled as 

Sample 3 and Sample 4, respectively.  

 

2.3 Materials characterization 

X-ray powder diffraction (XRD) patterns of the products were recorded on a Philips X’pert X-

ray diffractometer with Cu Kα radiation (λ=1.54182 Å). The microstructure was observed with a field-

emitting scanning electron microscope (SEM, JEOL-JSM-6700F), a transmission electron microscope 

(TEM, H7650), and a high-resolution transmission electron microscope (HRTEM, JEOL-2010) with 

an accelerating voltage of 200 kV. Raman spectrums were carried out on a JY LABRAM-HR confocal 

laser micro-Raman spectrometer using Ar
+
 laser excitation with a wavelength of 514.5 nm. X-ray 

Photoelectronic Spectrum measurements (XPS) were performed by using a VGESCA-LABMKIIX-ray 

photoelectronic spectrometer. Elemental analyses were carried out on a vario EL-Ⅲ elemental analyzer 

(Germany). 

 

2.4 Electrochemical measurements 

Charge/discharge tests were carried out using CR 2016 coin-type cells. The active material, 

acetylene black and polyvinylidene fluoride (PVDF) with a weight ratio of 70:20:10 were mixed 

homogeneously with N-methyl-pyrrolidone, the obtained slurry was pasted on Al foil and dried at 100 

°C for 12 h in vacuum. The electrode sheet typically had an active material of ~1 mg cm
−2

. The coin 

cell was then assembled in an argon-filled glove box (Mikrouna, Super 1220/750/900, China) and  was 

consist of Li2MnSiO4 (cathode), Celgard 2400 (separator), and lithium foil (anode). 1 mol L
-1

 solution 

of LiPF6 dissolved in ethylene carbonate/dimethyl carbonate (EC/DMC) (1:1 volume ratio) was used 

as the electrolyte. Galvanostatic charge/discharge measurements were performed in a potential range 

of 1.5-4.8 V at room temperature on a LAND-CT2001A instrument. 

 

 

 

3. RESULTS AND DISCUSSION 

 

Fig. 1 shows the XRD patterns of as-synthesized Li2MnSiO4 (Sample 1, 2) and Li2MnSiO4/C 

(Sample 3, 4). All patterns have similar diffractions without obvious difference. The crystalline peaks 

can be identified as orthorhombic Li2MnSiO4 with a space group of Pmn21 which is isostructural to the 

low-temperature β-Li3PO4, The calculated cell parameters for this material are a = 6.2991 Å, b = 
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5.3794 Å and c = 5.0009 Å, which are in good agreement with values published by previous literatures 

[9]. Additional peaks are observed in the diffractograms, which have been identified as MnO.  

 

 

 

Figure 1. XRD patterns of as-prepared Li2MnSiO4 (Sample 1, 2) and Li2MnSiO4/C (Sample3, 4). 

 

 

 

Figure 2.  XPS spectra of Sample 1 and Sample 2:  (a, c) Mn 2p and (b, d) Si 2p. 
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Obtaining a phase pure Li2MnSiO4 material by solid state method is still a challenge, the 

impurities phases like Li2SiO3, MnO or Mn2SiO4 are also present in previous reports [6,11]. XRD 

patterns of Sample 3 and Sample 4 indicate that there are no peaks for carbon which could attribute to 

the amorphous nature or low quantity of carbon. The carbon contents in Sample 3 and Sample 4 were 

determined to be about 15.18 and 14.96wt% respectively by elementary analysis. 

The Mn 2p and Si 2p XPS spectra of Sample 1 and Sample 2 are shown in Fig. 2. The binding 

energy of Mn 2p3/2 (641.6 eV) is consistent with that of Mn
2+

, indicating that the divalent state of 

manganese in our samples. The binding energy of Si 2p (101.1 eV) is in line with that of Si
4+

 in 

polysiloxane, indicating the formation of the orthosilicate structure [SiO4] [18].  

 

 

 

Figure 3. Typical SEM images of (b, c) Sample 1, (e, f) Sample 2 and corresponding monodisperse 

spherical SiO2 precursors with a size of about (a) 500 nm, (d) 300 nm. 

 

SEM images of Sample 1 and Sample 2 and corresponding SiO2 precursors are shown in Fig. 3. 

All the samples clearly exhibit uniform sphere-like morphology. Fig. 3a, d show typical SEM images 

of monodisperse SiO2 solid spheres of about 500 and 300 nm respectively in diameter prepared by the 

well-known Stöber process. Sample 1 and Sample 2 exhibit uniform nanosphere-like morphology with 

diameters of ~500 and 300 nm respectively (Fig. 3b, e). The particle sizes in Fig. 3b, e are very similar 

to Figure 3a, d respectively which indicate that Li2MnSiO4 approximately retains the uniform spherical 

morphology and size of corresponding SiO2 precursor. The magnified SEM images in Fig. 3c, f clearly 

show that the surfaces of the nanospheres are not smooth and may be result of an agglomeration of 

Li2MnSiO4 grains. SEM images demonstrate that the particle size of Li2MnSiO4 is successfully 

controlled by regulating the size of SiO2 precursors, which providing the possibility of size controlled 

synthesis of uniform spherical Li2MnSiO4 by a traditional solid state method.  
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Figure 4. TEM images of (a) Sample 3, (b) Sample 4, and (c) HRTEM images of Sample 3. 

 

Li2MnSiO4/C composites were observed by TEM and HRTEM. Fig. 4a, b show the TEM 

images of Sample 3 and Sample 4, in which the core-shell structure could be observed. Li2MnSiO4 

nanospheres are uniformly coated by carbon layers. The HRTEM image of Sample 3 (inset of Fig. 4c) 

further confirm that the structure are constructed by Li2MnSiO4 core and carbon shell. The strong 

contrast between the light edge and dark center of the composite provide evidence of its core-shell 

structure. Crystal lattice stripes of Sample 3 (Fig. 4c) are observed with d-spacing of 5.4 Å, which 

corresponds to the (010) plane of orthorhombic Li2MnSiO4 crystals. 

 

 
 

Figure 5. Raman spectra of Sample 3 and Sample 4. 

 

Raman spectroscopy has emerged in recent years as powerful tool to examine the carbon 

component of nanocomposites. Fig. 5 shows the Raman spectra of Sample 3 and Sample 4 
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respectively. The D band (1362 cm
-1

) comes from disordered carbon, while the G band (1600 cm
-1

) is 

related to the graphite. The ID/IG ratios of Sample 3 and Sample 4 are found to be 1.87 and 1.79 

respectively, demonstrating that a mass of the coated carbon is fairly amorphous. The Raman datas 

agree with the HRTEM images and XRD patterns. 

 

 
 

Figure 6. The cycling performances of Sample 3 and Sample 4 measured at 0.05 C in room 

temperature. 

 

The electrochemical performances of as-prepared Li2MnSiO4/C nanospheres were investigated. 

Fig. 6c shows the discharge capacities and cyclic performances of Sample 3 and Sample 4 at 0.05 C in 

room temperature. In the voltage range of 1.5-4.8 V, the initial discharge capacities of the samples are 

134 and 145 mAh g
−1

 respectively. The capacities fade fast at first, and keep stable after 5 cycles. After 

50 cycles, the capacities retentions of the samples are 99 and 121 mAh g
−1

, corresponding to 74 and 

83% of those in the initial cycle respectively, which demonstrate stable cycle behavior. This result 

suggests that Li2MnSiO4/C nanospheres with a diameter of ~300 nm display higher discharge capacity 

and better cycle stability than that with a diameter of ~500 nm. The reasons could attribute to the 

materials with smaller size providing short pathways for quick lithium ion, electronic conduction 

within the nanoparticles and larger surface area for contracting with electrolyte, which can improve the 

rate capability and cycling stability of materials [12].  

Although nanostructuring is expected to improve the electrochemical performance of 

Li2MnSiO4, very small particles often do not pack well resulting in lower practical volume energy 

densities [19]. In addition, when used as electrode materials, spherical particles can allow for a denser 

packing, showing an advantage of high volumetric energy density, and high safety associated with low 

interfacial energy [20], and it is easier to coat due to good fluidity and dispersivity of spheres. So the 

spherical Li2MnSiO4 is an important direction for Li2MnSiO4 cathode materials. As a whole, we 
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conclude that the Li2MnSiO4 electrode material which consist of large spherical agglomerates of 

nanosized primary particles may exhibit both enhanced electrochemical performance and volume 

energy density [21]. Further studies on optimizing the size and spherical morphology of Li2MnSiO4 are 

in progress. 

 

 

 

4. CONCLUSIONS 

Monodisperse spherical SiO2 precursors with different sizes were used to control the size of 

Li2MnSiO4. Li2MnSiO4 nanospheres with diameters of ~500 and 300 nm have been successfully 

synthesized by a solid state method. SEM images exhibit that Li2MnSiO4 approximately retains the 

uniform spheral morphology and size of corresponding SiO2 precursor. Li2MnSiO4 nanospheres were 

annealed with glucose at 400 °C to prepare the Li2MnSiO4/C composites. Electrochemical 

measurements show that Li2MnSiO4/C nanospheres with a diameter of ~300 nm display higher 

discharge capacity and better cycle stability than that with a diameter of ~500 nm.  

In this paper, we provide an effective method to prepare Li2MnSiO4 products with regular 

spherical morphology and different particle sizes. It is notable that various morphologies and sizes of 

SiO2 have been studied in a mass of reports [16,22,23]. Li2MnSiO4 with more morphologies and sizes 

can be expected, such as hollow spheres and nanowires et al.  
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