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ABSTRACT 

Structural, electrical, and electrochemical properties of silicon (Si) 
substituted NASICON-structured lithium stannum phosphate, Li1+ySn2P3-

ySiyO12 with 0 < y < 1 that was prepared by the low-temperature water-
based sol-gel method has been investigated. From the structural analysis, 
all samples in the system from y = 0.1 to 0.5 displayed rhombohedral             
 symmetry. The electrical analysis showed that the total ionic conductivity, 
was increased with the increase of silicon content, y. A high ionic conductivity 
value of 6.05 × 10-5 S cm-1 exhibited at y = 0.5 with a temperature of 
500 °C. Linear sweep voltammetry analysis of the highest conducting 
sample showed that the sample was electrochemically stable up to 5.1 V. 
Meanwhile, the ionic transference number value of the sample was 0.99, 
suggesting that the majority of mobile charge carriers were predominantly 
due to ions. Thus, from these results, it indicated that silicon substitution 
in LiSn2P3O12 ceramic electrolytes is significantly enhanced the electrical 
and electrochemical properties. 
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ABSTRACT 

Structural, electrical, and electrochemical properties of silicon (Si) substituted NASICON-structured 
lithium stannum phosphate, Li1+ySn2P3-ySiyO12 with 0 < y < 1 that was prepared by the low-
temperature water-based sol-gel method has been investigated. From the structural analysis, all 
samples in the system from y = 0.1 to 0.5 displayed rhombohedral 𝑅𝑅𝑅𝑅3𝑐𝑐𝑐𝑐  symmetry. The electrical 
analysis showed that the total ionic conductivity, σt, was increased with the increase of silicon content, 
y. A high ionic conductivity value of 6.05 × 10-5 S cm-1 exhibited at y = 0.5 with a temperature of 500 
°C. Linear sweep voltammetry analysis of the highest conducting sample showed that the sample was 
electrochemically stable up to 5.1 V. Meanwhile, the ionic transference number value of the sample 
was 0.99, suggesting that the majority of mobile charge carriers were predominantly due to ions. 
Thus, from these results, it indicated that silicon substitution in LiSn2P3O12 ceramic electrolytes is 
significantly enhanced the electrical and electrochemical properties.  
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INTRODUCTION 
 
Over the past few years, the revolution of technologies was rising with a variety of combustion 
reactions. As a result, the usage of energy has gradually increased the demands in the utilisation of 
fossil fuels, which had to threaten our mother nature [1]. Therefore, lithium-ion batteries have been 
invested as a solution to overcome environmental pollution and energy shortage issues [2]. For the 
last few years, it begins to show its benefits through various breakthroughs [3]. Later, to increase the 
productivity of battery, many types of rechargeable batteries have been developed. Among them, the 
rechargeable lithium-ion battery has been pointed as one of the accessible energy storage device 
technology for varied applications such as mobile phones, laptops, tablets, and electric vehicles 
because of its high energy density and exceptional cycling life [4-5]. However, the lithium-ion battery 
has safety issues such as overcharging, overheating, or short circuits that may result in fire or 
explosion due to the flammable liquid electrolyte in the commercial battery. So, an ideal and suitable 
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INTRODUCTION

Over the past few years, the revolution of technologies was rising with 
a variety of combustion reactions. As a result, the usage of energy has 
gradually increased the demands in the utilisation of fossil fuels, which 
had to threaten our mother nature [1]. Therefore, lithium-ion batteries have 
been invested as a solution to overcome environmental pollution and energy 
shortage issues [2]. For the last few years, it begins to show its benefits 
through various breakthroughs [3]. Later, to increase the productivity of 
battery, many types of rechargeable batteries have been developed. Among 
them, the rechargeable lithium-ion battery has been pointed as one of the 
accessible energy storage device technology for varied applications such 
as mobile phones, laptops, tablets, and electric vehicles because of its high 
energy density and exceptional cycling life [4-5]. However, the lithium-ion 
battery has safety issues such as overcharging, overheating, or short circuits 
that may result in fire or explosion due to the flammable liquid electrolyte 
in the commercial battery. So, an ideal and suitable solid electrolyte with 
low electronic conductivity, high conductivity at a higher temperature, and 
wider electrochemical stability windows are required as an alternative.  [6].

All solid-state-lithium ion batteries have been widely studied due to 
the inherent advantages of inorganic solid electrolytes in terms of safety and 
reliability [7]. Among solid electrolytes, NASICON (Sodium Superionic 
Conductor) type ion conductors have been tested widely in energy 
applications, for instance, in batteries, electric vehicles, sensors, etc. [8]. 
According to Hong (1976), high ion conductivity and stability of phosphate 
units are advantages of NASICON over other electrolyte materials [9]. 
Among the batteries, those based on lithium shows the best performance.

Lithium analogous sodium (Na) superionic conductor (NASICON) 
[6-7] with the general formula of LiM2P3O12 with M = Ge, Ti, Hf, Zr, Sn, 
etc. are solid electrolytes with increasing interest to be utilised in high 
energy solid-state battery. The basic structure of the NASICON material 
is rhombohedral       that consists of a three-dimensional framework of 
corner-shared ZrO6 octahedra and PO4 tetrahedra. LiSn2P3O12 also possesses 
NASICON structure [8–12], but the ionic conductivity reported was still low,  
~10-7 S cm-1 and ~10-10 S cm-1 [8–12]. However, we managed to obtain the 
ionic conductivity value in the order of 10-5 S cm-1 at 500 °C using a water-
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based sol-gel method [13-14]. Therefore, to enhance the ionic conductivity 
of the LiSn2P3O12 compound, partial substitution can be carried out in both 
Sn and P sites. In this case, it can be carried out by partially substituting 
at P5+ (0.38 Å) site 4+ site using tetravalent ion, Si4+ (0.72 Å), in the goal of 
creating Li+ interstitial ions where P5+ → Li+ + Si4+. As such, a water-based 
sol-gel method was used to synthesize a new Li1+ySn2P3-ySiyO12 compound. 
Then the effects of Si4+ substitution on LiSn2P3O12, the structural, electrical 
and electrochemical properties of the ceramic electrolytes were studied using 
X-ray diffraction (XRD), impedance spectroscopy (IS), ionic transference 
number measurements and linear sweep voltammetry (LSV).

EXPERIMENTAL PROCEDURES

Li1+ySn2P3-ySiyO12 with 0 < y < 1 samples were synthesized via 
water-based sol-gel method where y ranging from 0.1 to 0.5. Sample for 
y = 0.1 is labeled as SI1, y = 0.3 is labeled as SI3 and y = 0.5 is labeled as 
SI5.  All the chemicals are analytical grade and directly used as received 
without further purification. For LiSn2P3O12 sample preparation, lithium 
acetate (CH3COOLi), stannum (IV) chloride pentahydrate (SnCl4.5H2O), 
and ammonium phosphate (H12N3O4P) were used as starting materials with 
citric acid (C6H807) as the chelating agent while distilled water as the solvent. 
For silicon substituted samples,  silicon dioxide (SiO2) was added to the 
starting materials. Firstly all the starting materials were dissolved in distilled 
water under magnetic stirring. The citric acid (C6H8O7), polyethylene glycol 
(C2H6O2) and ammonium hydroxide (NH4OH) were then mixed to the 
previously prepared solution under magnetic stirring. The molar ratio of 
C2H6O6: NH4OH was 1:1. After the solution was transferred into a reflux 
system, it was continuously stirred for 24 hours until the homogenous 
solution formed. Then, the solution was taken out ad vaporised for about 
four hours under magnetic stirring at 80°C to obtain the gel. The obtaining 
gels were dried in an oven for 24 hours at  150°C. 

Before the precursor powder was sent for the sintering process, it was 
ground for 30 minutes to obtain a fine powder. Then, all the samples were 
sintered at 600 °C for 48 hours, and the final product was then ground again 
for 30 minutes. Specac hydraulic press under a pressure of 5 tons was used to 
press the powder to form a 13mm of diameter with a thickness of 1.00 - 3.00 
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mm of pallets. Structural analysis of the samples was then evaluated by XRD 
using a PaNalytical – X’pert3 x-ray diffractometer with Cu-Kα radiation of a 
wavelength of 1.5406 Å and 0.026 ° in step size. Impedance measurements 
of all the sintered pellets were determined by AC  impedance spectroscopy 
using Solatron 1260 Impedance analyzer over a frequency range from 1 to 
10 MHz at the temperature range from 30 to 500°C. The electrochemical 
stability windows of the electrolytes system were performed by LSV using 
the Wonatech ZIVE MP2 multichannel electrochemical workstation at a 
scan rate of 5 mV s−1 at room temperature. The ionic transference number 
measurement was evaluated by Wagner‘s D.C polarisation technique using 
the Wonatech ZIVE MP2 multichannel electrochemical workstation by 
applying a potential of 0.5 V, and the current was monitored as a function 
of time until it reached a steady-state condition at room temperature. 

RESULTS AND DISCUSSIONS

Figure 1 shows the X-ray diffraction patterns of Li1+ySn2P3-ySiyO12 
samples. The spectra indicate the presence of rhombohedral           LiSn2P3O12 
crystalline phase in all the samples which are well-matched with the peak 
positions assigned in standard JCPDS file. SnO2 impurity is also observed 
in all samples showing the presence of unreacted cassiterite SnO2 [18]. 
However, the maximum value of substitution, y, is only up to 0.5. When 
y exceeded 0.5, certain peaks disappeared, and the samples become less 
crystalline with the existence of SnO2 impurity peaks. As such, further 
analysis was conducted only on SI1, SI3, and SI5 samples.
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Figure 1: X-ray Diffraction Patterns of Li1+ySn2P3-ySiyO12 System

Furthermore, the peaks in the range 23° to 25° were analysed to 
determine the existence of the Si4+ content in the LiSn2P3O12 crystal lattice, 
as shown in Figure 2. The diffraction peaks shifts to higher diffraction angle 
when Si4+ ion is in the LiSn2P3O12 structure. This indicates that Si4+ was 
successfully substituted into the crystal lattice of LiSn2P3O12 rather than 
forming other phases or impurities. Furthermore, no peak associated with 
silicon was detected in the XRD spectra, indicating Si4+ was successfully 
inserted into the LiSn2P3O12 structure instead of creating impurities. All 
peaks are sharp and well defined, suggesting that the compounds are 
generally well crystallised. 
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Figure 2: X-ray Diffractograms of Li1+ySn2P3-ySiyO12 System in 2θ Range from 
23.0 to 25.0°

Meanwhile, the list of lattice parameters and crystallite size for the 
Li1+ySn2P3-ySiyO12 samples are listed in Table 1. The values of a, c and V 
increase as the value of y increases. Moreover, the crystallite size also shows 
the same trend and increases due to the substitution of larger ionic radius 
of Si4+ ion (rion = 0.40Å) compared to P5+ ion (rion = 0.38 Å). Besides, the 
addition of Si4+ ions simultaneously increase the production of  Li+ ions. 
Thus, the adjustment in the lattice parameter will provide short diffusion 
Li+ distances which cause an improvement in increasing rate capability of 
compound [19]
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Meanwhile, the list of lattice parameters and crystallite size for the Li1+ySn2P3-ySiyO12 samples 
are listed in Table 1. The values of a, c and V increase as the value of y increases. Moreover, the 
crystallite size also shows the same trend and increases due to the substitution of larger ionic radius of 
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆4+  ion (rion = 0.40Å) compared to P5+ ion (rion = 0.38 Å). Besides, the addition of 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆4+ ions 
simultaneously increase the production of  Li+ ions. Thus, the adjustment in the lattice parameter will 
provide short diffusion Li+ distances which cause an improvement in increasing rate capability of 
compound [19] 
 

Table 1: Lattice Parameters and Unit Cell Volume of Li1+ySn2P3-ySiyO12  System  

Sample a [Å] c [Å] V [Å 3 ] 
Crystallite size 

[Å] 

SI1 8.4277 21.6033 1329.71 124.72 

SI3 8.4351 21.6136  1332.68 128.89 

SI5 8.4406 21.6753 1338.23 132.51 
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Table 1: Lattice Parameters and Unit Cell Volume of Li1+ySn2P3-ySiyO12  System 
Sample a [Å] c [Å] V [Å 3 ] Crystallite size [Å]

SI1 8.4277 21.6033 1329.71 124.72
SI3 8.4351 21.6136 1332.68 128.89
SI5 8.4406 21.6753 1338.23 132.51

Impedance spectroscopy is a useful method to resolve the contributions 
of various processes such as bulk, grain boundary, and electrode effect in 
the specified frequency domain. As such, for impedance measurement, all 
three samples were chosen based on the XRD analysis. The selected sample 
of Li1+ySn2P3-ySiyO12 (SI1, SI3, and SI5) was sintered at 30 °C and 500°C, 
as it was more convenient to compare those results. Figure 3 shows that, at 
30 °C or room temperature, the plots consist of two overlapping semicircles 
with a spike at the low-frequency area for all samples, SI1, SI3, and SI5. The 
semicircles that occurred at the high-frequency region is corresponding to 
bulk response with its intercept at the x-axis allocated to bulk resistance, Rb  
Furthermore, the spike in the low frequency is due to the processes occurring 
at the electrode and electrolyte interface [16-17]. Besides, as y increases 
from 0.1 to 0.5, Rb and Rgb values decrease, suggesting an enhancement in 
ionic conductivity.
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Impedance spectroscopy is a useful method to resolve the contributions of various processes 
such as bulk, grain boundary, and electrode effect in the specified frequency domain. As such, for 
impedance measurement, all three samples were chosen based on the XRD analysis. The selected 
sample of Li1+ySn2P3-ySiyO12 (SI1, SI3, and SI5) was sintered at 30 °C and 500°C, as it was more 
convenient to compare those results. Figure 3 shows that, at 30 °C or room temperature, the plots 
consist of two overlapping semicircles with a spike at the low-frequency area for all samples, SI1, 
SI3, and SI5. The semicircles that occurred at the high-frequency region is corresponding to bulk 
response with its intercept at the x-axis allocated to bulk resistance, Rb  Furthermore, the spike in the 
low frequency is due to the processes occurring at the electrode and electrolyte interface [16-17]. 
Besides, as y increases from 0.1 to 0.5, Rb and Rgb values decrease, suggesting an enhancement in 
ionic conductivity. 
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Figure 3: Complex Impedance Plot of SI1, SI3, and S15 at Room Temperature

Meanwhile, as the temperature increases from 30 °C to 500 °C, only 
one semicircle, which is Rb, and spike at lower frequency area were detected, 
as shown in Figure 4 for the SI5 sample. The plot shows a similar trend for 
sample SI1 and SI3 at 500°C. In this plot, the spike can be associated with 
the characteristics of electrode polarisation effects due to the accumulation 
of ions between the electrode and samples [22].
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Figure 4: Complex Impedance Plot of SI5 at 500 °C

The value of σb, σgb, and σt for all samples are listed in Table 2. When 
Si4+ was substituted into the parent compound, total conductivity, σt at room 
temperature was increased by one order of magnitude as a result of the 
increment of the grain boundary conductivity, σgb. However, at 500 °C, the 
conductivity is still at the same order of magnitude. The highest conductivity 
found is 6.05 × 10-5 S cm-1 at 500 °C for the SI5 sample. Therefore, the 
rise of the ionic conductivity in Si4+ substituted samples mainly originates 
from grain boundary conductivity, not from bulk conductivity.  Besides 
that, additional Li+ is introduced by substituting P5+ by Si4+ and is located 
in an energetically favored site (M3). This occupation induces the nearest-
neighboring M1 site to displace towards the next M3 site, which promotes 
an interstitial migration mechanism [23].  

On top of that, the increase in σb can be most probably attributed to 
increasing amounts of Li+ occupying the M3 sites and displacing the Li+ in 
M1 sites towards the nearest-neighboring M3 sites. Therefore, the additional 
Li content further promotes the Li+ diffusion and increases the conductivity 
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in the system [24]. The change in the lattice parameter and volume of the 
samples can also improve the conductivity since it changes the bottleneck 
size, which results in the mobility of ion[25]. 

The enhancement in ionic conductivity obtained in this study was 
resulted from the framework distortion due to the replacement of the larger 
Si ion (rion = 0.40 Å) for, the smaller P ion (rion = 0.38 Å). This distortion 
alters the local electron density of adjacent phosphorous atoms due to a 
lower electronegativity of Si (1.90) compared with P (2.19). It affects the 
lithium-ion dynamics and consequently affects its bulk conductivity. 

Table 2: Ionic Conductivities Value for Li1+ySn2P3-ySiyO12 System
Sample σb,500

(S cm-1)
σb,30

(S cm-1)
σgb,30

(S cm-1)
σt,500

(S cm-1)
σt,30

(S cm-1)
SI1 9.43 ×10-6 2.17 ×10-6 2.22 ×10-7 9.43 ×10-6 2.01 ×10-7

SI3 1.51 ×10-5 2.58 ×10-6 3.02 ×10-7 1.51 ×10-5 2.70 ×10-7

SI5 6.05 ×10-5 8.09 ×10-6 1.20 ×10-6 6.05 ×10-5 1.05 ×10-6

Linear sweep voltammogram was used to study the decomposition 
voltage of the sample. Linear sweep voltammetry analysis for the highest 
conducting sample, sample SI5 in Figure 5 showed that the decomposition 
voltage of the sample is at 5.1 V at room temperature. This means that Si4+ 

substituted samples also possessed a 6.3% wider voltage stability window 
compared to the unsubstituted sample. It also exhibits an electrochemical 
stability window more than 4.5 V [26] and suggests that the sample is stable 
enough to be applied as solid electrolytes in electrochemical devices. 
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Figure 5: Linear Sweep Voltammogram of Sample SI5

Meanwhile, in Figure 6, the ionic transference number value of the 
sample was 0.99, suggesting that the majority of mobile charge carriers 
were ions [27]. The total ionic transference number value is close to unity, 
which is 0.99, confirming that the conductivity is a result of ionic mobility 
rather than electronic mobility [27]. The ingfinding suggests that compounds 
with high transference numbers can withstand the negative effects of 
concentration polarisation [28]. From these two results, it shows that this 
sample is suitable to be used as solid electrolytes in the electrochemical 
device application with the appropriate choice of the electrode. 
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CONCLUSIONS

The effects of Si4+ substitution on LiSn2P3O12 to the structure, conductivity, 
and electrochemical stability window were successfully reported.  XRD 
analysis confirmed the formation of rhombohedral          phase of LiSn2P3O12 
samples with no peak associated with silicon indicating that Si4+ were 
successfully inserted into the LiSn2P3O12 structure. Si4+ substituted sample 
showed the highest ionic conductivity value at 500 °C that was 6.05 × 10-5 
S cm-1 for the sample with y = 0.5. The highest conductivity value can 
be associated with the excess of interstitial Li+ ions, the increment of the 
crystallinity of the sample, and the change of bottleneck size suitable for 
the mobility of ion. Besides that, the Si4+ substitution sample also possessed 
high ionic transference number value and promising decomposition voltage, 
which indicates that it is suitable for electrochemical device application.
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ABSTRACT 

Structural, electrical, and electrochemical properties of silicon (Si) substituted NASICON-structured 
lithium stannum phosphate, Li1+ySn2P3-ySiyO12 with 0 < y < 1 that was prepared by the low-
temperature water-based sol-gel method has been investigated. From the structural analysis, all 
samples in the system from y = 0.1 to 0.5 displayed rhombohedral 𝑅𝑅𝑅𝑅3𝑐𝑐𝑐𝑐  symmetry. The electrical 
analysis showed that the total ionic conductivity, σt, was increased with the increase of silicon content, 
y. A high ionic conductivity value of 6.05 × 10-5 S cm-1 exhibited at y = 0.5 with a temperature of 500 
°C. Linear sweep voltammetry analysis of the highest conducting sample showed that the sample was 
electrochemically stable up to 5.1 V. Meanwhile, the ionic transference number value of the sample 
was 0.99, suggesting that the majority of mobile charge carriers were predominantly due to ions. 
Thus, from these results, it indicated that silicon substitution in LiSn2P3O12 ceramic electrolytes is 
significantly enhanced the electrical and electrochemical properties.  
 

Keywords: NASICON; Solid electrolytes; Sol-gel; impedance analysis 
 

INTRODUCTION 
 
Over the past few years, the revolution of technologies was rising with a variety of combustion 
reactions. As a result, the usage of energy has gradually increased the demands in the utilisation of 
fossil fuels, which had to threaten our mother nature [1]. Therefore, lithium-ion batteries have been 
invested as a solution to overcome environmental pollution and energy shortage issues [2]. For the 
last few years, it begins to show its benefits through various breakthroughs [3]. Later, to increase the 
productivity of battery, many types of rechargeable batteries have been developed. Among them, the 
rechargeable lithium-ion battery has been pointed as one of the accessible energy storage device 
technology for varied applications such as mobile phones, laptops, tablets, and electric vehicles 
because of its high energy density and exceptional cycling life [4-5]. However, the lithium-ion battery 
has safety issues such as overcharging, overheating, or short circuits that may result in fire or 
explosion due to the flammable liquid electrolyte in the commercial battery. So, an ideal and suitable 
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