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Abstract 
 
Electrical properties of Li - ion conducting Li1+xCrxSn2-x(PO4)3 ceramic electrolytes with 0 < x < 1 were studied using electrical imped-
ance spectroscopy in the frequency range of 1 Hz to 10 MHz at room temperature. Impedance analysis showed an increase in bulk and 
grain boundary conductivity with the increment of x up to x = 0.7. The highest bulk and grain boundary conductivity were 6.52 ×10-6 S 

cm-1 and 1.62 ×10-6 S cm-1 in the system of Li1.7Cr0.7Sn1.3(PO4)3 at room temperature. The charge carrier concentration,   mobile ion con-
centration, ionic hopping rate and ionic mobility were calculated by fitting the AC conductivity spectra. The ionic hopping rate and ionic 
mobility of the compound increased with the substitution of chromium due to the extra interstitial Li+ ions in the system.  Additionally, 
the highest conducting sample with x = 0.7 had a negligible electronic conductivity based on transference number measurements. These 
results imply that the Li1+xCrxSn2-x(PO4)3 electrolytes obtained in this work can be considered as future candidates for solid state electro-
lytes.  
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1. Introduction 

Rechargeable lithium ion batteries have dominated the consumer 
electronics market for decades due to their high specific energy, 
high efficiency and long life [1]. However, battery performance 
depends critically on the electrolytes used and the challenge now 

is the development of safer and more reliable solid electrolytes. 
Using stable inorganic solid state electrolyte to replace organic 
liquid electrolyte can significantly reduce safety risk of rechargea-
ble batteries.  
Solid state electrolytes such as Na-superionic conductor 
(NASICON)-structured is one of the most promising solid elec-
trolytes and can be employed in solid-state batteries. Meanwhile, 
lithium analogous sodium superionic conductor (NASICON) 

structured also have received enormous attention after it was first 
discovered by Hong (1976) [2] and Goodenough et. al (1976) [3] 
in the system of Na1+xZr2SixP3-xO12 [2]. Since then, various studies 
have focused on lithium analogous NASICON structured with the 
general formula LiM2P3O12 with M = Ti [4, 5], Zr [6, 7],Sn [8-10] 
and etc. Lithium analogous NASICON structured electrolytes are 
made of a three−dimensional framework of TiO6 octahedra and 
PO4 tetrahedra with interstitial tunnels in which Li-ions can hop 
easily [11-13].  

Lithium stannum phosphate, LiSn2P3O12 is a Li+ ion conductor 
that shows NASICON type structure and the least studied in the 
NASICON family [14-17]. The main challenge was to  obtain 
high ionic conductivity for LiSn2P3O12 compound as Martinez-
Juarez and  co-workers (1997)  and Lazarraga and co-reserachers 
(2004)  have reported that LiSn2P3O12 having low ionic conductiv-
ity of ~ 10-10 S cm-1 [18]. So, in order to enhance the ionic conduc-
tivity of the NASICONs compound, partial substitution can be 

carried out by partially substituting Sn4+ ions with trivalent ions 

such as Al3+, Cr3+ or Fe3+. It was systematically shown for the first 
time by Aono et al. [19]. These authors reported that the increase 
of ionic conductivity observed in Li1 + xM3+xTi2 − x(PO4)3 com-
pounds was due both to the increase of the lithium content and to a 

better connectivity of the grains caused by a density increase asso-
ciated to segregated phases in grain boundaries acting as binders. 
This is probably the origin of the high ionic conductivity of almost 
10−3 S cm−1 at room temperature found for 
Li1.3Al0.3Ti1.7(PO4)3[20]. So our present study focused on enhanc-
ing the ionic conductivity of LiSn2P3O12 parent compound by 
partially substituting Sn4+ ions with Cr3+ ions. In this study, this 
partial substitution was done with the objectives of creating Li+ 

interstitial ions to form structures with general formula 
Li1+xCrxSn2-xP3O12 where Sn4+ → Li+ + Cr3+ with x ranging from 
0.1 to 0.9. 

2. Experimental Procedure 

2.1 Synthesis of Li1+xCrxSn2-xP3O12 

 
Li1+xCrxSn2-xP3O12 (x = 0.1, 0.3, 0.5, 0.7, 0.9) samples were      
synthesized via water based citric-acid assisted sol-gel method. 
All the chemicals were of analytical grade and directly used as 

received without further purification. The starting materials used 
were lithium acetate (CH3COOLi), stannum (IV) chloride 
pentahydrate (SnCl4.5H2O), chromium (III) acetate (C8H16Cr2O10) 
and ammonium phosphate (H12N3O4P). Citric acid (C6H807) acted 
as chelating agent and distilled water as the solvent. Firstly, 
CH3COOLi, SnCl4.5H2O, C8H16Cr2O10 and H12N3O4P were     
dissolved in distilled water under magnetic stirring. Citric acid 
(C6H8O7), poly ethylene glycol (C2H6O2) and ammonium hydrox-

ide (NH4OH) were then mixed together to the previously prepared 

https://www.sciencedirect.com/topics/chemistry/octahedral-crystal
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solution under magnetic stirring. C2H6O6 and NH4OH were added 
to promote polyesterification and polycondensation reactions. The 
molar ratio of C2H6O6 to NH4OH was 1:1. Then, the solution was 
transferred into a reflux system and continuously stirred until ho-
mogenous solution was formed. After stirring for 24 hours, the 
solution was taken out and vaporized for about 5 hours under 
magnetic stirring at 80°C. The resulting gel formed was then dried 
in an oven at 150°C for 24 hours resulting in precursor powder. 

The obtained precursor powder was then ground for 30 minutes in 
order to obtain a very fine powder. Then, the precursor powder 
was subjected to sintering process at 600 °C for 48 hours. The 
final product was then ground again for 30 minutes before the 
powder was pressed using Specac hydraulic press under a pressure 
of 5 tons to form pellets with a diameter of 13 mm and thickness 
of 1.00 - 3.00 mm respectively.  

2.2. Characterization Techniques 

Structural analysis of the samples was performed by XRD using a 
PaNalytical – X’pert3 x-ray diffractometer with Cu-Kα

 radiation of 
wavelength of 1.5406 Å. The 2θ range was between 10 ° and 45 ° 
and 0.026 ° in step size. Ionic conductivities of solid electrolytes 
are usually determined using electrochemical impendence      
spectroscopy (EIS). Impedance measurements of the samples 
were determined by AC impedance spectroscopy using Solatron 

1260 Impedance Analyzer over a frequency range from 1 to 10 

MHz with an applied voltage of 200 mV at room temperature. The 
ionic transference number measurement was evaluated by Wag-
ner’s DC polarization technique. The highest conducting sample 
was sandwiched between two stainless steel blocking electrodes 
and polarized by applying a potential of 0.5 V and the   current 
was monitored as a function of time until it reached a steady sate 
condition using Wonatech ZIVE MP2 multichannel electrochemi-

cal workstation. Finally, LSV was used to study the electrochemi-
cal stability windows of the electrolytes system using Wonatech 
ZIVE MP2 multichannel electrochemical workstation. LSV meas-
urement was carried out with the configuration of the cell was 
Li/Solid electrolytes/SS at a scan rate of 5 mV s−1 at room temper-
ature.   

3. Results and Discussions 

3.1. Structural Properties 

Figure 1 shows the X-ray diffraction patterns of Li1+xCrxSn2-xP3O12 
(x = 0.1, 0.3, 0.5, 0.7, 0.9) samples. The XRD patterns indicate the 

presence of rhombohedral (     LiSn2P3O12 crystalline phase in 
all the samples. SnO2 impurity is also observed in all samples 
indicating the presence of unreacted cassiterite SnO2 [17]. To 
confirm the Cr3+ ion is in the LiSn2P3O12structure, the peaks in 2θ 
range 24°- 25° were carefully analyzed for the sample   x = 0.1, 
0.5 and 0.9 and the magnified XRD patterns in this 2θ range are 
shown in Figure 2. As seen in this figure, the peak shifts to higher 

diffraction angle when Cr3+ ion is substituted into the parent struc-
ture indicating that Cr3+ ion is in the LiSn2P3O12 structure rather 
than forming impurities.  
 
Then, the lattice parameters of the samples were calculated using 
the formulae that belongs to the rhombohedral crystal system with 
a hexagonal unit cell lattice [21, 22] 
 
 

   
 

 
 
        

  
  

  

  
                                                              (1) 

 
Crystallite size of the samples are determined from Scherer equa-

tion [21, 22] 
 

   
  

     
                                                                                     (2) 

where k is the Scherer constant value (0.94), λ is the wavelength of 

the source (1.5406   ),  β is FWHM (in radians), and θ is the Bragg 
angle (in radians). 

Meanwhile, the variations of the lattice parameters and crystallite 
size for Li1+xCrxSn2-xP3O12 system with variation of Cr content, x 
are listed in Table 1. Based on the table, the value of a, c and unit 
cell volume (V) decreases with the increment of Cr content, x in 
the Li1+xCrxSn2-xP3O12 system. The decrease in the lattice con-
stants is attributable to the substitutions of smaller volume of Cr3+ 
ion (0.62 Å) compared to Sn4+ ion (0.65 Å). The substitution of 
stannum by chromium which results in shrinkage of unit cell vol-

ume increases the stability of the Li1+xCrxSn2-xP3O12 system struc-
ture [23]. However, as the Cr content, x increases the crystallite 
size of the system also increases.    

 
Fig. 1: X-ray diffraction patterns of Li1+xCrxSn2-xP3O12 system with varia-

tion of x. 

 
Fig. 2: X-ray diffraction patterns of Li1+xCrxSn2-xP3O12 system in 2θ range 

from 24° to 25° 

 
Table 1: Lattice parameters, unit cell volume and crystallite size for 

Li1+xCrxSn2-xP3O12 system with variation of x 

Samples a      c [    V [     Crystallite size 

[    
x = 0.1 8.5078 22.0148 1341.37 138.3 

x = 0.3 8.4071 21.8805 1340.17 139.9 

x = 0.5 8.4069 21.8220 1336.43 140.8 

x = 0.7 

x = 0.9  

8.4058 

8.3704 

21.6940 

21.5700 

1328.35 

1309.67 

142.4 

144.5 

 

3.2 DC Conductivity 

 
The room temperature complex impedance plots of Li1+xCrxSn2-

xP3O12 system with x = 0.1, 0.7 and 0.9 are displayed in Figure 3. 
From Figure 3, for Li1+xCrxSn2-xP3O12 system, the plots consist of 
two semicircles in high and intermediate frequency region with 
low frequency region being denoted by a spike as be seen in Fig-
ure 4 for sample with x = 0.7. The same trend also applied for x = 
0.3 and 0.5. The spike at the low frequency region of all samples 
may indicate the effects of electrode polarization as a result of the 
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accumulation of ions between the electrode and the sample [24]. 
The high frequency semicircle is assigned to bulk response with 
its intercept at the x-axis assigned to bulk resistance, Rb, while the 
middle frequency semicircle is assigned to grain boundary re-
sponse with its intercept at the x-axis corresponds to grain bounda-
ry resistance, Rgb. When the value of x increases to 0.7, both bulk 
and grain boundary resistances, Rb and Rgb shifts towards lower 
value indicating an increase in ionic conductivity. However, when 

x = 0.9, both bulk resistance, Rb, and grain boundary resistance, 
Rgb shifts towards higher value indicating a decrease in conductivi-
ty.  
 

 
Fig. 3: Complex impedance plot of x = 0.1, 0.7 and 0.9 

 

 
Fig. 4: Complex impedance plot of x = 0.7 

 
Furthermore, experimental complex impedance data at room tem-
perature may well be approximated by an equivalent circuit com-
posed of bulk and grain boundary resistance Rb and Rgb and bulk 
and grain boundary capacitance, Cb (CPE), Cgb (CPE) and        

CPEblocking electrode with constant phase element (CPE) behaviour 
[25] as in Figure 5. 
 

 
Fig. 5: Equivalent circuit of Li1+xCrxSn2-xP3O12 system based on impedance 

analysis at room temperature 

 

Bulk and grain boundary conductivities, σb and σgb are then calcu-
lated using Rb and Rgb values determined from the impedance plots 
using equation: 
 

   
 

   
   and      

 

    
                                                            (3) 

 
The data of bulk, grain boundary and total conductivities with 
variation of chromium content, x are tabulated in Table 2.  
 
Table 2: Bulk, grain boundary and total conductivities with the variation 

of chromium content, x at room temperature 

Sample σb, 

(S cm
-1

) 

σgb 

(S cm
-1

) 

σt 

(S cm
-1

) 

x = 0.1 3.97 ×10
-6
 1.10 ×10

-6 
8.62×10

-7
 

x = 0.3 4.38 ×10
-6
 1.11 ×10

-6 
8.83×10

-7
 

x = 0.5 4.40 ×10
-6
 1.57 ×10

-6
 1.16 ×10

-6
 

x = 0.7 6.52 ×10
-6
 1.62 ×10

-6
 1.30 ×10

-6
 

x = 0.9 1.79 ×10
-6
 1.04 ×10

-6
 6.55 ×10

-7
 

 
It is observed that bulk, grain boundary and total conductivities for 
x = 0.1 to x = 0.7, increases with the increment of chromium   
content, x. However, when x = 0.9, the bulk, grain boundary and 
total conductivities decrease. The highest bulk, grain boundary 
and total conductivities of Li1+xCrxSn2-xP3O12 system at room tem-
perature was found when x = 0.7. The highest value obtained for 
the grain boundary and total conductivity at room temperature in 
this system was two order of magnitude higher compared to the 

unsubstituted parent compound [9] and higher than those reported 
by Norhaniza et. al (2012). Therefore the increase of total ionic 
conductivity in the samples with excess Li mainly originates from 
grain boundary conductivity and not from bulk conductivity. This 
may be due to the ionic conductivity across grain boundaries cor-
relates with the increased density of the pellets that takes place 
upon Cr substitution [23]. The increase in conductivity with Cr 
substitution also may be due to increase in the number of intersti-

tial Li+ ions due to increase in the amount of Cr3+ ions [26]. Be-
sides that, another factor that contributed to bulk conductivity 
enhancement was the increase in crystallinity as x increases in the 
system [26]. According to Fu [27], the enhancement in crystalline 
phase favors high ion conduction due to the presence of larger 
conduction pathways for Li+ ions migration. A similar observation 
also has been reported by Chowdari et al. [28]. The change in 
lattice parameter can also contribute to conductivity enhancement 

since it changes the bottleneck size and results in easy mobility of 
ion thus increase the ionic conductivity of the system [29]. In this 
work, the maximum conductivity found in the system of 
Li1.7Cr0.7Sn1.3P3O12, was (σb = 6.52 ×10-6 S cm-1, σgb = 1.62 ×10-6 S 
cm-1) at room temperature. However, we expect the ionic conduc-
tivity to increase as we increase the temperature up to 500 °C in 
our further study.  

3.3. AC Conductivity 

AC conductivity values are determined from the dielectric data as 
discussed in [8]. Figure 6 displays log σAC vs log ω plots of a 
Li1+xCrxSn2-xP3O12 system with x = 0.1 to 0.9. The plot consists of 
a plateau in intermediate frequency region and high frequency 
dispersion. The intermediate frequency plateau is due to frequency 
independence of conductivity corresponding to DC conductivity. 
The transition from the DC plateau to AC conductivity dispersion 
region shifts towards higher frequency range when value of x in-
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creases. At high frequencies, σac increases linearly with frequency 
obeying the empirical law of frequency dependence given by 
power law [30].  
 

 
Fig. 6: AC conductivity spectra of x = 0.1 to x = 0.9 

 
AC conductivity spectra can also be used to estimate the ionic 

hopping rate, ωp in the prepared system. The ionic hopping rate, 
ωp can be determined from the graph of log σAC versus log ω by 
extrapolating at twice the value of DC conductivity from the verti-
cal axis horizontally towards the graph and then extrapolating 
downwards vertically to the horizontal axis [8]. Meanwhile, the 
relation of ionic hopping rate, ωp and the magnitude of the charge 
carrier concentration, K then can be obtained using the following 
equation [28-29; 31-32] 

 

  
  

  
                   (3) 

 
where  
 

                                                                                      (4) 

 
In Equation 4, e is electron charge, γ is correlation factor which is 
set equal to 1, k is the Boltzmann constant and a is the jump dis-
tance between two adjacent sites for the ions to hope which is set 

to 3Å for all the samples [28-29; 32].  Next, the density of mobile 
ions (charge carrier), n also can be calculated using Equation 4. 
Next, the ionic mobility, μ can be calculated using the following 
equation: 
 

   
   

  
                                                                                        (5) 

 
Table 2 listed all the values of ωp, K, n, and μ for Li1+xCrxSn2-

xP3O12 system with x ranging from 0.1 to 0.9. From the table, K 
values are found to be constant over x in the range of 10-10 Scm-1 
KHz-1. As the value of x increases up to x = 0.7, the value of n is 

found to be increasing indicating that all the ions which are re-
sponsible for the conductivity are in a mobile state   [28 - 29]. 
Hence, the conduction mechanism in the investigated Li1+xCrxSn2-

xP3O12 system is mainly attributed to the hopping of charge carri-
ers. Meanwhile, μ also increases with the increasing of chromium 
content, x up to x = 0.7. This means that the increase in conductiv-
ity in the samples can be attributed to the increase in ionic mobili-
ty [28 -29]. The trend of μ value can be correlated with the results 

from impedance analysis showing that the Li1+xCrxSn2-xP3O12 
system with x = 0.7 showed the highest ionic conductivity value 
and also possessed the highest ionic mobility, µ that is 1.74 × 10-10 
cm2 V-1 s-1 . 
 

Table 2: Parameters of ωp, K, n and μ for various composition of chromi-

um content, x.  

Sample ωp 

(Hz) 

K 

(Scm
-1

 KHz
-1

) 

n  

(cm
-3

) 

µ 

(cm
2
 V

-1 
s

-1
) 

 x = 0.1 7.08 x 10
5
 4.71 x 10

-10
 1.76 x 10

23
 3.90 x 10

-11
 

x = 0.3 1.00 x 10
6
 3.64 x 10

-10
 1.36 x 10

23
 5.51 x 10

-11
 

x = 0.5 2.51 x 10
6
 1.81 x 10

-10
 6.77 x 10

22
 1.38 x 10

-10
 

x = 0.7 3.16 x 10
6
 1.59 x 10

-10
 5.96 x 10

22
 1.74 x 10

-10
 

x = 0.9 5.01 x 10
5
 6.05 x 10

-10
 2.26 x 10

23
 2.76 x 10

-11
 

3.4. Transference Number Measurement 

Figure 7 shows a plot of normalized polarization current versus 

time for the highest conducting sample where x = 0.7.   In Wag-
ner’s DC polarization technique, the ionic transference number 
was calculated from polarization current versus time plot using the 
following equation:  
 

     
               

        
                                                                        (6)  

 
where Iinitial is the initial current and Ifinal is the final residual     
current. From the graph, the total ionic transference number found 
is 0.99 and close to unity. Meanwhile, the polarization current is 
saturated after about 500 s.  This shows that the conductivity of 
the Li1+xCrxSn2-xP3O12 system when x = 0.7 was predominantly 
ionic and was expected to be that of Li+ ions. 

 

 
Fig. 7: Plot of normalized polarization current versus time for x = 0.7 

4. Conclusion 

NASICON type rhombohedral (      Li1+xCrxSn2-xP3O12 solid 

electrolytes with x ranging from 0.1 0.9 were obtained by water 
based citric acid assisted sol-gel method.  XRD analysis showed 
that Cr3+ was successfully inserted into the LiSn2P3O12 structure. 
The value of a, c and unit cell volume (V) decreased with the in-
crement of Cr content, x in the Li1+xCrxSn2-xP3O12 system. The 
substitution of Sn4+ by Cr3+ which results in shrinkage of unit cell 
volume increases the stability of system structure. Furthermore, 

the crystallite size also increased as x increases as confirmed by 
the XRD analysis. The Cr3+ substitution also resulted in conductiv-
ity enhancement up to two orders of magnitude higher compared 
to the unsubsituted LiSn2P3O12 at room temperature. The highest 
bulk, grain boundary and total conductivities found was when x = 
0.7 correlated with the highest ionic mobility     calculated from 
AC conductivity analysis. Ionic transference number value for 
Li1+xCrxSn2-xP3O12 system also close to unity that is 0.99 and sug-

gested that the conductivity of the Li1+xCrxSn2-xP3O12 system was 
predominantly ionic and was expected to be of Li+ ions. 
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