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Abstract
The high ionic conducting sodium superionic conductor Na3Zr2Si2PO12 -NaI composites have been prepared 
successfully via solid state reaction route. As the NaI content increases, the ionic conductivity significantly 
changes. The composites with 4% NaI show a maximum ionic conductivity of ~ 3 x 10-4 Ω-1cm-1 at 200oC 
which is one order of magnitude rise as compared to the pristine sample. Further crystal structure and surface 
morphology also reveal the formation of a glassy phase due to the presence of Na-Si-P-O-I interaction. 
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1. Introduction         
Electrolytes play a significant role in determining the battery 
parameters like energy density, life span, etc., of the battery. 
Both solid and liquid electrolytes could be used. Currently, liquid 
electrolytes are prominently used due to the ease of operation 
and low cost, but solid electrolytes are good alternatives 
because of their non-flammability, non-volatility, and greater 
thermal stability [1-3]. Also, solid electrolytes have a greater 
electrochemical potential window than liquid-state electrolytes. 
Due to these advantages of solid-state electrolytes, there has 
been a lot of focus on developing All Solid-state batteries 
(ASSB) [4]. For developing ASSB, it’s crucial to find a solid 
electrolyte that has an ionic conductivity comparable to the 
ionic conductivity of widely used liquid electrolytes and also 
has stability with electrodes during charging and discharging. 
NASICON electrolyte is one of the leading contenders for 
solid electrolytes. NASICON electrolyte, with stoichiometry 
Na1+xZr2SixP3-xO12 (NZSP), is a very well-known and widely 
studied electrolyte material [5,6]. It has high Na+ conductivity 
and a wide electrochemical potential stability window, thus 
making it a suitable choice for the solid-state electrolyte [7,8]. 
NZSP forms a 3D ionic conduction path that consists of SiO4 
and PO4 tetrahedra that share corners with octahedral ZrO6 
[9,10]. It has a rhombohedral phase for 0 <=x<=3 except for 
1.8 <=x<= 2.2 where the monoclinic phase is stable at room 
temperature[11]. 

There has been a lot of work done in enhancing the ionic 
conductivity of NZSP. Han Wang et. Al [12]. studied the synthesis 
of NZSP with Na2SiO3 additives by liquid phase sintering and 
reported that NZSP with 5 wt% of  Na2SiO3 achieved the highest 

ionic conductivity of 1.28 x 10-3 Scm-1. Shengnan He et. Al 
[13]. studied the F- assisted NZSP electrolyte and reported a 
high conductivity of 1.41x 10-3 Scm-1 at 27oC as compared to 
unassisted NZSP. Eunseok Heo et. Al [14]. studied the effects 
of potassium substitution and reported an ionic conductivity of 
7.7 x10-4 Scm-1, 2 times greater than that of the undoped sample. 

The present study focuses on enhancing the ionic conductivity 
of NZSP. We added NaI to the NZSP mixture in varying weight 
percentages (4%,6%,8%, and 10%), and found that the mixtures 
with 4% and 6% NaI showed greater ionic conductivity than 
pure NZSP. In this paper, we discuss the preparation and 
characterization techniques for the same.
 
2. Synthesis and Characterization
NASICON structured Na3Zr2Si2PO12 (NZSP) were prepared 
by conventional solid-state reaction route [15,16]. In this 
process, all the constituents’ compounds of NASICON viz. 
Na2CO3, ZrOCl2, SiO2, NH4H2PO4, and Sodium iodide were 
taken in a stoichiometric weight ratio and further grounded into 
a fine homogenous powder using an agate mortar and pestle 
for ~ 15 min. The obtained mixture was transferred into an 
alumina crucible and calcined at 700oC for 2 hrs followed by 
sintering at 1000oC for another 2 hrs. Similarly, Na3Zr2Si2PO12 
complexed with ionic salt (NaI) in a configuration of NZSP-
xNaI, where x corresponds to 0-12 wt% was also prepared. 
Further to study the electrical properties of the compound, the 
obtained sample was again grounded into fine particles ~ 5min, 
followed by pelletization at 1000 PSI pressure for 10 min using 
a KBr pelletizer, and a stainless steel die of 10 mm diameter. 
To release the residual stress due to pressurization, the pellets 
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were annealed at 600oC for 6 hr. The obtained pellet was kept 
in a vacuum desiccator for further characterization. The ionic 
conductivity of the composites was studied using a scientific 
LCR meter (4Hz-25 KHz,) at a temperature range from 50oC to 
300oC (in-house built sample holder with the furnace). Further 
crystal structure and surface morphology of the composites were 
studied using X-Ray diffraction and filed emission scanning 
electron microscopy technique, respectively.  

3. Result and Discussion
X-ray diffraction (XRD) measurements were carried out for the 

composites of NaI-NZSP and, are shown in Fig. 1. As observed 
in Fig., the crystalline peaks at 200, 230, 270, and 310 confirm the 
formation of NZSP monoclinic structure.  However, it is also 
observed some impurities correspond to Na2ZrSiO5 and SiO2. 
This impurity might be due to insufficient sintering temperature 
and timing. As evident in Fig., the XRD crystalline peaks seem 
to be suppressed with NaI content. Such glassy phase formation 
is may due to the presence of Na-Si-P-O-I interaction. However, 
the XRD pattern does not show any significant I- dominant 
related peaks. Further to understand the effect of NaI, FESEM 
images were taken and shown in Fig.2.  

3 
 

holder with the furnace). Further crystal structure and surface morphology of the composites 

were studied using X-Ray diffraction and filed emission scanning electron microscopy 

technique, respectively.   

 

3. Result and Discussion: 

X-ray diffraction (XRD) measurements were carried out for the composites of NaI-NZSP 

and, are shown in Fig. 1. As observed in Fig., the crystalline peaks at 200, 230, 270, and 310 

confirm the formation of NZSP monoclinic structure.  However, it is also observed some 

impurities correspond to Na2ZrSiO5 and SiO2. This impurity might be due to insufficient 

sintering temperature and timing. As evident in Fig., the XRD crystalline peaks seem to be 

suppressed with NaI content. Such glassy phase formation is may due to the presence of Na-

Si-P-O-I interaction. However, the XRD pattern does not show any significant I- dominant 

related peaks. Further to understand the effect of NaI, FESEM images were taken and shown 

in Fig.2.   

 

Fig 1: XRD patterns of NZSP+ x% NaI (x=0, 4, 6, 10) samples. 

 

Fig.2 and b show FESEM images for pristine NZSP and 4% NaI content composites 

respectively. As evident in Fig.2, both composites show the homogenous distribution of 

particles having a dominantly cubic structure.  Also, the sample with 4% NaI content 

Figure 1: XRD Patterns of NZSP+ x% NaI (x=0, 4, 6, 10) Samples

Fig.2 and b show FESEM images for pristine NZSP and 4% 
NaI content composites respectively. As evident in Fig.2, both 
composites show the homogenous distribution of particles 
having a dominantly cubic structure.  Also, the sample with 
4% NaI content exhibited glassy behavior as compared to 

pristine NZSP. This further compliments the above findings 
in XRD. However, to study the effect of such a structure in 
ionic conducting, temperature-dependent ionic conductivity 
measurements were carried out. 

4 
 

exhibited glassy behavior as compared to pristine NZSP. This further compliments the 

above findings in XRD. However, to study the effect of such a structure in ionic conducting, 

temperature-dependent ionic conductivity measurements were carried out.   

 
Fig.2 FESEM images of (a) Pristine NZSP and (b) 4% NaI content NZSP composites 

 

Fig. 3a shows a temperature-dependent Nyquist plot obtained in a frequency range of 

100Hz to 25kHz for pristine NZSP. In general, NZSP composites exhibited a depressed 

semi-circle followed by a spike at a lower frequency. However, due to insufficient 

frequency range, the Nyquist plot shows an incomplete depressed semicircle as shown in 

Fig 3a. Through electric circuit component fitting (inset of Fig. 3a), the corresponding 

resistance was studied and fitted data is shown in Fig. by line. The resistance R1 and R2 can 

be assigned as contact resistance and overall bulk resistance of the sample (i.e. sum of Grain 

boundaries resistance and in-grain resistance).  

 

Fig.3 (a) Temperature-dependent Nyquist plot for pristine NZSP sample and (b) 
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Figure 2: Fesem Images of (A) Pristine Nzsp and (B) 4% Nai Content NZSP Composites

Fig. 3 a shows a temperature-dependent Nyquist plot obtained 
in a frequency range of 100Hz to 25kHz for pristine NZSP. 
In general, NZSP composites exhibited a depressed semi-

circle followed by a spike at a lower frequency. However, 
due to insufficient frequency range, the Nyquist plot shows 
an incomplete depressed semicircle as shown in Fig 3a. 
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Through electric circuit component fitting (inset of Fig. 3a), the 
corresponding resistance was studied and fitted data is shown in 
Fig. by line. The resistance R1 and R2 can be assigned as contact 

resistance and overall bulk resistance of the sample (i.e. sum of 
Grain boundaries resistance and in-grain resistance).
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Figure 3: (A) Temperature-Dependent Nyquist Plot For Pristine NZSP Sample and (B) Temperature-Dependent Ionic 
Conductivity of NZSP Samples Prepared at 500 Psi and 1000 Psi Respectively.

Thus in further studies, impedance was measured at 1 KHz 
where the dc conductivity region lies.  To study the importance of 
pelletization pressure on ionic conductivity, pressure-dependent 
ionic conductivity was studied and plotted in Fig. 3b.  As evident 
in Fig. 3b, pristine NZSP sample prepared at 1000 PSI, shows 
higher ionic conductivity with one order of magnitude rise as 
compared to the sample prepared at 500 PSI. This is due to the 
greater densification of NZSP particles. 

The effect of NaI content on ionic conductivity was studied 
and the temperature-dependent ionic conductivity with NaI 
content is shown in Fig. 4a. As evident in Fig., the temperature-
dependent ionic conductivity exhibited Arrhenius behavior for 

all the composites. This suggests the ion's transport mechanism 
is due to hopping. It is evident that the ionic conductivity 
gradually increases to 8% NaI content. The composites with 
4% NaI content show the highest ionic conductivity of ~ 3 x 
10-4 Ω-1cm-1 at 200oC which is one order of magnitude rise as 
compared to pristine NZSP. The rise in the ionic conductivity is 
may be due to the glassy phase introduced by F- ion as described 
in XRD and FESEM. This glassy phase might provide pathways 
for the ion to conduct. Also, the activation energy decreases with 
NaI content as shown in Fig. 4b. The results complement the 
rise in ion ionic conductivity due to glassy phase formation as its 
amorphous nature provides a smooth ion hoping process.  
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Fig.4 (a) T emperature-dependent Ionic conductivity of pristine NZSP sample and NZSP-
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Figure 4: (a) Temperature-Dependent Ionic Conductivity of Pristine NZSP Sample and NZSP-NAI Composite (With Varying 
Weight Percentages of NAI): (B) Ionic Conductivities at Various Weight Percentages of NAI in NZSP-NAI Composite and 
Activation Energy
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4. Conclusions
The NaI-doped Na3Zr2Si2PO12 composites were successfully 
developed by solid-state reaction route. The introduction of 
alkali salts NaI into NZSP compounds leads to a significant 
enhancement in ionic conductivity. The composites with 4% 
NaI content exhibited the highest ionic conductivity of ~ 3 
x 10-4 Ω-1cm-1 at 200oC which is one order of magnitude rise 
as compared to pristine NZSP. Such a significant rise in ionic 
conductivity could lead these composites as suitable candidates 
for solid-state devices.

Acknowledgement
This work was supported by Shiksha Sopan under the program 
of student research exposure. We would like to thank Prof. H C 
Verma for the student research program and his guidance. Also, 
we would like to thank Prof. Y. N. Mohapatra, Department of 
Physics, IIT Kanpur, for XRD and FESEM characterization 
support.  Authors Aditya Sekhar and Nikesh Lilani would like to 
thank Shiksha Sopan for providing the internship.

Conflict of Interest: On behalf of all authors, the corresponding 
author states that there is no conflict of interest.

Data Availability: The datasets generated during and/or analysed 
during the current study are available from the corresponding 
author on reasonable request.

References
1. Yabuuchi, N., Kubota, K., Dahbi, M., & Komaba, S. (2014). 

Research development on sodium-ion batteries. Chemical 
reviews, 114(23), 11636-11682.

2. Liang, L., Sun, X., Zhang, J., Sun, J., Hou, L., Liu, Y., & 
Yuan, C. (2019). Sur-/interfacial regulation in all-solid-
state rechargeable Li-ion batteries based on inorganic solid-
state electrolytes: advances and perspectives. Materials 
Horizons, 6(5), 871-910.

3. Jian, Z., Hu, Y. S., Ji, X., & Chen, W. (2017). Nasicon‐
structured materials for energy storage. Advanced Materials, 
29(20), 1601925.

4. Lu, Y., Li, L., Zhang, Q., Niu, Z., & Chen, J. (2018). 
Electrolyte and interface engineering for solid-state sodium 
batteries. Joule, 2(9), 1747-1770.

5. Guin, M., & Tietz, F. (2015). Survey of the transport 
properties of sodium superionic conductor materials for use 

in sodium batteries. Journal of power sources, 273, 1056-
1064.

6. Wang, Y., Song, S., Xu, C., Hu, N., Molenda, J., & Lu, L. 
(2019). Development of solid-state electrolytes for sodium-
ion battery–A short review. Nano Materials Science, 1(2), 
91-100.

7. Gao, H., Xin, S., Xue, L., & Goodenough, J. B. (2018). 
Stabilizing a high-energy-density rechargeable sodium 
battery with a solid electrolyte. Chem, 4(4), 833-844.

8. Song, S., Duong, H. M., Korsunsky, A. M., Hu, N., & Lu, L. 
(2016). A Na+ superionic conductor for room-temperature 
sodium batteries. Scientific reports, 6(1), 32330.

9. Kohler, H., & Schulz, H. (1985). NASICON solid 
electrolytes part I: The Na+-diffusion path and its relation 
to the structure. Materials research bulletin, 20(12), 1461-
1471.

10. Hong, H. P. (1976). Crystal structures and crystal chemistry 
in the system Na1+ xZr2SixP3− xO12. Materials Research 
Bulletin, 11(2), 173-182.

11. Goodenough, J. B., Hong, H. P., & Kafalas, J. A. (1976). 
Fast Na+-ion transport in skeleton structures. Materials 
Research Bulletin, 11(2), 203-220.

12. Wang, H., Zhao, G., Wang, S., Liu, D., Mei, Z., An, Q., ... 
& Guo, H. (2022). Enhanced ionic conductivity of a Na 3 
Zr 2 Si 2 PO 12 solid electrolyte with Na 2 SiO 3 obtained 
by liquid phase sintering for solid-state Na+ batteries. 
Nanoscale, 14(3), 823-832.

13. He, S., Xu, Y., Chen, Y., & Ma, X. (2020). Enhanced ionic 
conductivity of an F−-assisted Na 3 Zr 2 Si 2 PO 12 solid 
electrolyte for solid-state sodium batteries. Journal of 
Materials Chemistry A, 8(25), 12594-12602.

14. Heo, E., Wang, J. E., Yun, J. H., Kim, J. H., Kim, D. J., 
& Kim, D. K. (2021). Improving Room Temperature Ionic 
Conductivity of Na3–x K x Zr2Si2PO12 Solid-Electrolytes: 
Effects of Potassium Substitution. Inorganic Chemistry, 
60(15), 11147-11153.

15. Singh, M. D., Dalvi, A., & Phase, D. M. (2019). Electrical 
transport in PEO-NaI-NASICON nanocomposites: An 
assessment using impedance and X-Ray absorption 
spectroscopy. Materials Research Bulletin, 118, 110485.

16. Singh, M. D., Dalvi, A., & Phase, D. M. (2020). Novel 
Na3Zr2Si2PO12–polymer hybrid composites with high 
ionic conductivity for solid-state ionic devices. Materials 
Letters, 262, 127022.

Copyright: ©2024 M. Dinachandra Singha, et al. This is an open-access 
article distributed under the terms of the Creative Commons Attribution 
License, which permits unrestricted use, distribution, and reproduction in 
any medium, provided the original author and source are credited.

https://opastpublishers.com/

https://doi.org/10.1021/cr500192f
https://doi.org/10.1021/cr500192f
https://doi.org/10.1021/cr500192f
https://doi.org/10.1039/C8MH01593G
https://doi.org/10.1039/C8MH01593G
https://doi.org/10.1039/C8MH01593G
https://doi.org/10.1039/C8MH01593G
https://doi.org/10.1039/C8MH01593G
https://doi.org/10.1016/j.joule.2018.07.028
https://doi.org/10.1016/j.joule.2018.07.028
https://doi.org/10.1016/j.joule.2018.07.028
https://doi.org/10.1016/j.jpowsour.2014.09.137
https://doi.org/10.1016/j.jpowsour.2014.09.137
https://doi.org/10.1016/j.jpowsour.2014.09.137
https://doi.org/10.1016/j.jpowsour.2014.09.137
https://doi.org/10.1016/j.nanoms.2019.02.007
https://doi.org/10.1016/j.nanoms.2019.02.007
https://doi.org/10.1016/j.nanoms.2019.02.007
https://doi.org/10.1016/j.nanoms.2019.02.007
https://doi.org/10.1016/j.chempr.2018.01.007
https://doi.org/10.1016/j.chempr.2018.01.007
https://doi.org/10.1016/j.chempr.2018.01.007
https://doi.org/10.1038/srep32330
https://doi.org/10.1038/srep32330
https://doi.org/10.1038/srep32330
https://doi.org/10.1016/0025-5408(85)90164-3
https://doi.org/10.1016/0025-5408(85)90164-3
https://doi.org/10.1016/0025-5408(85)90164-3
https://doi.org/10.1016/0025-5408(85)90164-3
https://doi.org/10.1016/0025-5408(76)90073-8
https://doi.org/10.1016/0025-5408(76)90073-8
https://doi.org/10.1016/0025-5408(76)90073-8
https://doi.org/10.1016/0025-5408(76)90077-5
https://doi.org/10.1016/0025-5408(76)90077-5
https://doi.org/10.1016/0025-5408(76)90077-5
https://doi.org/10.1039/D1NR06959D
https://doi.org/10.1039/D1NR06959D
https://doi.org/10.1039/D1NR06959D
https://doi.org/10.1039/D1NR06959D
https://doi.org/10.1039/D1NR06959D
https://doi.org/10.1039/C9TA12213C
https://doi.org/10.1039/C9TA12213C
https://doi.org/10.1039/C9TA12213C
https://doi.org/10.1039/C9TA12213C
https://doi.org/10.1021/acs.inorgchem.1c01118
https://doi.org/10.1021/acs.inorgchem.1c01118
https://doi.org/10.1021/acs.inorgchem.1c01118
https://doi.org/10.1021/acs.inorgchem.1c01118
https://doi.org/10.1021/acs.inorgchem.1c01118
https://doi.org/10.1016/j.materresbull.2019.05.010
https://doi.org/10.1016/j.materresbull.2019.05.010
https://doi.org/10.1016/j.materresbull.2019.05.010
https://doi.org/10.1016/j.materresbull.2019.05.010
https://doi.org/10.1016/j.matlet.2019.127022
https://doi.org/10.1016/j.matlet.2019.127022
https://doi.org/10.1016/j.matlet.2019.127022
https://doi.org/10.1016/j.matlet.2019.127022

