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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

� Composite polymer electrolyte (CPE) 
with high Na-ion conductivity is 
prepared. 
� Symmetric solid-state Na-ion full cell is 

demonstrated with CPE and NASICON 
electrode. 
� Solid-state Na-ion full cell exhibits an 

energy density of 126 W h kg� 1.  
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A B S T R A C T   

Ubiquitous low-cost sodium ore is abundant and increasingly of interest for sodium-based battery research for 
grid-scale energy storage systems. The conventional organic liquid electrolytes in currently used sodium-based 
batteries endure inflammability, thermal instability, and risk of safety issues. The recent trend in developing 
solid-state-Li batteries also thrives on exploring the all-solid-state Na battery. Herein, we report a solid-state Na- 
ion full cell working at room temperature using a polyvinylidene fluoride (PVDF)-based composite polymer 
electrolyte and NaZr2(PO4)3-structured Na3V2(PO4)3 (NVP) electrode. PVDF-based composite polymer electro
lyte (CPE) with NaCF3SO3 salt and SiO2 filler displays high conductivity with electrochemical stability. The 
symmetric solid-state full cell delivers a specific capacity of 76 mA h g� 1 at 0.5C rate, and a specific energy of 
126 W h kg� 1 based on the total mass of the NVP cathode only. The solid-state Na-ion full cell can retain 70% of 
its initial specific capacity after 100 continuous charge-discharge cycles.   

1. Introduction 

Lithium-ion batteries (LIBs) are the most promising and successful 
energy storage devices employedfor electric vehicles, space hardware, 

portable electronics, mobile commercial assets, and stationary storage 
applications for their high energy density. However, the scarcity of 
lithium ores, the increasing demand for electric vehicles (EVs) and 
portable electronic devices will cause an unsustainable life cycle 
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analysis for ongoing LIB production increasing globally. Recent studies 
from the U.S Geological survey reveal that only 13 million tons of Li are 
present in the Earth’s crust [1,2]. The low abundance of Li ores and their 
increasing demand and cost are a primary concern for the future of LIB 
technology towards large-scale stationary energy storage and EV ap
plications. The increasing necessity of energy storage devices and global 
depletion of lithium ores calls for a new battery chemistry with high 
energy density for the future. Sodium is the sixth most abundant element 
in earth’s crust, it’s inexpensive, and the ease of recyclability makes the 
sodium-ion battery (SIB) a very promising replacement for LIBs in 
grid-scale energy storage and EVs. Sodium exhibits similar physical and 
electrochemical properties to Li [3]. Furthermore, instead of expensive 
conventional Cu current collector for the negative electrode, inexpen
sive Al can be employed in SIBs [4,5]. Though a few decades ago, so
dium batteries (Na–S battery, ZEBRA battery) have been successfully 
commercialized for grid scale energy storage and space application, they 
are operational at high temperature (>250 �C) [6]. High operational 
temperature and safety issues are still a drawback for Na–S and ZEBRA 
batteries [7]. The higher ionic radius of Na-ion (1.02 Å) than the Li-ion 
(0.76 Å) is the main obstacle for ionic diffusion which manifests as poor 
storage and cycling performance for SIBs [5,8]. Attempts have been 
made to develop novel electrodes and electrolytes for advanced SIBs [9]. 

Electrolytes are a fundamental battery component and are key to 
their overall performance. Currently used liquid organic electrolytes in 
LIBs and SIBs are flammable, exhibit low thermal stability, and pose 
safety issues. Solid electrolytes are non-flammable and exhibit high 
thermal stability and prevent dendrite formation [7]. Furthermore, 
having a higher ion transference number, solid electrolyte exhibits 
better kinetic properties than liquid electrolytes [10]. Solid electrolytes 
are more promising for next-generation batteries due to their enhanced 
electrochemical stability and better cycle life. Ceramic-based solid 
electrolytes, which have a very high Na-ion conductivity attracted great 
attention due to their high mechanical, thermal and electrochemical 
stability, and effective dendrite suppression [2]. High interfacial resis
tance with the electrode materials is the major bottleneck of its practical 
applications [11]. On the other hand, the polymer-based electrolyte has 
low interfacial resistance with electrode materials and, excellent elastic 
and electrochemical properties making it very useful for battery 
application. 

Polyethylene oxide (PEO)-based polymers have been extensively 
studied as solid electrolyte for LIBs and SIBs [12,13]. PEO-based poly
mers exhibit a high conductivity above 70 �C [14]. The poor Na-ion 
conductivity of the PEO-based electrolytes at room temperature is the 
major bottleneck for its practical use in room temperature operation [7, 
15,16]. Na-ion conduction can be enhanced by introducing some 
ceramic particles to the polymer matrix [17,18]. These ceramic particles 
inserted into the polymer matrix impede the crystallization of polymer 
and improve the Na-ion conduction even at a lower temperature [19]. 
The types of the ceramic particles, with their corresponding particle size 
and concentration in the polymer matrix control the ionic conductivity 
of the polymer-composite electrolyte [20,21]. Though several strategies 
have been applied to fabricate all-solid-state Na batteries (ASSNBs) 
using composite polymer electrolyte, still Na-based polymer electrolytes 
display poor performances at room temperature [16,17,22–29]. ASSNBs 
using a polymer-based electrolyte reported in literature are working in 
the temperature range of 60–80 �C [22–29]. To the best of our knowl
edge, room temperature operating ASSNB with polymer electrolytes 
have not been reported so far. Moreover, the melting point of metallic 
Na is 98 �C, and it is close to the operational temperature (60–80 �C) of 
the polymer electrolytes. As PEO-based solid polymer electrolytes also 
have a melting point of ~67 �C, it would be a high-risk to operate Na 
batteries above 80 �C. However, high energy density and efficient 
ASSNBs operating at room temperature are very crucial for the future 
energy storage systems. Only a handful of research articles have been 
published on Na-based solid polymer electrolytes for ASSNBs [22–29]. 

Herein, we have prepared a composite polymer electrolyte using 

polyvinylidene fluoride (PVDF) and SiO2 ceramic particles for ASSNBs. 
The ionic conductivity of composite solid electrolyte PVDF-NaCF3

SO3–SiO2 was calculated to be 0.06 mS cm� 1 at 25 �C. NaCF3SO3 was 
dissolved in DMF and SiO2 particles were dispersed in the PVDF matrix. 
The composite electrolyte shows a stable electrochemical performance 
with NASICON structured Na3V2(PO4)3 (NVP) electrode. A high specific 
capacity of 110 mA h g� 1 was obtained for the NVP electrode with good 
cycling performance. A high energy density of 363 Wh kg� 1 was ob
tained for the ASSNB (NVP/CPE/Na). A symmetric Na-ion full cell was 
fabricated using NVP electrodes and CPE which delivered a specific 
capacity of 76 mA h g� 1 with an energy density of 126 Wh kg� 1 based on 
cathode mass. The Na-ion full cell also retain a specific capacity reten
tion of 70% after 100 consecutive charge-discharge cycles. 

2. Experimental section 

2.1. Synthesis of PVDF-SiO2 composite polymer electrolyte (CPE) 

PVDF polymer (Alfa Aesar) and Na-trifluoromethanesulfonate 
(NaCF3SO3) (Alfa Aesar) with a molar ratio of 9:1 [(–CH2CF2)–:Naþ] 
were dissolved in dimethyl formamide (DMF) (obtained from Sigma- 
Aldrich) and was continuously stirred to completely dissolve the poly
mer and Na-salt. SiO2 powder (obtained from Sigma-Aldrich) with 2 wt. 
% (with respect to the PVDF weight) was added to the polymer-salt 
mixture and was ball-milled for 20 min at 200 rpm to prepare a homo
geneous slurry. The polymer-ceramic composite slurry was then cast 
onto a glass plate and dried for 24 h in vacuum oven. A film of PVDF- 
NaCF3SO3–SiO2 CPE was obtained after drying, and the circular disc was 
cut for further electrochemical and physicochemical measurements. 
CPEs with different weight percentages of SiO2 were prepared to opti
mize the conductivity. Other non-active oxide-based fillers such as Al2O3 
and ZrO2 were also added, and concerned electrochemical performances 
were measured. 

2.2. Synthesis of Na3V2(PO4)3 

The NVP cathode was prepared by the sol-gel method using 
CH3COONa, NH4VO3, NH4H2PO4, and citric acid (Sigma-Aldrich). In a 
0.25 M aqueous solution of citric acid, 8 mM of NH4VO3 was added and 
continued for stirring at 80 �C. After 5 min, the NH4VO3 dissolved into 
solution and turned to a transparent yellow colour. Then the stoichio
metric amount of CH3COONa and NH4H2PO4 was added consecutively 
and continued for stirring at 80 �C. After 2–3 h the solution become gel 
and it was kept inside a vacuum oven for overnight at 80 �C. After drying 
in the vacuum oven, a blue coloured powder was obtained, which was 
then ground and calcined in an inert atmosphere at 350 �C for 4 h and 
then 800 �C for 8 h. The ramp of heating was 5 �C/min. 

2.3. Material characterization 

X-ray diffraction (XRD) was carried out using a Bruker D8 Advance 
diffractometer (Cu-Kalpha ; 40 kV; 40 mA). Field emission scanning 
electron microscopic (FESEM) analysis was acquired with Carl Zeiss 
supra 40. Energy dispersive X-ray microanalyzer (OXFORD ISI 300 
EDAX) attached to the Carl Zeiss supra 40 FESEM was employed to 
understand the elemental composition analysis of the electrolyte. 
Fourier transform infrared (FTIR) spectroscopy from Thermo-Nicolet 
Nexus 470 instrument was employed to understand the functional 
group present in the CPE. Raman spectral measurement data was ac
quired using a Bruker RAM II with a 1064 nm wavelength laser. Ther
mogravimetric analysis (TGA) was measured using METTLER TOLEDO 
thermal system TGA/DSC1 (HT 1600). The Gemini VII 2390 surface area 
analyzer was employed for the measurement of N2 adsorption- 
desorption, surface area, and pore size distribution of the NVP powder 
at 77.3 K. The stress-strain analysis or the mechanical stability of the 
electrode material was measured using MARK-10 ESM303 Motorized 
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Tension/Compression Test Stand with capacity of 1.5 kN and strained at 
10 mm/min in ambient room temperature. The length and width of the 
polymer sample was 50 and 9 mm, respectively, with a thickness of 
150 μm. 

2.4. Electrochemical measurements 

The Na-ion conductivity of all the CPEs was measured using AC 
impedance analysis using the Princeton (Versa STAT 3) instrument with 
a frequency range of 10 kHz to 0.1 Hz. The CPEs were sandwiched in 
between two stainless-steel blocking type electrodes. A Teflon made stiff 
circular spacer was employed to avoid the change in thickness of the 
compressible polymer. MTI split cell was utilized to measure the ionic 
conductivity. The ionic conductivity (σ) was estimated using the 
following equation: 

σ¼ l=ðA� RÞ (1)  

where l is the thickness of the electrolyte, A stands for the area of the 
electrolyte, and R is the obtained resistance. Linear sweep voltammetry 
(LSV) was carried out to examine the electrochemical stability of the 
CPE using a CR2032 coin cell. To evaluate the compatibility and stability 
of the CPE with the Na anode, Na stripping-plating experiments were 
carried out by sandwiching the CPE in between two Na electrodes as a 
symmetric Na/CPE/Na cell using a CR2032-coin cell. A suitable Teflon 
spacer was kept between two Na metal electrodes to maintain a constant 
thickness of electrolyte. A small amount (5 μL cm� 2) of liquid electrolyte 
was added at the interface of the Na electrode and CPE to reduce the 
interfacial resistance. Both the interfaces were wetted with the liquid 
electrolyte. The liquid electrolyte used in this experiment is 1 M NaClO4 
(Alfa Aesar) solution in PC (Sigma Aldrich), with 5 wt. % Fluo
roethyelene carbonate (Alfa Aesar). 

2.5. Electrode modification and cell assembly 

As synthesized Na3V2(PO4)3 electrode powder was mixed with super 
P conductive carbon, PVDF binder, and NaCF3SO3 with a weight ratio of 
7:1.7:1:0.3 in N-methyl pyrrolidone (NMP) solvent and uniformly 
coated over an Al foil. PVDF and NaCF3SO3 salt in the electrode matrix 
not only act as a binder but also provide the path for Na-ion transport. 
The electrode material coated Al foil was dried in a vacuum oven at 
60 �C overnight. The average mass loading of active material was ~1.5 
(�0.2) mg cm� 2. The cathode coated Al foil was then cut into a 11.6 mm 
diameter circular disc electrode with area of ~1 cm2. Metallic Na was 
cast on one side of the stainless-steel spacer. A CR2032 coin cell was 
simply fabricated using the cathode disc, CPE, and Na metal anode with 
addition of 5 μL of liquid electrolyte on both the cathode and anode 
surface. The liquid electrolyte was carefully added so that the whole 
electrode area was covered to reduce the interfacial impedance. The 
circular CPE disc with a diameter of 19 mm and ~60 (�20) μm thickness 
was sandwiched between the Na discs and cathode coated Al foil. The 
electrochemical performance of the fabricated Na-cell was evaluated by 
an MTI Inc., USA battery test station. 

2.6. Symmetric full cell fabrication with Na3V2(PO4)3 electrodes 

A symmetric Na-ion full cell was fabricated using two NVP electrodes 
and Na-ion conducting CPE. The dimension of the circular NVP cathode 
and CPE was the same as the half cell. The calculation of the NVP 
electrode mass loading for the full cell fabrication is also shown 
(Fig. S1). The cathode and anode contain active NVP material loading 
with a weight ratio of 1:2. The anodic disc electrode area was kept 
higher than the cathode to fully cover and utilize the active material at 
the cathode. A CR 2032 type coin cell was used, and 5 μL cm� 2 of liquid 
electrolyte was employed on both electrode for complete wetting to 
reduce the interfacial resistance. The liquid electrolyte used in this 

experiment is 1 M NaClO4 solution in PC with 5 wt.% fluoroethyelene 
carbonate. 

3. Results and discussion 

3.1. Characterization of the composite polymer electrolyte (CPE) 

Scheme 1 represents the synthetic protocol for the CPE. The PVDF 
polymer and Na-salt were dissolved in DMF, resulting in a clear viscous 
solution. Subsequently, SiO2 was added and ball-milled for 20 min at 
200 rpm such that the SiO2 particles disintegrated and homogeneously 
disperse in the polymer matrix. The amount of the solvent plays a crucial 
role in controlling the thickness of CPE film. The microscopic view of the 
CPE surface shows a solid and rough structure without having any pores 
on the surface (Fig. 1a and b). The morphology of the CPE is primarily 
tailored by the Na-salt and type of the filler impregnated in the CPE 
matrix [30–32]. The digital image of the CPE film shows its flexible 
nature (Fig. 1c). The cross-sectional microscopic image of the CPE shows 
the rough and densely packed structure, and exhibits a high conductivity 
of 0.06 mS cm� 1 (Fig. 1d and e). The Na-salt and SiO2 particle filler were 
not observed in the microscopic image, however, it suggests good 
miscibility in the polymer matrix. The miscibility of the SiO2 filler and 
Na salt were further supported from the area mapping of the CPE 
(Fig. S2). The dense and continuous single-phase of the polymer matrix 
has significant advantages in blocking Na dendritic growth and ionic 
conductivity. 

The powder X-ray diffraction (PXRD) pattern reveals the crystalline 
quartz form of SiO2 (Fig. 2a). PXRD pattern for the PVDF film displays 
two intense peaks at 2θ value 20.16� and 18.58�, which are assigned to 
110 and 020 planes, respectively. Another peak at 39.46� confirms the 
gamma (γ) phase of the PVDF [33–35]. Addition of NaCF3SO3 salt in the 
PVDF changes the crystalline nature, but the phase (γ) of the PVDF 
remain the same. No appearance of peaks for NaCF3SO3 in the 
PVDF-NaCF3SO3 complex supports that the salt is completely dissolved 
in the PVDF. The PXRD pattern for the CPE shows less crystalline nature 
and shows only three peaks for SiO2. 

The FTIR spectral measurement of the PVDF powder shows charac
teristic vibrational peaks at 613, 763, 796, 840, 883, 950, 975, 1068, 
1188, 1245, 1284, and 1401 cm� 1 which are well within agreement with 
the α-phase of PVDF (Fig. 2b) [34,35]. The PVDF film has shown sig
nificant characteristic peaks at 808, 834, 873, 1070, 1166, 1234, and 
1401 cm� 1 (Table S1) [34]. All these peaks are ascribed to the γ-phase of 
the PVDF film. PVDF-NaCF3SO3 and the CPE exhibits peaks associated 
with the γ-phase of the PVDF. The β and γ-phase of PVDF more of a polar 
nature than the alpha phase. The polar nature of the polymer reduces its 
crystalline properties and enhances ionic conductivity. As a result, the β 
and γ phases have more electroactive properties compare to the α phase 
[36,37]. The phase of PVDF film has an influence on the ionic conduc
tivity and electrochemical performance of CPE. The FTIR spectral profile 
of NaCF3SO3 displays characteristics symmetric and antisymmetric 
stretching and bending frequencies for –CF3 and –SO3 (Table S1) 
[38–40]. All the peaks associated with NaCF3SO3 and γ-PVDF can be 
found in both CPE and PVDF-NaCF3SO3. An additional peak at 
1670 cm� 1 is found for CPE and PVDF-NaCF3SO3, which is attributed to 
the amide group of the DMF solvent trapped in the polymer matrix. 

The Raman spectral profile of the PVDF powder shows significant 
characteristics peaks for α-PVDF at 609 and 797 cm� 1, which are 
attributed to CF2 wagging and stretching, respectively (Fig. 2c). The 
Raman spectral profile further confirms that the phase of PVDF film has 
been changed from α to γ (Table S1). Two exclusive peaks at 808 and 
839 cm� 1 correspond to the γ-phase of PVDF [34,35,41]. Raman spectra 
of NaCF3SO3 shows three significant characteristics peaks (Table S1) 
[42,43]. The Raman spectral profile for CPE shows the similar spectral 
behaviour of γ-PVDF and NaCF3SO3. 

To further understanding of the CPE composition, thermogravi
metric analysis (TGA) was carried out in air for CPE, PVDF-NaCF3SO3, 
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PVDF, and SiO2 (Fig. 2d). The thermogram of SiO2 does not show any 
significant mass change up to 800 �C. The TGA profile for PVDF powder 
shows an onset of mass loss after 388 �C. The PVDF-NaCF3SO3 and CPE 
show distinct thermogram when compared to the PVDF powder. A 
continuous mass loss for CPE and PVDF-NaCF3SO3 was observed up to 
180 �C. This mass loss is associated with the evaporation of the trapped 
DMF solvent inside the PVDF matrix. The amount of the DMF solvent 
trapped inside the PVDF is about 8 wt. %. We believe the trapped DMF 
inside the polymer acts as a plasticizer and improves the ionic conduc
tivity of the CPE. Though the addition of plasticizer has a detrimental 
effect on mechanical stability and dendrite blocking, our electro
chemical experiments further support that 8% DMF inside the CPE does 
not affect the mechanical strength of the solid electrolyte. For the 
evaluation of mechanical stability of the CPE, the stress-strain curve is 
analysed (Figure S2d, see supporting information). The CPE film dis
plays an ultimate tensile stress of 16 MPa and strain of 135%. 

3.2. Characterization of the NASICON structured Na3V2(PO4)3 electrode 

The X-ray diffraction pattern of the electrode material confirms the 
synthesis of NASICON structured NVP (Fig. S3a) [44]. NVP shows that 
the VO6 octahedra shares all of its corners with PO4 tetrahedra. One Naþ

Scheme 1. Schematic illustration of the synthesis of the composite polymer electrolyte (CPE) membrane.  

Fig. 1. (a, b) FESEM image of CPE surface, (c) digital image of circular CPE 
film, and (d, e) cross-sectional SEM image of the CPE membrane. 

Fig. 2. (a) X-ray diffraction (XRD) pattern, (b) FTIR, (c) Raman spectral profile, and (d) Thermogravimetric analysis (TGA) of SiO2, PVDF, PVDF-NaCF3SO3 and CPE.  
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ion occupy the six-fold coordinated site (M1) whereas two Naþ occupies 
the eight-fold coordinated site (M2). The two Naþ at the eight-fold co
ordinated site (M2) is weakly bound to the surrounded oxygen atoms 
and can be extracted at a potential range of 3.4 V/Na whereas another 
Naþ can be inserted at the six-fold coordinated site (M1) while dis
charging below 1.6 V/Na (Fig. S3b) [45]. The thermogravimetric anal
ysis shows that the NVP cathode contains 1.7 wt.% of carbon (Fig. S3c). 
The porous microstructure of the electrode material was found from the 
SEM image (Figs. S3d–e). The average particle size of the NVP particles 
is 2 μm (Figure S3f, see supporting information). The EDAX profile and 
elemental analysis further support successful formation of the NVP 
(Fig. S3g). The surface area of the NVP electrode was measured using 
Brunauer-Emmett-Teller (BET) method and found to be 25.7 m2 g� 1. The 
average pore size was analysed using Barrett–Joyner–Halenda (BJH) 
method and found to be 12 nm (Figure S3h, see supporting information). 
Despite a high theoretical capacity (272 mA h g� 1) of LiCoO2 it can only 
deliver a reversible practical specific capacity of 140 mA h g� 1. LiCoO2 
also shows very fast capacity decay and safety issues because of the 
surface oxygen loss. LiFePO4 is a very promising cathode material for 
Li-ion batteries but its low Liþ diffusion constant forbids its operation at 
a high current rate. Nanosized LiFePO4 and carbon coating improves the 
performance of the LiFePO4 electrode [46]. The NVP electrode consist of 
three-dimensional framework of [PO4] tetrahedra and [VO6] octahedra 
with strong covalent bonding of oxygen in the polyanion polyhedral 
owing to better thermal stability, long cycle life and excellent safety 
feature. Furthermore, the 3D crystal structure shows fast Naþ kinetics 
which improves the electrochemical performances [47]. 

3.3. Electrochemical performance of CPE 

CPE attains an ionic conductivity value of 6.0 � 10� 5 Scm� 1 at 25 �C. 
The ratio of PVDF, NaCF3SO3, and SiO2 was optimized to achieve a high 
CPE conductivity (Fig. S4). The electrochemical impedance spectral 
(EIS) profile for the CPE at different temperatures is shown in Fig. S5a. 
The ionic conductivity of CPE and PVDF-NaCF3SO3 shows Arrhenius 
behavior. An increase in temperature facilitates the expansion of poly
meric chain, which produces free volume inside the polymer. The as- 
produced free-volume enhances the segmental motion of the polymer, 
which increases the ionic conductivity [19,41]. The Arrhenius plot for 
CPE and PVDF-NaCF3SO3 solid electrolytes is shown in Fig. 3a. A con
ductivity of 2.1 � 10� 6 S cm� 1 was measured at 25 �C for 
PVDF-NaCF3SO3. The addition of SiO2 to PVDF-NaCF3SO3 reduces the 
crystalline nature of the PVDF, which eventually enhances the ionic 
conductivity in CPE. The ceramic fillers not only enhance the amorphous 
nature of the polymer but also augment the conductivity by proper 
orientation of the dipoles which play a crucial role in determining ionic 
conductivity [48,49]. It is important to mention that the CPE and 
PVDF-NaCF3SO3 contain 8 wt.% of DMF solvent found (Fig. 2b and d). 
The trapped DMF solvent inside the PVDF act as a plasticizers and 

enhance the overall conductivity [49,50]. 
SiO2 of different size and amount in the polymer matrix change the 

structure and crystallinity of the polymer. Potential hydroxyl (-OH) 
moieties on the surface of SiO2 seem to facilitate in the formation of 
hydrogen bonding (O–H⋅⋅⋅⋅F–C) with the –CF2 group present in the PVDF 
polymer (Fig. S6). Due to the presence of the highly polar –OH group on 
the SiO2 surface, the SiO2 particle acts as a nucleating agent of the PVDF 
phase. The lower size and higher surface area of SiO2 enhance the –OH 
concentration and increase the associated hydrogen bond (O–H⋅⋅⋅⋅F–C), 
which eventually controls the phase of the PVDF polymers. Higher 
amount of SiO2 particles inside the polymer matrix also have influence 
on polymer phase formation but the possibilities of particle agglomer
ation may decrease the overall SiO2 surface area and disruption of 
effective phase control for the polymer. Moreover, the surface of the 
SiO2 can accommodate the solvent (e.g., DMF) which will act as a 
plasticizer and have an influence on the polymer phase. Therefore, the 
type and size of SiO2 particles play a crucial role to determine the 
crystallinity and structure of the polymer [51,52]. 

The activation energy for ionic conduction of the PVDF-NaCF3SO3 
and CPE is calculated to be 0.33 and 0.28 eV, respectively. The CPE 
exhibits a lower activation energy (Ea) than the PVDF-NaCF3SO3 
because of the facile Na-ion hopping through the amorphous region of 
the PVDF due to the presence of SiO2. However, the conductivity of the 
investigated CPE is low and could only achieve decent conductivity at 
above 60 �C. Most of the ASSNBs are reported so far as operating above 
60 �C [17,22–29]. To best of our knowledge, so far, high conductivity 
(>10� 4 S cm� 1) for a Na-based dry solid polymer electrolyte at room 
temperature is not achieved. 

To evaluate the chemical and electrochemical stability of CPE 
against Na metal galvanostatic cycling with a constant areal current 
density of 0.2 mA cm� 2 was carried out using a symmetric Na/CPE/Na 
cell (Fig. 3b). We have tried to accomplish the galvanostatic experiments 
with a pure solid interface, but we found substantial interfacial resis
tance from the EIS spectra (Figure S7, see supporting information). So, 
we have introduced 5 μL cm� 2 of liquid electrolyte on both the Na 
electrodes to minimize the interfacial resistance that improved the 
overall conductivity. The calculated electrolyte uptake (~80%) of the 
CPE is significantly higher than the amount of added liquid electrolyte. 
The polarity of current for the galvanostatic experiment was switched 
every 30 min. The galvanostatic cycling profile for the CPE affirms its 
excellent stability for more than 1000 h (Fig. 3b). The stable galvano
static profile further supports the mechanical stability of the CPE and 
dendrite blocking. The galvanostatic profiles at different times are 
shown in Figure S8, see supporting information. The higher voltage 
during the beginning of galvanostatic cycles is associated with over- 
potential developed due to Na-ion reduction and oxidation associated 
with the galvanostatic cycling process and Na-ion transport through the 
electrode/electrolyte interphase or solid electrolyte interphases [53]. 
We have also evaluated the possibilities of using different fillers (Al2O3 

Fig. 3. (a) Arrhenius plot for the PVDF-NaCF3SO3 and CPE, and (b) galvanostatic profile of CPE at a constant current density of 0.2 mA cm� 2 with the symmetric cell 
(Na/CPE/Na) configuration. 
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and ZrO2) to formulate an efficient CPE. But the higher conductivity and 
relatively superior galvanostatic profile for CPE-SiO2 than other 
ceramic-doped CPEs (Al2O3 and/or ZrO2 doped) make it suitable for 
battery applications (Figure S9, see supporting information.). The 
electrochemical stability window of the CPE was evaluated by a linear 
sweep voltammetry experiment (Figure S5b, see supporting informa
tion). It was found that the CPE is stable up to 4.1 V/Na as no decom
position peaks were as observed before 4.1 V/Na. The pair of redox 
peaks observed at ~0 V is attributed to the Naþ stripping and plating. 

3.4. Electrochemical performance of the Na3V2(PO4)3 electrode with the 
CPE 

To evaluate the practical application of the CPE, electrochemical 
performances of the NVP were studied with the CPE against Na metal 
(Scheme 2a). The cyclic voltammogram of the NVP within the voltage 
range of 1–4 V against Na/Naþ (1–4 V/Na) metal shows two redox 
couple peaks (Fig. S10). The redox peak at the higher potential 
(3.3–3.4 V/Na) is attributed to the (V4þ/V3þ) redox couple and/or 
oxidation of Na3V2(PO4)3 to NaV2(PO4)3 due to Naþ intercalation and 
de-intercalation, i.e. [54–56], 

Na3V2ðPO4Þ3⇌2Naþ þ 2e� þ NaV2ðPO4Þ3 (2) 

The other redox peak at the lower potential (~1.6 V/Na) is ascribed 
to the (V3þ/V2þ) redox couple in NVP electrode, i.e., 

Na3V2ðPO4Þ3þ Naþ þ e� ⇌Na4V2ðPO4Þ3 (3) 

This voltammogram indicates excellent compatibility of the NVP 
electrode with the CPE. However, the cathodic peak current (ipa) at 
1.38 V/Na for the first cathodic scan was obtained, and reduced in the 
consecutive scans. The high current for the first cathodic scan may be 
attributed to the solid electrolyte interphase (SEI) formation [57–59]. 
On the other hand, a small anodic shoulder peak at ~2.2 V/Na was 
observed only for the first cycle, which gradually disappeared in 
consecutive cycles. The shoulder peak may be attributed to either the 
poor Naþ diffusion kinetics of the M1 site of the NVP electrodes or the 
poor ionic conductivity of the CPE [56]. The voltammogram further 
suggests CPE would be successful in the fabrication of a symmetric 
solid-state Na-ion full cell with the NVP electrodes. The peak to peak 
separation (ΔEp) for the (V3þ/V2þ) and (V4þ/V3þ) was obtained to be 
0.5 and 0.6 V, respectively, which are higher than the voltammogram 
measured with the liquid electrolyte [55]. The higher ΔEp value could 
be due to the low ionic conductivity of the CPE. The two distinct peaks 
for NVP at the potential of 3.4 V/Na and 1.6 V/Na clearly demonstrates 
the bipolar nature of the electrode material. The theoretical gravimetric 
cathode capacity associated with 2 Naþ intercalation at 3.4 V/Na is 
117.6 mA h g� 1 whereas the theoretical anode capacity of NVP is 
58.8 mA h g� 1 which corresponds to 1 Naþ at a potential of 1.6 V/Na 
[60]. 

The electrochemical properties of the NVP cathode were further 

evaluated using the CPE electrolyte and the metallic Na anode. The 
charge-discharge profile of the NVP electrode as a cathode material 
within a voltage range of 2–4 V/Na at 0.5 C rate is shown in Fig. 4a. The 
charge profile demonstrates a plateau at a voltage of 3.5 V/Na, which is 
associated with the oxidation of NVP and displays a maximum specific 
capacity of 120 mA h g� 1. Similarly, a discharge capacity of 
102 mA h g� 1 for the first cycle was also obtained with a discharge 
plateau at 3.27 V (Fig. 4b). A hysteresis loss is observed in the charge- 
discharge profile due to the low conductivity of the CPE. But the NVP 
electrode shows an outstanding cycling performance with 86% capacity 
retention after 250 consecutive charge-discharge cycles at 0.5 C rate. 
Coulombic efficiency of the cell shows an average value of more than 
98%, which suggests a stable performance of the CPE with the NVP 
electrode. However, for the first 40 cycles, the Coulombic efficiency was 
not high due to unstable SEI formation on the Na surface. The liquid 
electrolyte employed in the cell seems to be consumed to build an 
effective SEI on the Na surface [58]. During the galvanostatic experi
ments with symmetric Na/CPE/Na cell and from EIS spectra, we ob
tained a very high interfacial resistance (Figure S7, see supporting 
information). We propose the high interfacial resistance is because an 
effective interfacial layer was lacking at the CPE-Na solid interface. In 
our previous study, an effective interfacial layer formation was shown 
on the PVDF-based solid electrolyte at the Li surface [41]. The interfacial 
layer formed at the PVDF interface was crucial for the Li-ion transfer 
from the electrolyte to electrode and vice versa while blocking the 
electron. Similarly, an efficient and stable interfacial layer formation on 
CPE or Na metal is also very crucial for the cell operation and inhibits Na 
dendrite formation. Herein, the used liquid electrolyte is allowing the 
generation of an effective interfacial layer or solid electrolyte interphase 
(SEI) on the Na surface. Most of the all-solid-state-battery (ASSB) with 
PEO-based solid/composite polymer electrolytes are operational above 
60 �C, which is near to the melting point of PEO (67 �C). At high tem
perature, the polymer electrolytes probably reach liquid state, and a 
stable SEI is formed, which facilitates the ASSB operation [61]. 

Song et al. demonstrated poor ASSNBs performance with PEO-based 
CPE (incorporated with ionic liquid) even with a high ionic conductivity 
of 1.3 � 10� 3 S cm� 1 at room temperature [23]. The cell was operational 
above 60 �C at a 0.5 C rate and significant capacity fading was also 
observed [23]. The rate performance of the electrochemical cell is an 
important parameter to evaluate the overall quality of the cell. The rate 
performance of NVP/CPE/Na cell was carried out with different 
discharge rates and shown in Fig. 4c The NVP electrode shows a specific 
discharge capacity of 111, 102, 83, and 54 mA h g� 1 at a C-rate of 0.5, 1, 
2, and 5 C. At a discharge rate of 0.5 C, a specific capacity of 
109 mA h g� 1 was recovered. The dQ/dV vs V plot for the 2nd and 100th 
charge-discharge cycles of NVP cathode shows two peaks, which are 
attributed to the V3þ/V4þ redox couple (Fig. S11). The values of po
tential polarization (ΔE) for the 2nd and 100th charge-discharge cycles 
are 0.265 V and 0.29 V, respectively. The high value for potential po
larization (ΔE) is due to the sluggish Naþ kinetics and poor ionic con
ductivity of solid electrolyte. However, the observed peak broadening 

Scheme 2. Schematic illustration of (a) NVP/CPE/Na half cell, and (b) symmetric Na-ion full cell with NVP electrodes and composite polymer electrolyte 
(CPE) membrane. 
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from 2nd to 100th cycle is ascribed to the structural changes due to large 
Naþ ion insertion/de-insertion [62,63]. 

The electrochemical performance of the NVP as an anode material 
was also evaluated. A continuous charge-discharge cycling of the NVP 
anode was carried out within the potential range of 1–2.5 V/Na at the 
0.5 C rate (Fig. S12a). A specific capacity of 57 mA h g� 1 was obtained at 
the 0.5 C rate. The discharge profile shows a plateau at 1.5 V attributed 
to equation (2). The NVP electrode shows decent recyclability with a 
capacity retention of ~67% from the 2nd discharge capacity value after 
200 continuous charge-discharge cycles. A constant capacity fading was 
observed for the first 50 cycles. The capacity fading is attributed to the 
unwanted side reaction and loss of liquid electrolyte due to the forma
tion of an unstable SEI [57,59]. The loss of liquid electrolyte reduced the 
overall conductivity of the cell and was reflected in the charge-discharge 
profile. A significant change in the hysteresis loss from the 2nd to 50th 
cycle is also observed (Fig. S12b). The irreversible side reactions were 
also reflected in the Coulombic efficiency as it reaches a value of 97% 
after 50 charge-discharge cycles. The specific capacity was stable after 
50 cycles and Coulombic efficiency shows an average value of more than 
97% after 50 cycles. This phenomenon further supports that the side 
reactions were ceased, and a stable SEI has been formed after 50 cycles. 
The NVP anode shows a specific capacity of 61, 35, and 17 mA h g� 1 at a 
C-rate of 0.5, 1, and 2 C, respectively (Fig. S12c-d). While returning to 
the 0.5C rate, it can retain a specific capacity of 48 mA h g� 1. At a 2 C 
rate, a capacitive-type response was obtained (Fig. S12d) and is attrib
uted to poor Naþ diffusion kinetics in NVP electrode. It is already proven 
that the Naþ insertion at the M1 site of the NVP electrode is kinetically 
sluggish [56,64]. 

3.5. Electrochemical performance of symmetric solid-state Na-ion full cell 

A symmetric Na-ion full cell was fabricated using the NVP electrode 
and the CPE (Scheme 2b). 5 μL of liquid electrolyte was employed on 
both the side of the CPE. The discharge profile within a voltage range of 
1–2.5 V shows a plateau at 1.68 V with a specific capacity of 76 mA h g� 1 

(cathode limited) at 0.5 C rate for the first cycle (Fig. 5a). Corresponding 
charge-discharge reactions with the associated electrodes can be written 

as [44,55]: 

Positive electrode reaction : Na3V ðIIIÞ2 ðPO4Þ3⇌2Naþ þ 2e� þ NaVðIVÞ2 ðPO4Þ3

(4)  

Negative electrode reaction : Na3VðIIIÞ2 ðPO4Þ3þ Naþ

þ e� ⇋ Na4VðII;IIIÞ2 ðPO4Þ3 (5)  

Overall reaction :

Na3VðIIIÞ2 ðPO4Þ3þ 2Na3V ðIIIÞ2 ðPO4Þ3⇌NaV ðIVÞ2 ðPO4Þ3 þ 2 Na4V ðII;IIIÞ2 ðPO4Þ3

(6) 

During the charging phase, Naþ are extracted from the NVP cathode/ 
positive electrode to form NaV2(PO4)3 and are also Naþ inserted into the 
NVP (anode) to form Na4V2(PO4)3. Beside high specific capacity, as 
fabricated, the Na-ion full cell also shows excellent cyclic performance 
for 100 cycles at a 0.5 C rate with a capacity retention of ~70% from its 
first cycle (Fig. 5b). We have found an initial capacity decay from the 
first cycle to 25th cycle. We have seen that the NVP anode also un
dergoes similar capacity fading at the initial cycles. The irreversible 
capacity loss observed at the initial cycles for a full cell is attributed to 
the poor anode performance. The Coulombic efficiency of the full cell 
was also found to be above 95% after 10 charge-discharge cycles, which 
supports the stable performance of the full cell after initial cycles. The 
cyclic voltammogram of the full cell shows an anodic peak at 1.9 V, 
which is due to the de-intercalation of Naþ from the NVP cathode and 
Naþ intercalation to the anode (Fig. S13). The cathodic peak was 
observed in the voltammogram at 1.81 V for the first scan. The Na-ion 
full cell exhibits a discharge capacity of 74, 68, and 61 mA h g� 1 at 
0.5, 1, and 2 C rate, respectively. While returning to the discharge at the 
0.5C rate, it could be able to retain a specific capacity of 65 mA h g� 1. 
The discharge capacity after returning to the 1 and 0.5 C rate is lower 
than the initial values. We believe that the drop in the discharge capacity 
of full cell is attributed to the poor performance of NVP anode. In case of 
NVP anode a gradual capacity decay was also observed for the first 50 
cycles. Even the values for discharge and charge capacity for the full cell 

Fig. 4. (a) Charge-discharge profile of the NVP electrode (NVP/CPE/Na) within 2–4 V and corresponding, (b) cycling performance of the half cell at 0.5 C rate, (c) 
rate performance of NVP electrode, and (d) corresponding charge-discharge profile at different C rate. 
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was different for each current density. This difference may be attributed 
to the inadequate Na-ion storage due to poor Na-ion kinetics and 
interfacial layer formation on the anode surface [65]. The poor perfor
mance of the cell at high current density is attributed to the poor ionic 
conductivity of the CPE and poor kinetic performance of the NVP anode. 
However, our room temperature operating solid-state Na-ion full cell 
shows high capacity and good cycling performance compared to the 
reported Na-ion battery with liquid electrolytes (Table S2, see support
ing information) [44,55,66,67]. 

In order to understand the functional mechanism and fate of the CPE 
and NVP electrode material, post-mortem analysis was carried out after 
50 charge-discharge cycles. The post-mortem SEM image of the CPE 
shows that no significant microstructural changes were found after 50 
charge-discharge cycles (Fig. S14a-c). However, the post-mortem XRD 
pattern of CPE shows that the corresponding characteristic peak for the 
PVDF and SiO2 is no longer present, and a new peak appeared at 13.38�

(Fig. S14d). This suggests that the crystallinity of the CPE is lost after 
charge-discharge cycles. For further understanding of the change in the 
crystallinity of CPE, we have performed XRD measurement of CPE after 
soaking it in 5 mL of 1 M NaClO4 in PC electrolyte over 100 h. It shows 
only a small hump for at 13.38� and retains its crystalline nature of PVDF 
and SiO2. So, the continuous charge-discharge cycle has a significant 
role in converting the CPE to an amorphous phase, which enhances the 
ionic conductance as well as electrochemical performance. The ionic 
conductivity of the CPE after 50 charge-discharge cycles have been 
measured and found to be 1.1 � 10� 4 Scm� 1. However, we have also 
carried out a TGA measurement after 50 charge-discharge cycles and it 
shows that the CPE undergoes a higher amount of mass loss (~12%) due 
to solvent evaporation. The 4% increase in solvent in the CPE after 
charge-discharge cycles appear from the added liquid electrolyte, which 
acts as a plasticizer to enhance the conductivity of the electrolyte. The 
XRD profile further supports the change in the crystallinity of the CPE 
which is attributed to the presence of liquid electrolyte and continuous 
charge-discharge cycles. FTIR and Raman spectral profile of the CPE 
shows no significant changes in the functional group of PVDF and 
NaCF3SO3 (Fig. S14e-f). Only three new peaks that appeared in the FTIR 
spectral profile are attributed to the trapped propylene carbonate (PC). 

The NVP electrode adhered to the CPE, and the XRD pattern shows all 
the characteristic peaks for NVP along with the hump at 13.38� for the 
CPE. The post-mortem XRD pattern and SEM images show the NVP 
electrode retains its original phase and morphology even after 50 cycles 
(Fig. S15a-c). 

4. Conclusion 

In summary, a SiO2 doped PVDF-NaCF3SO3 composite polymer 
electrolyte was developed, which showed an ionic conductivity of 
0.06 mS cm� 1 at 25 �C. CPE exhibits a stable electrochemical perfor
mance up to 4.1 V/Na with excellent galvanostatic cycling for more than 
1000 h. The NVP electrode shows satisfactory rate capability and a long 
cycling performance with the CPE. The solid-state Na battery made of 
CPE with an NVP cathode and Na anode can deliver an energy density of 
360 Wh kg� 1 (based on cathode mass) at 0.5C and can retain 162 W kg� 1 

at 5C rate. Symmetric solid-state Na-ion full cells with NVP electrodes 
and CPE electrolytes can deliver a high specific capacity of 76 mA h g� 1 

at with an energy density 126 Wh kg� 1 at 0.5C. A good cycling perfor
mance was also observed with a specific capacity retention of 70% from 
its initial value after 100 cycles. The excellent performance of symmetric 
and asymmetric solid-state Na batteries at room temperature opens new 
possibilities for the next generation of environment-friendly electro
chemical energy storage systems. 
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