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ABSTRACT: Solid-state sodium-ion batteries (ss-SIBs) are a promising
alternative to commercially available lithium-ion batteries for next-generation
energy storage applications due to the abundance and cost-effectiveness of
sodium over lithium. Herein, using a facile solution casting process, a high
sodium-ion conductive, filler-less composite solid polymer electrolyte (SPE)
film based on poly(vinylidene fluoride) polymer, poly(vinyl pyrrolidone)
(PVP) binder, and NaPF6 salt for ss-SIB has been successfully fabricated.
Total conductivities of 8.51 × 10−4 and 8.36 × 10−3 S cm−1 at 23 and 83 °C,
respectively, were observed from the SPE. A hybrid symmetric half-cell
assembly using Na electrode and 1 M NaClO4 in ethylene carbonate (EC)
and propylene carbonate (PC) (EC/PC = 1:1 wt %) electrolyte showed excellent Na plating−stripping performance at 10 mA cm−2

at 23 °C. The study showed that PVP binder played an important role in achieving good Na ion conductivity and excellent Na
plating−stripping performance, highlighting the applicability of the as-prepared SPE in next-generation high-power rechargeable
SIBs. A full cell with an SPE, a Na anode, and a Na3V2(PO4)3 cathode showed a discharge capacity of 93.2 mAh g−1 at 0.1 C with
86% capacity retention and 99.68% Coulombic efficiency for 100 cycles.
KEYWORDS: solid-state sodium-ion battery, solid polymer electrolyte, plating−stripping, ionic conductivity, symmetric Na cell

■ INTRODUCTION
Next-generation energy storage technologies require excellent
safety, low-cost materials, and high energy density.1−3 Solid-
state sodium-ion batteries (ss-SIBs) are believed to be a
promising alternative to commercially available lithium-ion
batteries (LIBs) due to low materials costs, the abundance and
availability of sodium over lithium, and greatly improved
safety.4,5 Commercially available organic liquid or gel electro-
lyte-based LIBs exhibit low thermal stability, high flammability,
high volatility, and leakage of toxic organic solvents.6,7 In the
liquid-based LIBs and SIBs, premature battery failure may take
place when the electrolyte continuously reacts with the electrode
and causes dendrite-induced internal short circuits.8 In contrast,
solid-state electrolytes (SSEs) could prevent this short circuit
because they have the ability to physically block metal
dendrites.9 Two types of SSEs include inorganic (ceramic and
glass sulfides) and organic polymers, both of which are also
called solid polymer electrolytes (SPEs).10−14 Solid electrolytes
exhibit higher ion transference number than liquid electrolytes.
However, poor interfacial properties and relatively low ionic
conductivity are the main drawbacks of SSEs.15,16 Several
strategies have been adopted to overcome these existing issues in
both ceramic electrolytes and SPEs.17−19 Artificial solid
electrolyte interphase (SEI) layer assembly,20 hybrid electro-

lytes,21,22 and porous solids23 are being considered as promising
approaches to improve interfacial contact between the solid
electrolyte and the electrodes.
Incorporating SPEs into ss-SIBs has been one of the most

attractive strategies because of the easy processability and low
cost of SPEs.24,16 The Na ion conductivities of solid-state
polymer electrolytes are typically between 10−6 and 10−5 S cm−1

at room temperature, significantly lower than those of liquid
electrolytes.25,26 The degree of crystallinity of polymermaterials,
coupling between ionic motion and segmental motion, and the
local relaxation of the polymer chain are assumed to be the main
reasons for low ionic conductivity.27 Different approaches,
including modification of polymer materials, adding plasticizers
(e.g., dimethylformamide (DMF) solvent), and adding nano-
fillers (e.g., SiO2, Al2O3) have been considered over the years to
improve the room temperature conductivity of SPEs.28,29
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(PVDF) matrices mixed with Na salt (e.g., NaPF6) are widely
studied for use in ss-SIBs.30,18 PVDF-based electrolytes have
better mechanical strength and higher melting points than PEO-
based electrolytes.31,32 Decreasing the thickness of SPEs helps to
reach higher energy densities. Maintaining good mechanical
properties33 and thickness of SPEs could be achieved by using
conventional doctor-blade or roll-to-roll coating processes.34

Several studies that incorporated nano- or mixed-sized fillers
in PVDF-based SPEs found that the ionic conductivity and
mechanical properties of the SPEs were influenced significantly.
Sun et al.35 demonstrated that 10 wt % mixed-sized Nb/Al
doped Li7La3Zr2O12 (LLZO)−PVDF−LiClO4-based compo-
site polymer electrolyte exhibited a maximum conductivity of
2.6 × 10−4 S cm−1, an order of magnitude higher than that with
nano- or micrometer-sized LLZO particles as fillers. Hema et
al.36 reported that adding 8mol % inorganic nanofiller (e.g., SiO2
and TiO2) into a poly(vinyl alcohol) (PVA)−PVDF−
LiCF3SO3-based nanocomposite polymer electrolyte resulted
in enhanced ionic conductivity up to 3.7 × 10−3 S cm−1

compared with electrolyte without the nanofiller. Furthermore,
different research findings explained that salt concentration and
structural impact on ionic transport are also important in
composite SPE systems.37,38 Over the past decade, linear,
branched, and three-dimensional (3D)-structured functional
polymer binding materials have attracted significant attention in
developing solid electrolyte interphase layers, mechanical
strength, and stable cycling performance of Si-based anodes.39,40

Zheng et al.41 demonstrated a functionalized poly(vinyl
pyrrolidone) (PVP) doped polyaniline linear binder that
enhanced conductivity, cycling, and electrochemical stability
of Si anodes for LIBs.
Here, we have fabricated a novel PVDF, PVP polymer binder,

and NaPF6 salt based SPE by a facile solution casting process.
The effect of different NaPF6 salt concentrations and the impact
of SiO2 nanofiller and PVP binder on a PVDF-based SPE for
SIBs were investigated. Optimized filler-free and PVP binder-
assisted SPEs showed high Na ion conductivity, excellent Na
plating−stripping performance, and stable battery cycling with
Na anode and Na3V2(PO4)3 (NVP) cathode.

■ EXPERIMENTAL SECTION
Synthesis of Composite Solid Polymer Electrolyte (SPE).

PVDF and NaPF6 salt were obtained from Alfa Aesar, and PVP (MW =
40000) and DMF solvent were purchased from Sigma-Aldrich. The
solution-casting technique is shown schematically in Figure 1.

Six SPE films were prepared to study the effect of the amount of salt,
filler, and binder on the Na ion conductivity, compatibility with Na

anode, and physical properties (Table 1). Three SPEs (SPE-1, SPE-2,
and SPE-3) with varying molar ratios of PVDF and NaPF6 salt (PVDF/

NaPF6 = 4:1, 9:1, 17:1) were prepared to study the effect of the amount
of salt. The samples have no SiO2 nanofiller and contain the same
amount of PVP binder (11 wt % with PVDF). First, different ratios of
PVDF and NaPF6 were dissolved in dimethylformamide (DMF) (6
times the total amount of PVDF andNaPF6) at 23 °C. After fully mixing
the PVDF andNa salt, PVPwas added into the solution and stirred for 1
h to produce the SPE slurries. Afterward, the slurry was cast onto a glass
plate with the aid of a doctor blade and dried for 24 h in vacuum oven at
22 °C. The films (thickness ∼0.02 cm) of composite SPEs obtained
after drying were cut into circular discs for further electrochemical and
physicochemical measurements. The image of one of the circular
shaped SPEs (SPE-2) is shown in Figure S1a. A sample with SiO2 (size
5−15 nm; 2 wt % of PVDF; obtained from Sigma-Aldrich; SPE-4) and a
sample based on SiO2 and PVP (SPE-5) were fabricated to investigate
the impact of nanofiller and the combined effect of SiO2 and PVP on the
composite SPE system. Finally, a sample (SPE-6) without SiO2 and
PVP with 9:1 ratio of PVDF and NaPF6 was prepared and used to
compare and identify the impact of PVP binder on ionic conductivity
and compatibility with Na anode.

Material Characterization. The phases in the SPE were
determined by X-ray diffraction (XRD) using a Bruker D8 Advance
diffractometer (Cu Kα, 40 kV, 40 mA). The micromorphology of the
SPEs was analyzed by field-emission scanning electron microscopy
(FE-SEM, Zeiss Sigma VP). The elemental composition of the
composite electrolyte was studied by energy-dispersive X-ray spectros-
copy (EDX; OXFORD ISI 300 EDAX attached to the Zeiss Sigma VP
FE-SEM). The SPEs were characterized by Fourier transform infrared
(FTIR) spectroscopy (Thermo-Nicolet Nexus 470) to identify the
influence of chemical functional groups of the precursors in the
composite films. Raman spectral data were collected using a Bruker
RAM II with a 1064 nm wavelength laser. Thermogravimetric analysis

Figure 1. Fabrication of SPE by solution blending technique.

Table 1. Chemical Compositions and Ionic Conductivity at
Room Temperature (21−23 °C) of the SPEsa

solid polymer
electrolytes chemical composition

conductivity
(S cm−1)

SPE-1 PVDF/NaPF6 (4:1) + PVP (11 wt % of
PVDF)

8.47 × 10−4

SPE-2 PVDF/NaPF6 (9:1) + PVP (11 wt % of
PVDF)

8.51 × 10−4

SPE-3 PVDF/NaPF6 (17:1) + PVP (11 wt % of
PVDF)

1.79 × 10−5

SPE-4 PVDF/NaPF6 (9:1) + SiO2 (2 wt % of
PVDF)

2.28 × 10−4

SPE-5 PVDF/NaPF6 (9:1) + PVP (11 wt % of
PVDF) + SiO2 (2 wt % of PVDF)

1.10 × 10−4

SPE-6 PVDF/NaPF6 (9:1) 2.10 × 10−6

aPVDF and NaPF6 compositions are expressed as molar ratios.
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(TGA) was performed using a METTLER TOLEDO thermal system
TGA/DSC1 (HT 1600). The diameter and thickness of the SPEs were
approximately 1.0 and 0.02 cm, respectively.

Electrochemical Measurements. The impedance spectra of the
SPEs were obtained using a Princeton (Versa STAT 3) potentiostat/
galvanostat/frequency analyzer in the frequency range of 1 MHz to 0.1
Hz. A split cell (MTI Corp.) was used to simply sandwich the SPEs
between two stainless-steel blocking type electrodes where no liquid
electrolyte was used in this electrochemical impedance spectra (EIS)
measurement setup. The ionic conductivity of the SPEs was estimated
using the equation

l AR/( )= (1)

where l is the thickness,A is the area, andR is the measured resistance of
the electrolyte.

Na plating−stripping experiments were performed with three
different symmetric cell configurations (Na-foil|SPE|Na-foil, Na foil|
liquid|Na foil, and Na-liquid|SPE|liquid-Na) to investigate the
compatibility and stability of the SPE with Na metal anode. A typical
hybrid symmetric cell assembly (Na foil + 20 μL of 1 M NaClO4 in
ethylene carbonate (EC)/propylene carbonate (PC) (1:1) + carbon-
cloth|SPE-2|carbon-cloth + 20 μL of 1 M NaClO4 in EC/PC (1:1)|Na
foil) inside a CR2032 coin cell case is shown in Figure 2. Carbon cloths

(0.1 mm, Fuel Cell Store) were placed between the Na anode and the
SPE to minimize the possible side reactions’ effect in the Na/SPE
interface that could be attributed to the polarization of active Na metal
anode by the hydrophilic nature (containingC�OandC−Nmoieties)
of PVP polymer binder in the presence of trapped DMF solvent in the
PVDF host polymer matrix. Liquid electrolyte (20 μL cm−2 of 1 M
NaClO4) was added between the interfaces of Na electrode and carbon
cloth to decrease the interfacial resistance. The 1 M liquid electrolyte
was prepared by dissolving NaClO4 salt into a mixture of PC (Sigma-
Aldrich) and EC (obtained from DodoChem) organic solvents (PC/
EC = 1:1 by weight).

Electrode Fabrication and Full-Cell Assembly. The
Na3V2(PO4)3 (NVP) cathode was prepared by mixing the NVP
powder (MTI corporation) with super P conductive carbon and PVDF
binder at a weight ratio of 8:1:1 in N-methyl pyrrolidone (NMP)
solvent to form a homogeneous slurry. The slurry was uniformly coated
on an Al foil using a doctor blade and dried in a vacuum oven at 60 °C
overnight. The cathode-coated Al foil was cut into a 1 cm diameter
circular disc electrode (area of 0.79 cm2). The calculated average mass
loading of the active material was 3.01 mg cm−2. Among the six
fabricated SPEs, SPE-2, with the highest ionic conductivity, was
considered for battery performance demonstration and for further
characterization. A CR2032 coin cell was fabricated using the as-

prepared cathode disc, SPE-2, 20 μL of 1 M NaClO4 EC/PC (1:1)
liquid electrolyte, carbon cloth, and Na metal anode (Na foil + 20 μL of
1 M NaClO4 in EC/PC (1:1) + carbon-cloth|SPE-2|20 μL of 1 M
NaClO4 in EC/PC (1:1)|NVP). Carbon cloth was used tominimize the
side reaction between the anode and SPE-2. Also, 20 μL of 1MNaClO4
EC/PC (1:1) liquid electrolyte was used to reduce the interfacial
resistance.

■ RESULTS AND DISCUSSION
Morphological Analysis of SPEs. The SEM images of the

SPEs are shown in Figure 3a−g. Figure 3a−c shows the SEM
images of SPEs with varying amounts of NaPF6 salt (SPE-1,
SPE-2, and SPE-3, respectively) under the same magnification.
From Figure 3a−c and the magnified images in Figure S1b,c,d, it
can be concluded that the sample with the highest amount of
NaPF6 (SPE-1) exhibited the smoothest surface among the
samples. The surface SEM images (Figure 3b and Figure S1c) of
SPE-2 indicate the existence of some degree of porosity on its
surface. In addition, a magnified surface image of SPE-2 (Figure
3f) exhibited a porous surface. The SEM images (Figure 3d,e) of
SiO2-containing SPE-4 and SPE-5 exhibited comparatively
higher surface roughness and apparently no surface porosity
compared with the samples without SiO2 (SPE-1, SPE-2, and
SPE-3). This feature of SPE-4 and SPE-5 can be attributed to the
presence of SiO2, which fills the nanogaps of the surfaces of
SPEs. SiO2 coagulates due to its lower affinity with the PVDF
host polymer in the presence of a PVP binder.42−44 From the
cross-sectional view of SPE-2 (Figure 3g), it may be claimed that
the polymer host and Na-salt (PVDF/NaPF6 = 9:1) in the SPE-
2 provide interconnected porous structure. In the hybrid
symmetric cell setup (Figure 2), the liquid electrolyte uptake
took place easily and expanded the ion transfer channels owing
to this interconnected porous structure, resulting in less
impedance of Na ion diffusion. Further, the component
elements of PVDF, PVP, and NaPF6 salt in the composite
SPE-2 film were detected by EDX (Figure 3h), as expected.

Electrochemical Performance of SPEs. The electrical
characterization of the as-prepared SPEs was conducted using
AC impedance spectroscopy. The room temperature EIS
profiles of the SPEs are presented in Figure 4 as Nyquist plots.
Only a tail at the high frequency side was observed for all
samples except SPE-3. A semicircle at the high frequency side
and a tail at the low frequency side were observed for SPE-3. The
tail indicates the blocking nature of the stainless steel (SS)
electrode against Na ions.45 For all SPEs, the starting point of the
tail is considered as the total electrolyte resistance for the
conductivity (σ) calculation using eq 1. The calculated ionic
conductivities of SPEs are summarized in Table 1. The ionic
conductivity of the SPEs at higher temperatures were
determined and shown in the Supporting Information (SPE-1,
Figure S2 and Table S2; SPE-2, Figure 5a and Table S3; SPE-3,
Figure S3 and Table S4). SPE-2 showed the highest ionic
conductivity of 8.51 × 10−4 S cm−1 at 23 °C and 8.36 × 10−3 S
cm−1 at 83 °C. The amount of NaPF6 was at the optimum for
SPE-2, thus it showed higher ionic conductivity than SPE-1 and
SPE-3. Low Na ion concentration in the SPE-3 provided a low
charge carrier number in the composite electrolyte system,
resulting in the lowest conductivity of 1.79 × 10−5 S cm−1. On
the other hand, the high Na ion concentration in SPE-1 most
likely resulted in the interaction of ions with each other, resulting
in lower conductivity than SPE-2. The presence of nanofiller
SiO2 (2 wt % of PVDF) in the SPE-4 and SPE-5 decreased the
Na ion conductivity. Because the polarity of the O atom (Lewis

Figure 2. Symmetrical Na cell set up for galvanostatic cycling interfacial
resistance. The 1 M liquid electrolyte was prepared by dissolving
NaClO4 salt into a mixture of PC (Sigma-Aldrich) and EC
(DodoChem) organic solvents (PC/EC = 1:1 by weight).
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basic site) in a PVP molecule is higher than that of O atom in
SiO2,

46,47 PVP could provide stronger interaction than SiO2 to
dissociate the ion pair of the NaPF6 salt, bringing extra charge

carriers for enhanced conductivity. However, the SiO2 and PVP-
containing SPE-5 showed lower ionic conductivity than the
binder-less SPE-4. Among the literature reported PVDF-based
SPEs, the ionic conductivity of SPE-2 at room temperature was
one of the highest reported values, as shown in Table 2.18,48,49

The low conductivity may be explained by the competing
interaction of PVP and SiO2 toward Na-salt, leading to less ion
dissociation in the SPE-5 system. A filler and binder-less sample
(SPE-6; PVDF/NaPF6 = 9:1) was prepared to investigate the
effect of PVP binder on ionic conductivity. The sample exhibited
an ionic conductivity of 2.1 × 10−6 S cm−1 at 23 °C, significantly
lower than that of PVP-doped SPE-2. This result implies that
PVP played a crucial role in improving the ionic conductivity of
the PVDF and NaPF6-based SPE systems. The conductivities of
SPE-2 at different temperatures (23 to 83 °C) are shown in
Figure 5a,b. SPE-2 showed the highest conductivity (σ = 8.36 ×
10−3 S cm−1) at 83 °C. The activation energy for ionic
conductivity was estimated using the Arrhenius equation:

T A
E
kT

exp a= i
k
jjj y

{
zzz (2)

where A is the pre-exponential factor, Ea is the activation energy,
T is the temperature, and k is the Boltzmann constant (1.38 ×

Figure 3. Surface SEM images of (a) SPE-1, (b) SPE-2, (c) SPE-3, (d) SPE-4, (e) SPE-5, and (f) SPE-2 (magnified). (g) Cross-sectional SEM and (h)
EDX spectrum of SPE-2.

Figure 4. Electrochemical impedance spectra (EIS) of SPEs at RT
(21−23 °C).
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10−23 J K−1). The polymeric chain expansion increases with
increasing temperature, facilitating free volume expansion inside
the polymer matrix. The produced free volume promotes the
segmental motion of the polymer, increasing the ionic
conductivity as found in SPE-1, SPE-2, and SPE-3.50 The
differences may be due to the dissociation of the salt and amount
of free charge carriers in the polymer. In SPE-1, the incomplete
dissociation of the high salt content may have decreased the
ionic conductivity. On the other hand, the low amount of Na salt
in SPE-3 led to a decreased ionic conductivity because of few
free charge carriers. The activation energy (Ea) of SPE-1, SPE-2,
and SPE-3 has been analyzed from the Arrhenius relationship
plots and presented in Figure 5b. All the SPEs showed a
nonlinear Arrhenius plot relationship. This type of nonlinear
Arrhenius behavior indicates that segmental relaxation of
polymer matrices and the ionic motion are connected.49 SPE-
2 exhibited lower activation energy than SPE-1 and SPE-3. The
difference may be attributed to the more facile ion hoping
possibility in SPE-2 than in SPE-1 and SPE-3 through the
amorphous PVDF in the presence of NaPF6 salt. For SPE-2, the
activation energy in the high-temperature region (47.5−83 °C)
was 0.19 and that in the low-temperature region (23−47.5 °C)
was 0.34 eV. The low Ea value (0.19 eV) of SPE-2 suggests that
Na ions easily diffused in this composite system. The
conductivity and activation energies of PVDF-based SPEs
from the literature are summarized, along with the present
results, in Table 3.18,35,49,51,52

Characterization of the Optimized Solid Polymer
Electrolyte (SPE-2). Figure 6 shows the XRD patterns of
PVDF, PVDF−NaPF6, PVP, and SPE-2. The XRD pattern of

the PVDF powder displayed two intense peaks at 2θ values of
19.89° and 18.38°, which are assigned to the 110 and 020 planes,

Figure 5. (a) EIS spectra of SPE-2 at different temperatures; (b) Arrhenius plots of SPE-1, SPE-2, and SPE-3.

Table 2. Comparison of the Ionic Conductivity with
Reported Literature18,48,49

electrolyte
ionic conductivity

(S cm−1) temp ref

PVDF−HFP−LiTFSI 1.9 × 10−4 RT 48
PVDF−SiO2−NaCF3SO3 6 × 10−5 25 °C 18
PVDF−LiTFSI−LiF−
LLBZTO

3.4 × 10−4 20 °C 49

PVDF−PVP−NaPF6 8.51 × 10−4 23 °C present
work

PVDF−PVP−NaPF6 8.36 × 10−3 83 °C present
work

Table 3. Conductivity, Activation Energy, and Synthesis
Conditions of PVDF-Based SPEs Reported in the
Literature18,35,49,51,52

σ of PVDF based SPEs
(S cm−1)

Ea
(eV) synthesis conditions ref

1.00 × 10−4 (25 °C) 0.39 modified sol−gel method (80
°C, 12 h)

35

8.90 × 10−5 (90 °C) 0.47 solution-blending and ball-mill
(RT, 48 h)

49

2.93 × 10−4 (90 °C) 0.33 solvent casting (RT, 10 h) 51
6.48 × 10−7 (30 °C) 0.33 solution-blending (50 °C, 3 h) 52
2.10 × 10−6 (25 °C) 0.33 solution-blending and ball-mill

(RT, 24 h)
18

8.51 × 10−4 (23 °C) 0.34 solution-blending (RT, 24 h) present
work

8.36 × 10−3 (83 °C) 0.19 solution-blending (RT, 24 h) present
work

Figure 6.XRD patterns of the PVDF and PVP powders, PVDF−NaPF6
film, and SPE-2.
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respectively. The peak at 26.49° (021) confirmed that the PVDF
used in this work was α-phase.53−55 Two weak peaks at 33.22°
and 36.04° correspond to 130 and 002 planes, respectively, for
the monoclinic α-phase.55−57 Another broad peak at 38.74°
confirmed the γ-phase of the PVDF.57,53,58 The two broad peaks
at around 12.23° and 20.32° for the PVP indicate the amorphous
nature of PVP.59 The addition of NaPF6 salt into the PVDF
broadened the α-phase peak. The change could be attributed to
the shift from α- to β-phase. The γ-phase of the PVDF remained
the same. In the PVDF−NaPF6 complex, lack of peaks from
NaPF6 suggests that the salt was completely dissolved in the
PVDF. The XRD pattern of SPE-2 showed less crystallinity. The
absence of peaks attributable to Na salt and PVP in SPE-2
indicated that the salt and PVP were completely dissolved.
The FTIR spectral measurement of SPE-2 is summarized in

Figure 7. The PVDF powder exhibited characteristic vibrational

peaks at 613, 763, 796, 840, 873, 950, 973, 1068, 1182, 1207,
1276, and 1400 cm−1 and shoulder peaks at 1457 and 1473
cm−1, all attributed to the α-phase of PVDF polymer.53,58,60 The
PVDF film showed characteristic peaks at 809, 836, 875, 1074,
1164, 1232, and 1400 cm−1 (Table S1)58,60 associated with the
γ-phase of the PVDF film. The PVDF−PVP complex and SPE-2
exhibited all the peaks associated with the γ-phase of PVDF.60
Compared to the α-phase, the β- and γ-phases of PVDF aremore
polar in nature.18 The polar nature of the polymer helped to
enhance the ionic conductivity by reducing the crystallinity of
the polymer. Thus, the β- and γ-phases showed better
electroactive properties than the α-phase.61,53 SPE-2 and the
PVDF−PVP and PVDF films contained an additional peak at
around 1670 cm−1, attributable to the amide group of the DMF
solvent trapped in the polymer matrix.18 The FTIR spectral
profile of PVP displayed characteristics peaks at 1650, 1458, and
1288 cm −1 that could be attributed to C�O stretching, C−H
bending, and C−N stretching, respectively. The presence of C−

N stretching was found for the peak at 1371 cm−1. Also, NaPF6
displayed a characteristic hexafluorophosphate stretch at 837
cm−1.
In the Raman spectral profile (Figure 8), characteristic peaks

of α-PVDF at 607 and 795 cm−1 were observed for the PVDF

powder sample, which were due to CF2 wagging and stretching
vibrations, respectively. Two distinct peaks at 796 and 834 cm−1

could be attributed to the γ-phase of the PVDF powder.58 These
characteristic γ-phase peaks were found in the Raman profiles of
PVDF−PVP, PVDF−NaPF6, and SPE-2 films. The peaks
explain the α-phase transition of PVDF to γ-phase and strongly
support the FTIR analysis. The Raman spectrum of the NaPF6
salt showed three prominent characteristic peaks at 764, 574,
and 467 cm−1.62,63 After the reaction of pure PVDF with PVP
and NaPF6 (Raman profile of SPE-2), the C−F stretching peak
of pure PVDF weakened and shifted to the lower frequency
region at 1103 cm−1. Similar changes were observed for the
PVDF−PVP and PVDF-NaPF6 films. These observed changes
in the SPE-2, PVDF−PVP, and PVDF−NaPF6 films suggest that
the C−F moiety of the PVDF polymer host may have had a
significant role in dissolving both NaPF6 and PVP. The Raman
spectral profile of pure PVP showed several CH2 vibration peaks
in the range 607−1432 cm−1; also, a characteristic peak at 1232
cm−1 that can be attributed to the N−C stretching for the
carbonyl group was found.64 Importantly, this peak disappeared
in the Raman profile of SPE-2, indicating that the N−C moiety
attached to the carbonyl group was involved in potential
interaction with the PVDF polymer host and the Na salt.
Thermogravimetric analysis (TGA) was conducted in air for

the PVDF powder, PDVF−NaPF6 film, and SPE-2 to further
understand the SPE-2 composition (Figure 9). The TGA profile
of the PVDF powder showed thermal stability up to 400 °C. The
first degradation starts after 400 °C, and one set of mass loss was

Figure 7. FTIR spectrum of PVDF, PVP, and NaPF6 powders, PVDF
and PVDF−PVP films, and SPE-2.

Figure 8. Raman profiles of PVDF and PVP powders, NaPF6 salt, and
PVDF−PVP, PVDF−NaPF6, and SPE-2 films.
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observed. In the thermogram of pure PVP, the distinct initial
weight loss before 100 °Cwas due to the desorption of adsorbed
water. Between 350 and 465 °C, another significant weight loss
was observed, which could be attributed to the breakdown of the
side groups (pyrrolidone) of PVP; the side groups were released
and oxidized immediately.65 Four sets of mass losses were
observed from the PVDF−NaPF6 film. The first two mass losses
could be attributed to the release of adsorbed moisture and the
evaporation of trapped DMF solvent inside the PVDF−NaPF6
matrix. The third weight loss that started at 280 °C was due to
the burning of NaPF6 salt. Finally, the fourth thermal change
exhibited at temperatures between 415 and 500 °C suggested
that the decomposition of PVDF in the film ended with
hydrogen fluoride formation. The TGA results of SPE-2
demonstrated the presence of 11% trapped DMF. It is believed
that in the composite SPE-2 matrix, the trapped DMF solvent
worked as a plasticizer and helped to increase the ionic
conductivity.18 Two more thermal changes in temperature
ranges of 250−370 °C and 376−500 °C for the SPE-2 matrix
may be associated with NaPF6 burning, pyrrolidone side chain
oxidation from PVP, and PVDF decomposition.18

Symmetric Cell Performance of SPE-2. To identify the
chemical and electrochemical stability of SPE-2 against Na
metal, we evaluated the interfacial resistance between SPE-2 and
Na metal by EIS. The Na|SPE-2|Na symmetric cell showed very
high interfacial resistance of about 0.95 × 108 Ω cm at room
temperature (Figure S4). We constructed a symmetrical cell
with a liquid electrolyte (Na|20 μL of 1 M NaClO4 in EC/PC
(1:1) + glass fiber + 20 μL of 1 M NaClO4 in EC/PC (1:1)|Na)
and characterized its impedance by EIS (Figure S5). Compared
to the pure SPE-2 based symmetric cell, the liquid electrolyte-
based symmetric cell exhibited lower interfacial resistance of
1.62 × 103 Ω cm with Na. Thus, steps were taken to reduce the
interfacial resistance between the polymer and Na foil. Carbon
cloth (0.1 mm, Fuel Cell Store) and 20 μL of liquid electrolytes
(1 M NaClO4 in EC/PC, 1:1) were introduced in the hybrid
symmetric cell as presented in Figure 2. The carbon cloth
minimized the side reactions, and 1 M liquid electrolyte
decreased the interfacial resistance between Na and the SPE-2.
Therefore, our hybrid symmetric cell exhibited reduced

interfacial resistance of 1.31 × 103 Ω cm (Figure S6) compared
to that of liquid and pure SPE-2 based symmetric cells.
Galvanostatic cycling with a series of constant areal current

densities (e.g., 0.5, 1, 5, 8, and 10 mA cm−2) was applied to the
hybrid symmetric cell to evaluate the electrochemical stability of
SPE-2 against Nametal (Figures 10a−e). The polarity of current
for the galvanostatic experiments was switched every 10 min for
0.5, 1, and 10 mA cm−2 and every 60 min for 5 and 8 mA cm−2.
The galvanostatic cycling profiles highlight the compatibility
and electrochemical stability of SPE-2 against Na metal.
Particularly at 8 mA cm−2, SPE-2 exhibited excellent stability
for more than 800 h (see Figure 10e). For all galvanostatic
cycling profiles (Figure 10a−e), increased current density (0.5
to 10 mA cm−2) generated voltages higher than the expected
values (Table S5). These observed extra voltages during the
galvanostatic cycles are associated with the overpotential
developed due to Na ion reduction and oxidation and Na ion
transport through the electrode/electrolyte interphase or solid
electrolyte and liquid electrolyte interfaces.66 The resistance
associated with the interfacial charge transfer gradually increased
with increased current densities. The increase might be
associated with the decreased interfacial contact between Na
metal and SPE-2 that resulted in increased area specific
resistance (ASR). The calculation of areal specific resistance
can be found in the Supporting Information (Table S6). At 10
mA cm−2, the ASR was 35 Ω cm2, and the thickness of Na metal
was only 15.01 μm. The amount of sodium that was plated on
either side of the pellet can be estimated using Faraday’s law (eq
3).

m
ItM
nF

=
(3)

where m is the mass of plated/stripped Na, F is the Faraday
constant,M is themolar mass of Na, n is the valency of Na, which
is one, I is the amount of current, and t is the duration of Na
plating−stripping. The amount of Na that is stripped and
consequently deposited in 10 min at 10 mA cm−2 is 1.12 mg.
Moreover, to investigate the influence of added liquid electrolyte
in the hybrid symmetric cell, a liquid electrolyte only based
symmetric cell (Na|20 μL of 1 M NaClO4 in EC/PC (1:1) +
glass fiber + 20 μL of 1 M NaClO4 in EC/PC (1:1)|Na) was
assembled and used for galvanostatic cycling performance
(Figure S8). Importantly, the critical current density for the
liquid electrolyte based symmetric cell was just 2 mA cm−2 for
less than 10 h, whereas the hybrid symmetric cell showed good
Na plating−stripping performance at up to 10 mA cm−2 for
more than 30 h. These findings strongly suggest that to achieve
good electrochemical stability and for Na plating−stripping
performance, the SPE-2 played an ample role in the hybrid
symmetric cell system. The influence of different liquid organic
solvents was also investigated. Instead of the EC/PC (1:1)
solvent system, propylene carbonate (PC) and fluoroethylene
carbonate (FEC) were introduced in a similar type of hybrid
symmetric cell (Na foil + 20 μL of 1 M NaClO4 in PC/FEC
(95:5) + carbon cloth|SPE-2|carbon cloth + 20 μL of 1 M
NaClO4 in PC/FEC (95:5)|Na foil) for galvanostatic cyclic
performance (Figure S7). This experiment was conducted to
investigate the influence of PC and FEC on the compatibility
between SPE-2 and Na metal. Notably, the PC/FEC mixed
solvent system did not result in better performance than the EC/
PC organic mixed solvent system.

Electrochemical Performance of Full Cell. A full cell (Na
foil + 20 μL of 1MNaClO4 in EC/PC (1:1) + carbon cloth|SPE-

Figure 9.TGA profiles of (a) PVDF and (b) PVP powders, (c) PVDF−
NaPF6 film, and (d) SPE-2.
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2|20 μL of 1 M NaClO4 in EC/PC (1:1)|NVP cathode)
consisting of Na anode, NPV cathode, carbon cloth, SPE-2, and
1M liquid electrolyte was constructed in a CR2032 coin cell case
to demonstrate the application of SPE-2. Figure 11a shows the
three charge−discharge curves (1, 30, and 60 cycles) of the full
cell within a voltage range of 2−4 V vs Na at 0.1 C. A plateau in
the charge profile at a voltage of 3.4 V vs Na is due to the
oxidation of Na3V2

(III)(PO4)3 to NaV2
(IV)(PO4)3.

18,67,68 The
battery delivered a maximum of 105.5 mAh g−1 specific capacity.
At the same C rate, a discharge plateau at 3.3 V for the first cycle
was observed at a discharge capacity of 93.20 mAh g−1. The
discharge plateau can be attributed to the reduction of
NaV2

(IV)(PO4)3
18,68−70

Na V (PO ) 2Na 2e NaV (PO )3 2 4 3 2 4 3+ ++F (4)

A specific capacity loss of 12.25 mAh g−1 was observed in the
first cycle at 0.1 C; the loss may be attributed to the sluggish Na
ion kinetics.18 The observed potential polarization value (ΔEp =
0.1 V) was lower than our previously reported research work.18

After 100 consecutive charge−discharge cycles at 0.5C rate for
the full cell, the NVP electrode shows an outstanding cycling
performance with 86% capacity retention (Figure 11b). The
Coulombic efficiency of the cell showed an average value of
more than 99%, suggesting stable performance of the SPE-2 with
the NVP electrode. For the first 10 cycles, however, the
Coulombic efficiency was relatively low, which could be due to
an unstable solid electrolyte interface (SEI) formation on the Na
surface.45 We propose that a portion of added liquid electrolyte
in the cell was consumed, building an effective SEI on the Na
surface and improving the electrochemical performance.71

Figure 10.Galvanostatic cycling profiles of hybrid symmetrical cells (Na foil|20 μL of 1MNaClO4 in EC/PC (1:1) + carbon cloth|SPE-2|carbon cloth
+ 20 μL of 1 MNaClO4 in EC/PC (1:1)|Na foil) (a) at 0.5 mA cm−2 for 100 cycles, (b) at 1 mA cm−2 for 100 cycles, (c) at 5 mA cm−2 for 400 cycles,
(d) at 10 mA cm−2 for 100 cycles, and (e) at 8 mA cm−2 for 400 cycles.
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■ CONCLUSIONS
We successfully fabricated a high Na ion conductive, filler-less
composite solid polymer electrolyte based on a PVDF polymer
host, PVP polymer binder, and NaPF6 salt through a facile
solution-casting process. Optimum composition of PVDF host
polymer and NaPF6 salt was identified (PVDF/NaPF6 (9:1
molar ratio) and 11 wt % PVP in the total PVP and PVDF
weight). The effects of NaPF6 salt concentration and PVP binder
in the presence or absence of SiO2 nanofiller on Na ion
conductivity were investigated by EIS. We believe that the PVP
binder in the PVDF-based composite system played a crucial
role in achieving fast Na ion conductivity and excellent Na
plating−stripping performance. Based on our knowledge, this is
the first study in which the PVP binder effect has been identified
for the development of SPEs for ss-SIBs. A comprehensive
characterization, including XRD, FTIR, Raman, and TGA, was
conducted on the optimized SPE (SPE-2). SPE-2 had ionic
conductivity of 8.51 × 10−4 S cm−1 and 8.36 × 10−3 S cm−1 at 23
and 83 °C, respectively. The low Ea value (0.19 eV) of the SPE-2
indicates fast ion transport in the composite environment
through an ion-hopping mechanism. A hybrid symmetric cell
(Na foil|20 μL of 1 M NaClO4 in EC/PC + carbon cloth|SPE-2|
carbon cloth + 20 μL of 1 M NaClO4 in EC/PC|Na foil) using
the SPEwith the best composition exhibited excellent Na plating
and stripping performance. SPE-2 exhibited low area specific
resistance and was electrochemically stable with Na-metal
electrodes up to 10 mA cm−2 for 100 cycles. A full cell consisting
of SPE-2, Na anode, and NVP cathode showed a good discharge
capacity of 93.20 mAh g−1 at 0.1 C. Good cycling performance
was observed with 86% capacity retention from its initial value
after 100 cycles. Excellent Coulombic efficiency (99%) indicated
stable performance of SPE-2 with the NVP electrode. Overall,
the findings highlight the promising applicability of SPEs in
next-generation and environmentally friendly ss-SIB technology.
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