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ABSTRACT: Sodium batteries have emerged as a promising alternative for large-scale
energy storage applications due to the low cost and high abundance of sodium. Sodium
batteries require safe, high-voltage, and cost-effective electrolytes and cathode materials for
their practical applications to be realized. In the present study, Na metal cells with a mixed-
phase electrolyte comprising a high concentration of Na salt in an organic ionic plastic
crystal (OIPC), namely, triisobutylmethylphosphonium bis(fluorosulfonyl)imide, are
investigatedcoupled with either a sodium vanadium phosphate−carbon composite
(NVP/C) or a sodium iron pyrophosphate (NFpP) cathode. The performance of the Na/
NVP/C and Na/NFpP cells are evaluated using cyclic voltammetry, electrochemical
impedance spectroscopy, and galvanostatic cycling at 60 °C and room temperature. The
results reported herein indicate the performance improvement in terms of cycling stability,
with high Coulombic efficiency at 60 °C granted by the OIPC and ionic liquid mixtures,
compared to a conventional organic solvent electrolyte.

Development of electrochemical energy storage systems
with abundant and low-cost elements is essential for the

sustainability of the economy. On the one hand, although
lithium-based battery technologies have dominated the market,
the high cost of lithium and its geographical distribution have
led to this technology being focused on applications where its
benefit is most important, such as electric vehicles. Sodium-
based battery technologies, on the other hand, are a feasible
candidate for large-scale energy storage such as the electric
grid, mainly due to the vast resources of sodium and having
similar electrochemical properties to lithium.1−3 However, Na
battery technology is still immature, with suboptimal battery
performance resulting from the electrolytes and electrode-
active materials currently being used.4 Conventional organic
liquid electrolytes, which consist of a sodium salt (most
commonly NaPF6 or NaClO4) in a mixture of organic
carbonate solvents, have safety concerns due to their low
thermal stability, high flammability, and volatility. The ClO4

−

anion, in particular, is potentially explosive.5−7 Furthermore,
current organic electrolytes are not compatible with high
energy density negative electrode (anode) materials such as
sodium metal. In some application areas, elevated operating
temperatures (i.e., above 50 °C) are also desirable,8 and in
such cases using a carbonate electrolyte generates additional
safety hazards and results in significant capacity fading.9,10

Ionic liquids (ILs) have been shown to function as promising
alternative electrolytes for batteries due to their enhanced
safety properties, high thermal stability, and their ability to

form a stable electrode/electrolyte interface, which improves
cycling performance.6,11−13 Cycling of Na metal cells based on
a cathode consisting of carbon-coated Na3V2(PO4)3 (NVP/C)
using ionic liquid electrolytes (0.5 M sodium bis-
(fluorosulfonyl)imide (NaFSI) in 1-ethyl-3-methylimidazolium
(C2C1imFSI) were reported by Hwang et al., and they
demonstrated promising cycling stability with 95−99%
capacity retention after 300 cycles at a rate of 1C at 90
°C.14 Chen et al. also reported the stable cycling of a
Na2FeP2O7 cathode using an electrolyte comprised of 30 mol
% NaFSI in an imidazolium-based ionic liquid electrolyte
(C2C1imFSI) in a Na metal cell.15 They demonstrated a
retention capacity of 85% with a good Coulombic efficiency at
90 °C, at a current density of 20 Ag1−. It was also reported that
NaFePO4 coupled with 0.5 M sodium trifluoromethane-
sulfonimide (NaTFSI) incorporated in a 1-butyl-1-methyl-
pyrrolidinium bis(trifluoromethylsulfonyl)imide (BMP) bis-
(trifluoromethylsulfonyl)imide IL electrolyte showed reversible
capacities of 125 mAh/g (at C/20) at 50 °C.16
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High concentrations of alkali salts in ionic liquid electrolytes
with a high Li/Na ion transference number have been
reported, and they enable better stability in the cycling
performance of Na/Li-based devices.17,18 Ding et al. reported
good rate capability and cycling performance for a cell with a
NaCrO2 cathode, using a 40 mol % NaFSI in C3mpyrFSI
electrolyte at 90 °C.19 It has recently been reported that
phosphonium cation-based ionic liquids possess higher ionic
conductivity and electrochemical stability compared to their
more widely studied pyrrolidinium counterparts.20,21 Hilder et
al. reported cells using a 3.2 M NaFSI in P111i4FSI ionic liquid
electrolyte combined with either P2- or O3-Na2/3[Fe2/3Mn1/3]-
O2 cathodes, which exhibited capacity retention after 100
cycles of 87% and 57%, respectively, at a rate of C/2 and at 50
°C.22

Recently some of us have demonstrated that phosphonium
cation organic ionic plastic crystals (OIPCs) mixed with
sodium salts provide stable and reversible stripping and plating
of sodium in sodium-symmetric cells.23−25 OIPCs as solid-
state electrolytes have the electrochemical properties required
to improve the safety and stability of batteries. They consist
entirely of cations and anions similar to those found in ionic
liquids. Therefore, they have the advantages of ionic liquids,

including a wide thermal and electrochemical window, low
volatility, and nonflammability. Meanwhile, they have a three-
dimensional (3D) lattice structure in the solid state, and at
temperatures below their melting point, they exhibit short-
range ionic mobility within their long-range ordered crystal
structures. This motion results in a disordered phase with a low
entropy of fusion and high ionic conductivity.6,26−32 The
physicochemical behavior and basic electrochemical properties
of mixtures of different kinds of phosphonium-cation OIPCs
based on bis(fluorosulfonyl)amide (FSI−) and bis-
(trifluoromethanesulphonyl)amide (TFSI−) anions mixed
with sodium salts have been reported.23,24 However, to the
best of our knowledge, the cycling of a sodium metal battery
with an OIPC-based solid-state electrolyte has not yet been
demonstrated.
Here we report on the use of carbon-coated Na3V2(PO4)3

(NVP/C), synthesized by solid-state (NVP_SS) and sol−gel
(NVP_SG) methods, and Na2Fe(P2O7) (NFpP) as cathode
materials to develop sodium batteries that operate at high
temperatures in conjunction with OIPCs. NVP/C affords a
high operation potential of 3.4 V versus Na+/Na, according to
the V3+/V4+ redox reaction, with a high theoretical capacity of
118 mA h/g.33−38 NFpP exhibits a staircase-type voltage

Figure 1. (a) XRD characterization of electrode materials; Rietveld refined XRD patterns of NVP_SS and (b) NFpP. The black line illustrates the
calculated profile, red markers show the observed pattern, and the blue line represents the difference between the observed and calculated
intensities. (insets) The structure of the respective materials. (c) FE-SEM images of NVP_SS, (d) NVP_SG, and (e) NFpP. (f) Raman spectrum of
NVP_SS and NVP_SG (labeled in the image).
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profile involving a plateau at 2.5 and 3.0 V, with a theoretical
capacity reaching 97 mA h/g.39−41 Electrolytes were prepared
with two compositions of NaFSI-P1i444FSI, including a
moderate NaFSI concentration (45 mol %) and an ultrahigh
NaFSI concentration (90 mol %). According to the phase
diagram, the 45 mol % composition is in the liquid phase,
while the 90 mol % composition has a small fraction of liquid
phase in the matrix of a crystalline solid phase (although it is
predominantly in the solid state, even at 60 °C). These
materials have been shown to possess high ionic conductivity,
with an ability for stable and reversible stripping and
deposition of Na ions in a Na symmetrical cell.24 To compare
the performance of the NaFSI-P1i444FSI-based electrolytes with
more commonly used carbonate electrolytes, cycling tests of
the cathode materials in 1 M NaFSI in propylene carbonate
(PC) were also conducted.

Figure 1a,b shows the X-ray diffraction (XRD) patterns and
corresponding Rietveld fits of the as-synthesized NVP_SS and
NFpP, and their crystallographic data for them is reported in
Tables S1 and S2. Both patterns show the formation of a well-
crystallized single phase. The calculated profile, with goodness-
of-fit (GOF) 4.66 (Rwp = 7.20) and 1.76 (Rwp = 1.50) for
NVP_SG and NFpP, respectively, yield refined cell parameters
and structural data that match well with previously reported
values.39,41−44

The XRD pattern of NVP_SS (and NVP_SG) assumes a
sodium super ionic conductor (NaSICON) structure in the
rhombohedral system with the R3̅c space group having lattice
parameters a = b = 8.7252(3) Å, c = 21.8173(9), and α = β = γ
= 90°. The structure consists of alternate-corner-shared VO6

octahedra and PO4 tetrahedra that constitute [V2(PO4)3]
3−

anionic units with large interstitial space/channels. Na atoms
are located within these channels and occupy two different

Figure 2. (a) Cyclic voltammogram of the NVP_SS/Na0.9(P1i444)0.1]FSI/Na cell at a scan rate of 0.1 mV/Sec, (b) Nyquist plots of the NVP_SS/
Na0.9(P1i444)0.1]FSI/Na cell in its pristine state, (c) the voltage profile for the NVP_SS/Na0.9(P1i444)0.1]FSI/Na at 60 °C and room temperature at
C/20, and (d) rate capability at different current densities corresponding from C/20 to 4C.
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sites with coordination numbers 6 (Na1) and 8 (Na2). The
open 3D network of the structure offers channels for facile Na
ion migration. NFpP adopts a triclinic structure (P1̅ space
group) with refined lattice parameters of a = 6.4375(1) Å, b =
9.4185(2) Å, c = 11.0150(2) Å, 11.0150(2) Å, α =
64.4286(13)°, β = 85.2781(17)°, and γ = 72.7857(15)°. The
structure is built of FeO6 octahedra and PO4 tetrahedra, which
give rise to corner-shared Fe2O11 dimers (FeO6−FeO6)
interconnected with bridged P2O7 (diphosphate) groups.
This structure offers 3D channels for Na ion migration.
Figure 1c−e shows the scanning electron microscopy (SEM)

images of the cathode materials, revealing that both NVP_SS
and NVP_SG have particles ranging from 200 nm to a few
microns, while NFpP contains micron-sized particles. To
investigate the nature of the carbon coating on NVP, the
surface of both NVP_SS and NVP_SG was probed using
Raman spectroscopy (Figure 1f). The spectra are divided into
three energy ranges to highlight the main spectral features. The
first region from 900 to 1100 cm−1 corresponds to vibrational
modes of the PO4

3− ion. The second (950−1450 cm−1) and
third (1450−1750 cm−1) regions relate to the characteristic D
(disordered carbon) and G (graphitic carbon) bands centered
at 1344 and 1590 cm−1, respectively. The ratio of the
intensities of the two latter peaks (ID/IG) are commonly
used to characterize the graphitic disorder. The ID/IG ratio for
NVP_SS is 0.97, and for NVP_Z it is 1.03. The comparison of
ID/IG ratio indicates that there is a slight difference in the
amount of disordered and graphitized carbon present in both
samples.

Cyclic voltammetry studies of NVP_SS in 90 mol % NaFSI
in P1i444FSI electrolyte were conducted between 2.5 and 3.8 V
versus Na/Na+ at a scan rate of 0.1 mV/s at both 60 °C and
room temperature (RT). As shown in Figure 2a, two redox
peaks were present at both temperatures, corresponding to the
reversible transformation from V3+ to V4+. However, the
potential interval between the oxidation and reduction peaks
was less at 60 °C (200 mV) compared to that at room
temperature (400 mV), demonstrating lower polarization at
higher temperatures as expected. In addition, the currents are
clearly higher at 60 °C than at room temperature, indicating
faster redox kinetics at higher temperatures due to the higher
electrolyte conductivity of 5.6 × 10−4 S·cm−1 at 60 °C
compared to 1.3 × 10−4 S·cm−1 at RT.24 This is in agreement
with the electrolyte impedance values extracted from electro-
chemical impedance spectroscopy (EIS) spectra presented in
Figure 2b. EIS measurements were conducted on coin cells in
their pristine state (prior to cycling) in the frequency range
from 500 kHz to 100 mHz. The electrochemical impedance
profiles demonstrate a charge transfer resistance at the
interface of the electrode and electrolyte indicated by the
high-frequency semicircle. The first high-frequency intercept
corresponds to the electrolyte resistance. Both charge transfer
resistance and bulk resistance decrease as the temperature
increases, indicating that both ionic conductivity within the
electrolyte and that of the redox processes are enhanced at
elevated temperature. The Warburg component at low
frequency represents the Na diffusion resistance in the
cathode, which is naturally lower at the elevated temperature
of 60 °C as shown by its higher slope. Figure 2c shows a

Figure 3. Cycling performance of the NVP_SS/[Na0.9(P1i444)0.1]FSI/Na cell at (a) C/5, (b) C/2, and (c) the comparison of the cycling
performance of the NVP_SG and NVP_SS/(d) the cycling performance of NFpP with Na0.9(P1i444)0.1]FSI and NaPF6 electrolytes at a current rate
of 1C, and (e) the charge/discharge curves of the 1st, 10th, 50th and 100th cycles. (inset) The dQ/dV curve explicitly showing distinct oxidation
and reduction potentials for NFpP, and (f) the rate performance of the NFpP/[Na0.9(P1i444)0.1]FSI/Na cell operated at 60 °C.
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comparison of the voltage profiles for the NVP_SS/OIPC/Na
cells at 60 °C and room temperature at a rate of C/20. The
polarization of the cell at 60 °C (23 mV) was less than that at
room temperature (80 mV), suggestive of the lower overall
resistance at 60 °C as indicated by the cyclic voltammetry and
EIS measurements. The rate capability performance was also
studied at different current rates between C/20 and 4C, as
shown in Figure 2d. While the capacity of the cells decreased
slightly by increasing the current density at both temperatures,
the capacity of the cell at RT was lower at all current densities
compared to the capacities at 60 °C (100 and 72 mAh·g−1 at
C/10 and 1C, respectively, at 60 °C compared to 82 and 55
mAh·g−1 at RT). The difference between capacity values at the
two temperatures is almost constant, even at C/20 and C/10,
simply indicating that the temperature plays the major role in
dictating the overall transport in the system, not only for the
ion conductivity. For example, at 60 °C, the 90 mol % NaFSI
material has a fraction of liquid phase that increases the wetting
capability of the electrolyte on the cathode surface and allows
it to penetrate into the cathode even at low rates (but also at
high rates). At the high rate of 4C, a reversible capacity of 29
mAh·g−1 at 60 °C was still achieved. In addition, when the
current density reverted back to C/5, the capacity was
recovered (93 mAh·g−1, 96% capacity retention).
Since cells exhibited superior rate capability at 60 °C, long-

term cycling of cells fabricated from NVP_SS | Na0.9(P1i444)0.1]-
FSI | Na and NVP_SG | Na0.9(P1i444)0.1]FSI | Na were also

performed at 60 °C. Cycling of both cells exhibited stable,
long-term cycling at C/5 at 60 °C, as presented in Figure 3a−c.
Capacity retention of 96% with ∼99.9% Coulombic efficiency
was achieved over 100 cycles for cells containing NVP_SS
(Figure 3a). The cell also showed stable, long-term cycling at a
higher current rate, C/2, at 60 °C with a first-discharge
reversible capacity of 83 mAh·g−1 and a consistent reversible
discharge capacity value of 77 mAh·g−1 for 100 cycles (92%
capacity retention and 99.9% Coulombic efficiency, Figure 3b).
These results show promising charge−discharge cycling
performance, for NVP_SS | Na0.9(P1i444)0.1]FSI | Na cells at
high temperature.
The long-term cycling stability of the 90 mol % NaFSI/

P1i444FSI electrolyte was further studied with NVP_SG. This
cell delivered a reversible discharge capacity of 69 mAh·g−1

after 100 cycles at C/5 corresponding to 87% of the initial
capacity, and 99.9% Coulombic efficiency was maintained
throughout the cycling. Figure 3c shows that the overall
capacity of the cell with NVP_SG is lower than that of the
NVP_SS cell due to the difference in carbon content and
morphology, highlighting the importance of electrode
composition on optimizing cell behavior. However, the cell
with NVP_SG cycled for longer (250 cycles, Figure S2,
Supporting Information) and delivered 66 mAh·g−1 after 250
cycles at C/5, corresponding to 85% of the initial capacity. The
electrochemical performance of NVP_SG | Na0.9(P1i444)0.1]FSI
| Na batteries with a higher cathode material content (∼3.1 mg

Figure 4. (a) Cycling performance of NVP_SS/Na0.9(P1i444)0.1]FSI/Na, NVP_SS/Na0.45(P1i444)0.55]FSI/Na, and NVP_SS/1 M NaFSI/PC/Na at
C/5, and (b, c) charge/discharge curves of the 1st and 50th cycles at a current rate of C/5. (d) The rate performance of NVP_SS/
[Na0.9(P1i444)0.1]FSI/Na, NVP_SS/[Na0.45(P1i444)0.55]FSI/Na and NVP_SS/1 M NaFSI in PC/Na batteries at 60 °C at current rates of C/20, C/
10, C/2, C, 2 C, 4 C, (e) electrochemical impedance measurements of cells with 90 and 45 mol % NaFSI in P1i444FSI and 1 M NaFSI in PC at 60
°C in the pristine state.
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cm−2) was also examined. It delivered an initial reversible
capacity of 64 mAh·g−1 at C/5 (Figure S3, Supporting
Information) and 56 mAh·g−1 after the 18th cycle.
Cells consisting of the same electrolyte (OIPC with 90 mol

% NaFSI) with the NFpP cathode material were also fabricated
and cycled at a 1C rate at 60 °C, in the range of 2.1−3.5 V; the
cycle performance is illustrated in Figure 3d. The cell shows a
fairly stable, long-term cyclability even at a 1C rate. During the
first discharge, NFpP with the Na0.9(P1i444)0.1]FSI electrolyte
shows a capacity of 72 mAh·g−1, and it retains over 94.4%
capacity after 100 cycles.
As a comparison, the cycling performance of the NFpP

cathode with a carbonate liquid electrolyte (1 M NaPF6 in
ethylene carbonate (EC)/PC) at room temperature was also
studied. It was expected that the cell with the carbonate-based
electrolyte would show a higher capacity and better stability
compared to the cell with the OIPC electrolyte at 60 °C,
considering its higher ionic conductivity. However, because of
the instability of the carbonate-based electrolyte at higher
temperatures, these cells were not expected to perform as well
at 60 °C. This is discussed in relation to the Na cells with
NVP_SS electrodes in the next section. The charge−discharge
curves for NFpP/[Na0.9(P1i444)0.1]FSI/Na are displayed in
Figure 3e. A reversible capacity of 72 mAh·g−1 was sustained
from the first to the 10th cycles at a 1C rate, before slightly
degrading after 100 cycles to 68 mAh·g−1. The inset in Figure
3e shows the characteristic multistep voltage profile with a
small plateau at 2.6 V and a large plateau at 3.0 V. The power
performance of the NFpP cell was examined using 90 mol %
NaFSI in P1i444FSI at 60 °C. Figure 3f illustrates that the
structurally robust NFpP exhibits an impressive rate capability,
delivering capacities of 70, 58, 41, and 25 mAh·g−1 at rates of
C/5, 1C, 5C, and 10C, respectively.
Since NVP-SS shows a higher reversible capacity, this

electrode was selected for further study. The long-term cycling
at 60 °C was performed for cells containing NVP_SS with 90
and 45 mol % NaFSI in P1i444FSI and also 1 M NaFSI in PC.
Figure 4 demonstrates that changing the electrolyte from 1 M
NaFSI in PC to the OIPC leads to a significant enhancement
in the electrochemical stability of the sodium storage, as
evidenced by the stable cyclability. The cell with 45 mol %
NaFSI (ionic liquid) and 90 mol % NaFSI (OIPC) electrolyte
delivered higher initial reversible specific capacities of 99 and
96 mAh·g−1 and maintained reversible capacities of 96 and 94
mAh·g−1 after 60 cycles at C/5, corresponding to a capacity
retention of 98% and 96%, respectively. As a comparison, the
cell with the organic solvent delivered a reversible capacity of
96 mAh·g−1 for only the initial five cycles, which subsequently
dropped rapidly, and after 60 cycles (before failing) it delivered
a capacity of 84 mAh·g−1 at C/5, corresponding to a capacity
retention of 87%. The corresponding charge−discharge plots
of the 90 and 45 mol % NaFSI in P1i444FSI and organic solvent
electrolytes at a C/5 rate at 60 °C are shown in Figure 4b,c.
No significant capacity decay is observed for the 45 and 90 mol
% electrolytes, while there is rapid capacity fade for the organic
solvent electrolyte (87% capacity retention after 60 cycles).
Thus, the cycle life performance of a cell at 60 °C with OIPC
and IL is much better than that with the organic solvent
electrolyte.
The rate capability of the cells with ionic liquid (45 mol %

NaFSI in P1i444FSI), OIPC (90 mol % NaFSI in P1i444FSI), and
organic solvent electrolyte were also investigated at different
current rates between C/20 and 4C, with each current rate

performed for five cycles. Figure 4d presents the rate
performance obtained at different rates for the NVP_SS/
electrolyte/Na cell configuration. The cell capacity values for
the cell with 45 mol % NaFSI (ionic liquid) were higher at
higher C-rates due to the higher electrolyte ionic conductivity
and lower charge transfer resistance of the ionic liquid (which
is more of a factor at higher C-rates) during charge and
discharge in the cell compared to the OIPC and organic
solvent electrolyte, as demonstrated in Figure 4e.
In summary to increase the operating temperature range and

safety of Na metal batteries, sodium metal batteries based on
solid-state electrolytes with a high concentration of Na ions
and ionic liquid with NVP/C and NFpP cathode materials
were developed, and they are the first demonstration of safe
and stable Na batteries that offer high-level performance. It was
observed that cells operating at 60 °C performed with a higher
current density, lower polarization, and higher capacity and
rate capability compared with cells operated at room
temperature. This is due to the higher ionic conductivity of
the bulk electrolyte and a higher level of electron transfer
occurring at the electrode surface at the higher temperature.
The cells were cycled at temperatures at which conventional
organic solvent electrolytes fail and show a fast decay in
capacity. The initial discharge capacity for cells with solid and
commercial organic solvent electrolytes was the same (96
mAh·g−1) at a given current rate of C/5, but the capacity
retention after 60 cycles for the solid electrolyte was 96%,
while the capacity retention for the organic carbonate
electrolyte was much lower at 87%. The electrolyte composed
of 45 mol % NaFSI in P1i444FSI is liquid and showed the
highest reversible initial discharge capacity (99 mAh·g−1) and
capacity retention (98%) after 60 cycles, at the same current
rate of C/5. We demonstrate a formulation that shows
potential for moderate temperature applications of Na
batteries, by combining the economically viable positive
electrodes composed of NVP/C and NFpP, with the
nonvolatile and nonflammable characteristics of the NaFSI/
P1i444FSI OIPC electrolyte. Further studies are needed to
enhance the performance of these cells through optimization of
the cathode composition (i.e., changing the binder and the
ratio of carbon black), separator, and operational temperature.

■ EXPERIMENTAL SECTION
Material Preparation. Synthesis of NVP_SS: Synthetic

methodology was adapted from ref 42.42 NaH2PO4·2H2O and
V2O3 were mixed in a 3:1 molar ratio, and citric acid (1 g for
10 mmol of V2O3) was added to the mixture. The mixture was
ball-milled at 400 rpm for 8 h and then pelletized and heated at
900 °C for 24 h.
Synthesis of NVP_SG: An aqueous solution of vanadic acid

was prepared by adding ascorbic acid and V2O5 to water in a
molar ratio of 2:1 at 80 °C, to which stoichiometric equivalents
of NaOH and H3PO4 were added. The solution was stirred at
80−100 °C to obtain a gel, which was dried overnight at 100
°C in air. The dried gel was ground and calcined at 750 °C for
8 h.
Synthesis of NFpP: A 1:1:2 molar mixture of Na2CO3,

FeC2O4·2H2O, and (NH4)3PO4 was hand-mixed and ground.
This mixture was pelletized and heated for 3 h at 350 °C under
argon. These pellets were reground, pelletized, and heated at
600 °C for 9 h to obtain a single-phase product.

Material Characterization. The crystalline phases of all
the samples were identified by X-ray diffraction using a
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PANalytical Empyrean diffractometer equipped with PIXcel
bidimensional detector employing Cu Kα radiation (λ =
1.5405 Å) at a step size of 0.025° and Bragg−Brentano
geometry.
SEM: SEM studies were performed on a Zeiss Ultra field

emission SEM instrument.
Raman: Raman spectroscopy was performed on a Raman

HORIBA HR800 equipped with a green laser (λ = 514 nm).
Electrochemical Characterization. Electrochemical

properties were measured using 2032 coin-type cells at both
60 °C and room temperature. The lower and upper cutoff
voltages were fixed at 2.5 and 3.7 V, respectively. The cathode
was fabricated by mixing 80 wt % active material NVP, 10 wt %
carbon black, and 10 wt % polyvinylidene difluoride (PVDF)
in N-methylpyrrolidone (NMP) and stirring the slurry for 20
min. The ratio of active material, carbon black, and PVDF for
the corresponding NFpP electrode was 70:20:10. The slurry
was coated uniformly on an Al/C foil and dried overnight at
room temperature and in a vacuum oven at 60 °C for 20 h to
yield the working electrodes. The loading mass of the active
material in the electrodes was ∼1.5 mg cm−2. Sodium metal,
cut into a disk (11 mm in diameter), served as the anode. 90
mol % NaFSI in P1i444FSI (OIPC); 45 mol % NaFSI in
P1i444FSI (ionic liquid); or a 1 M solution of NaFSI in
propylene carbonate (PC) were used as electrolytes. Glass-
fiber separators were dried under vacuum at 100 °C overnight
and saturated by the electrolyte. In the case of OIPC, the
separator was sufficiently wet with melted electrolyte, and the
temperature was decreased to 25 °C to solidify the electrolyte.
The cathodes were also wet with 3 μL cm−2 (melted)
electrolyte and put under vacuum at 65 °C for 24 h before the
electrochemical studies. The entire cell assembly process was
performed inside an argon-filled glovebox. Cells were aged for
24 h at 60 °C prior to electrochemical examination, to ensure
full absorption of the electrolyte into the electrodes. The
galvanostatic charge−discharge studies, CV, and EIS experi-
ments were performed using a Biologic VMP-3 battery testing
system at 60 °C or at RT. CV measurements were performed
at a scan rate of 0.1 mV s−1, and EIS measurements, in the
frequency range from 500 kHz to 100 mHz, were conducted
on a Biologic VMP-3 battery testing system.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c00149.

Crystallographic data for NVP_SS and NFpP, Pawley fit
of the XRD patterns of NVP_SG. Cycling performance
of the NVP_SG/[Na0.9(P1i444)0.1]FSI/Na cell at a C/5
rate for 250 cycles and cycling performance of the
NVP_SG/[Na0.9(P1i444)0.1]FSI/Na cell at C/5 with a
mass loading of active material of 3.1 mg/cm2 (PDF)

■ AUTHOR INFORMATION

Corresponding Authors
Faezeh Makhlooghiazad − Department of Chemistry and the
Waterloo Institute for Nanotechnology, University of Waterloo,
Waterloo, Ontario N2L 3G1, Canada; Institute for Frontier
Materials, Deakin University, Burwood, VIC 3125, Australia;
orcid.org/0000-0002-8002-9668;

Email: f.makhlooghiazad@deakin.edu.au

Linda F. Nazar − Department of Chemistry and the Waterloo
Institute for Nanotechnology, University of Waterloo, Waterloo,
Ontario N2L 3G1, Canada; orcid.org/0000-0002-3314-
8197; Email: lfnazar@uwaterloo.ca

Authors
Manish Sharma − Department of Chemistry and the Waterloo
Institute for Nanotechnology, University of Waterloo, Waterloo,
Ontario N2L 3G1, Canada

Zhizhen Zhang − Department of Chemistry and the Waterloo
Institute for Nanotechnology, University of Waterloo, Waterloo,
Ontario N2L 3G1, Canada

Patrick C. Howlett − Institute for Frontier Materials, Deakin
University, Burwood, VIC 3125, Australia; orcid.org/0000-
0002-2151-2932

Maria Forsyth − Institute for Frontier Materials, Deakin
University, Burwood, VIC 3125, Australia; orcid.org/0000-
0002-4273-8105

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jpclett.0c00149

Author Contributions
F.M. and M.S. contributed equally to this work.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
F.M. acknowledges Australian Endeavour fellowship program.
M.S. acknowledges the Swiss National Science Foundation
(Early Post-Doc mobility, No. P2GEP2_178281). M.F. thanks
the Australian Research Council Centre of Excellence for
Electromaterials Science (ACES). L.F.N. acknowledges fund-
ing from the Natural Sciences and Engineering Council of
Canada via their Discovery Grant program, and a Canada
Research Chair.

■ REFERENCES
(1) Yabuuchi, N.; Kubota, K.; Dahbi, M.; Komaba, S. Research
development on sodium-ion batteries. Chem. Rev. 2014, 114, 11636−
11682.
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