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Positive electrode materials with a wide operating temperature range and high energy and
power densities are required for the construction of practical sodium secondary batteries. High
performance is expected at elevated temperatures because electrode reactions and ion
diffusion are enhanced under such conditions. In the present study, carbon-coated NASICON-
type NasV2(POa)s is prepared via a sol-gel method and investigated as a positive electrode
material for sodium secondary batteries operating under low-to-intermediate temperature
conditions. The NasV2(PO4)3/C material utilizes fully the safety and large liquid-phase
temperature range of Na[FSA]-[C2Ci1im][FSA] (C.Ciim = 1-ethyl-3-methylimidazolium, FSA
= bis(fluorosulfonyl)amide) ionic liquid electrolytes. Electrochemical testing of the
NaszV2(POs)3/C composite reveal superior cycling and rate performance at 253-363 K.
Cycling tests at 1C (117 mA g!) confirm capacity retention of 99% and Coulombic
efficiency of over 99.9% after 300 cycles at 298 K and 363 K. Even faster-current cycling at
20C results in capacity retention of 89.2% after 5000 cycles at 363 K. The high rate capability
at 363 K (50.1 mAh g* at 58500 mA g 1) leads to excellent power and energy densities that

exceed those of NaCrO2 and NaxFeP207.
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1. Introduction

The popularity of renewable electricity generation has increased over the last years as
the application of the relevant technologies has become more feasible. However, intermittent
production of electricity by renewable energy sources such as solar and wind power and
variable demand cause significant problems for electrical grids. Therefore, energy storage
systems (ESSs) are essential for the development of large-scale power supply networks.l! Of
the ESSs currently proposed for large-scale stationary applications, e.g., pumped-storage
hydroelectricity, flywheels, and etc.,[** 2l secondary batteries are particularly attractive owing
to their high power and energy densities, pollution-free operation, high efficiency, simple
maintenance, and versatility. Thus far, Li secondary batteries offer the best balance in terms
of energy and power densities.*™ 281 |n fact, several devices based on Li secondary batteries
have already been commercialized as a result of their high performance. For the past two
decades, these devices had a large share in the global secondary battery market. However, Li
resources are limited and unevenly distributed (located primarily in South America).l*! This
limitation is expected to become a significant obstacle to the mass production of large-scale
Li secondary batteries in the near future.

Sodium secondary batteries are among the most promising large-scale ESS candidates.
These batteries are appealing because sodium is abundant and available worldwide, and the
standard redox potential is sufficiently negative.l®! The sodium has the second smallest ionic
radius of the group 1 elements® (in the case of 6-coordination, 1.02 A for Na* and 0.76 A for
Li* I'l), which is important when designing electrode materials that are analogous to those
made using Li counterparts. Despite these valuable features, however, Na secondary batteries
are typically not used in real applications because the currently available electrode-active
materials and electrolytes suffer from limitations in terms of performance, safety, and cost.

Since the primary application for Na secondary batteries is large-scale energy storage, high
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charge/discharge rates, cycling stability, ability to operate across a wide range of temperatures,
safety, and cost are critical requirements. In an effort to satisfy these requirements, several
polyanionic compounds such as NazFeP207, Na2FePO4F, and NaFePO4 have been studied as
positive electrode materials for Na secondary batteries. !

Polyanionic compounds with tetrahedral polyanion units, (XO4)" (X = P, S, Si, As,
Mo, or W) can combine with MOy (M = transition metal) polyhedral units to form structural
frameworks. Phosphate-based electrode materials offer open frameworks that favor facile Na*
ion transport.’)’ Among these phosphate compounds, Na superionic conductor (NASICON)-
type NasV2(POs)z (NVP) is well known for its high Na-ion conductivity, which originates
from the corner-sharing arrangement of the polyhedral units. The NVP has been proposed as a
positive electrode material based on the V3*/V** redox reaction, and offers a theoretical
capacity of 117.6 mAh gt (NasV2 (POs)3 2@ NaV2(POs)s + 2Na* + 2¢7). Its high thermal
stability enables operation across a wide temperature range. In previous studies, however, this
material has exhibited poor cyclability and rate capabilities as a result of its low electrical
conductivity at room temperature.l*” Rate capability improvements have been reported using
an ionic liquid (IL) electrolyte at 353 K in a symmetrical cell (V3*/V*-V3/\V2H[0] however,
practical performance has not been pursued using IL since then. Recent studies have reported
that this material exhibits high cyclability and rate performance in organic electrolytes when
prepared via carbon coating.[%¢¢ 11

Figure 1 shows the operating temperatures of secondary batteries required for various
applications. Although batteries designed for hot environments such as those implemented in
rescue robots and measurement equipment for drilling applications have been studied, studies
directed at examining the utilization of waste heat or hot environments to improve battery
performance are rare.'*?l Hot environments are ubiquitous in our daily lives and in industrial
settings, and include, for example, automobile engine compartments and heavy-industrial

settings involving waste heat and waste treatment plants. The efficient use of such heat
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represents a potential way of achieving high performance with either known or unknown
electrode materials. Furthermore, batteries for electric vehicles (EVs), hybrid electric vehicles
(HEVs), and various other applications must operate across a wide range of temperatures.
Unfortunately, organic electrolytes can only be used over a limited temperature range
(<60 °C) as a result of their flammabilities and volatilities, which are the main causes of

recent lithium-ion battery (LIB) safety issues.[*’]
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Figure 1 Operating temperature ranges of various secondary batteries and the temperatures
required for selected applications.

In addition, co-solvents and additives are required for the use of organic electrolytes at low
temperatures.[** 14 |LLs composed of only cations and anions are non-flammable, as well as
chemically, electrochemically, and thermally stable, and exhibit wide electrochemical
windows.[*® Thus, such ILs can be used as electrolytes in secondary batteries designed for use
from subfreezing to intermediate temperatures. Previously, examination of basic physical
properties was reported for the purposes of advancing battery applications,*! along with an
overview of practical applications of ILs, including Na secondary batteries.l*”! In our previous
work, we examined the intermediate-temperature operation of Na secondary batteries with an
FSA-based (FSA = bis(fluorosulfonyl)amide) IL electrolyte with a range of positive (e.g.,

NaCrO,, NazFeP.07, and NaFePO4)!*® and negative electrode (Sn, metal-Sn alloy, and hard
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carbon) materials.*®! FSA-based ILs are more stable than other ILs against reduction in both
Li and Na systems with various other popular anions, and across a wide temperature range.?%
These ILs are suitable for operation of Na secondary batteries at intermediate temperatures.!2°
21l Intermediate temperature operation exploiting the use of waste heat and hot environments
can potentially enhance Na* ion transport and electrode reactions, enabling thus increased
practical capacities, as well as excellent cyclabilities and rate capabilities.['8 221

In this work, the electrochemical properties of carbon-coated NazV2(POas)s: (NVPC)
electrodes prepared via a sol-gel method are tested at various temperatures using the
Na[FSA]-[C2C1im][FSA] (CoCiim = 1-ethyl-3-methylimidazolium) IL system with Na[FSA]
molar fractions ranging from 0.1 to 0.512% in order to develop Na secondary batteries that
operate from subfreezing to intermediate temperatures. In addition, intermediate-temperature
sodiation/desodiation mechanisms in the NVPC structure are analyzed via in-situ X-ray
diffraction (XRD) measurements. Finally, relationships between energy and power densities
are compared to those of existing positive electrode materials (NaCrO, and Na2FeP.O-) to

confirm the effectiveness of the present system.

2. Results and Discussion
2.1. Structural Characteristics

The XRD patterns of the synthesized NVPC electrodes confirm the presence of a pure
NVP phase and an amorphous carbon phase. The XRD pattern of NVPC was indexed as a
rhombohedral crystal system, and was fitted with space group R3c via Rietveld refinement.
The lattice parameters of the NVPC were determined to be a = 8.72209(12) and 21.8563(5) A
(Rwp = 16.0), and match the crystallographic data from previous reportst*'l (see Figure 2 and
Table S1 in the Supporting Information for crystallographic data). The XRD pattern of NVPC
matches that of NVP prepared by a solid-state method (NVP-SS) (inset of Figure 2), although

the former exhibits slightly broader diffraction peaks.



WILEY-VCH

—— Measured Solid-state Method
Calculated

Difference
Bragg position

Sol-gel Method |

oo

10 20 30 40 50 60
; 2theta / deg. (Cu Ka.)

| I I oo LI 1T O O T T U T |

Y NS VS VO —

10 20 30 40 50 60 70 80
2theta / deg. (Cu Ka)

Figure 2 Rietveld refinement results for NVPC prepared via a sol-gel method and XRD
analysis of NVP synthesized via a solid-state method (inset). See Table S1 for details of
NVPC crystallographic data.

The scanning electron microscopy (SEM) image and energy-dispersive X-ray
spectrometry (EDS) map of NVPC powder are shown in Figure 3. The synthesized NVPC
composites are composed of particles of various sizes, which produce a porous, coral-reef
morphology. The magnified SEM images (Figure S1) show a number of particles around 50
nm in size within the pores of the bulk NVPC particles, while NVVP-SS has a particle size of
around 25 pum, and exhibits non-porous morphology (Figure S2). The specific surface areas
obtained by the Brunauer—-Emmett—Teller (BET) method revealed that NVPC has surface area
that is 100 times larger than that of NVVP-SS. Control over the morphology and the application
of homogeneous carbon coating are critical for the good electrochemical performance of
NVPC since the numbers of active sites and diffusion paths are highly related to the electrode

reaction. EDS mapping results matched the expected composition of NVPC, with all elements
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distributed over the particles. The actual carbon content in NVPC was determined to be 10.8

wit% via elemental analysis.
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Figure 3 SEM image and EDS map of elements present in the NVPC sample. The amount of
carbon was omitted from the calculation of elemental composition by weight.

2.2. Electrochemical Characterization
2.2.1. Charge-Discharge Behavior
Figure 4 shows galvanostatic charge—discharge curves of Na/NVP-SS and Na/NVPC

cells at 0.1C using the Na[FSA]-[C2Ciim][FSA] (Na[FSA] mole fraction = 0.5) IL electrolyte.
The NVP-SS cell exhibits a first-discharge reversible capacity of only 44.3 mAh g ! at 298 K.

This reversible capacity degrades rapidly, reaching 34.0 mAh g* on the fifth cycle (Figure 4



WILEY-VCH

(@)). As the temperature increases, the NVP-SS cell exhibits a slightly larger first discharge
capacity of 50.6 mAh g * at 363 K. However, similarly to the behavior observed at 298 K, the
capacity degrades rapidly, reaching 38.7 mAh g on the fifth cycle [Figure 4 (b)]. The limited

performance described here occurs as a result of the characteristic low electrical conductivity

of NVP-SS.
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Figure 4 Charge—discharge curves of Na/NVP cells at (a) 298 K and (b) 363 K; and Na/NVPC
cells at (c) 298 K and (d) 363 K. Electrolyte: Na[FSA]-[C2Ciim][FSA] (Na[FSA] mole
fraction = 0.5). The charge—discharge rate and cut-off voltages are 0.1C, and 2.4 V/3.8 V,
respectively.

The charge—discharge performance improves dramatically after carbon coating. The
NVPC composite exhibits reversible capacities of 98.7 mAh g tand 104.5 mAh g* at 298 K

[Figure 4 (c)] and 363 K [Figure 4 (d)], respectively. During charging and discharging, a flat
9
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plateau is observed at approximately 3.4 V. This is associated with the V#*/V3* redox activity
(NaV2(PO4)s/NasV2(PO4)3) seen in organic electrolytes.?l Capacities of about 100 mAh g*
are obtained at 298 K regardless of the Na[FSA] mole fraction used. Increasing the
temperature increases the capacity slightly (see Figures S4 and S5 in the Supporting
Information for charge—discharge profiles with different molar ratios).

2.2.2. Rate Capability and Super-Fast Rate Capability

Prior studies reported that NVP fabricated with carbonaceous materials can exhibited
improved rate capabilities in organic electrolytes.!'® 11¢ 241 Graphene-scaffolded NVP with
1.0-mol L™ NaClOq dissolved in ethylene carbonate/diethyl carbonate (EC/DEC, 1:1, v/v) as
the electrolyte exhibited a capacity of 44 mAh g at 50C.[Ma Carbon-coated, porous NVP
using a 1-M NaClOs in ethylene carbonate and propylene carbonate (1:1, v/v) as the
electrolyte exhibited a capacity retention of 54% at 40C.[?41 Another carbon-coated porous
NVP using an electrolyte comprised of 1-M NaClOs in propylene carbonate and 2%
fluorinated ethylene carbonate exhibited a capacity of 75.54 mAh g at 80C.[** Such
superior NVP rate performance was further improved upon via intermediate-temperature
operation with IL electrolytes in the present study.

Figure 5 compares the rate capabilities of Na/NVPC cells at 298 K and 363 K. The
cells examined were prepared using the Na[FSA]-[C.Ciim][FSA] system at four different
Na[FSA] mole fractions. The cells are charged up to 3.8 V at a constant current of 0.1C and
then discharged to 2.4 V at 0.1-40C. At both temperatures, the discharge capacity decreases
as the discharge current increases, regardless of the Na[FSA] mole fraction in the IL. The
highest capacity retention at 20C is observed with Na[FSA] mole fractions of 0.2 and 0.5 at
298 K (40.3%) and 363 K (93.0%), respectively. These results suggest that the rate capability
improves significantly at 363 K and the Na[FSA] fraction for which the highest capacity

retention is observed differs as a function of temperature (see Figures S6 and S7 in the
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Supporting Information for discharge curves during rate capability tests with ILs containing

different mole fractions of Na[FSA]).
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Figure 5 Rate capabilities of Na/NVPC cells at (a) 298 K and (b) 363 K. Electrolyte:
Na[FSA]-[C2C1im][FSA] (Na[FSA] mole fraction = 0.2-0.5). Charge rate: 0.1C, discharge
rates: 0.1C to 40C, cut-off voltages: 2.4 V/3.8 V. See Figures S6 and S7 in the Supporting
Information for the discharge curves.

The Na/NVPC cells displayed markedly higher rate capabilities at elevated
temperatures, and, thus, further high-rate charge—discharge tests were performed using cells
with high Na[FSA] contents. Figure 6 shows the results of super-fast rate capability tests of a
Na/NVPC cell with an Na[FSA] fraction of 0.5 at 363 K. The cell was charged to 3.8 V at a
constant current of 0.1C and then discharged to 2.4 V at currents ranging from 0.1C to 700C.
A discharge rate of 700C corresponds to 81900 mA g ‘and a 5.1 s discharge (see Table S2 in
the Supporting Information for the capacities and capacity retention values depicted in Figure
6). Up to a discharge rate of 100C, the cells exhibit capacity retentions of at least 80% of the
values achieved at 0.1C. Moreover, capacity retentions of 48%, 35%, and 23% are obtained at
500C, 600C, and 700C, respectively. The polarization increases as the current density
increases, which leads to the large capacity loss at high current densities. Thus, different
lower cut-off voltages (0.8-2.4 V) were applied to confirm the possible increase in capacity

(see Figure S8 and Table S3). The results show that discharge capacities increase after
11
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adjusting the cut-off voltages—capacity retentions of 69%, 58%, 36%, and 19% are obtained

at 500C, 1000C, 1600C, and 2000C, respectively.
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Figure 6 Super-fast Na/NVPC cell rate capability at 363 K. Electrolyte: Na[FSA]-

[C2oCiim][FSA] (Na[FSA] mole fraction = 0.5). Charge rate: 0.1C, discharge rates: 0.1C to
700C, cut-off voltages: 2.4 /3.8 V. See Table S2 in the Supporting Information for capacity
and capacity retention details.

Figure 7 shows electrochemical impedance spectra (EIS) of the Na/NVPC half-cell
(Na mole fraction = 0.5) at a state of charge (SOC) of 0.5. EIS results reveal that the
interfacial resistance, which is indicated by the high-frequency semicircle (characteristic
frequencies of 60-700 Hz) decreases drastically relative to the bulk resistance as the
measurement temperature increases. Regarding the charging process, fast charge up to 3.8 V
at 100C with Na[FSA] mole fraction of 0.4 at 363 K results in charge capacity of 84.7 mAh
g ! (see Figure S9, Supporting Information). However, charging at 100C, followed by further

charging at 10C produces a charge capacity of 100.0 mAh gt in 75 s. Charge—discharge

cycles using this charging mode and a 10C discharge process exhibit stable performance over
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100 cycles and high Coulombic efficiencies (average >99.9%) (Figure S9, Supporting

Information).
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Figure 7 Electrochemical impedance spectra of Na/NVPC cells. Electrolyte: Na[FSA]-

[CoC1im][FSA] (Na[FSA] mole fraction = 0.5). Temperature: 298-363 K, SOC = 50%,
frequency range: 40 mHz — 1000 kHz, AC amplitude: 10 mV.

2.2.3. Cycling Performance
Cycling performance was tested was tested at 298 K and 363 K after the rate capability

tests were performed using the same cells with four different Na[FSA] mole fractions. The
cells were charged and discharged at 1C for 300 cycles. As shown in Figure 8, the NVPC
exhibits stable cycling performance at 363 K. In addition, NVPC achieves outstanding
capacity retention of 94.8-99.0% after 300 cycles and an average Coulombic efficiency above
99.9% (see Figure S10 in the Supporting Information for the results of measurements
performed at 298 K). In Figure 8(e), the long-term cycling performance of a cell based on an
IL with an Na[FSA] fraction of 0.4 was tested at 20C. These conditions correspond a

charge/discharge cycle time of about 6 min. The cell retains its high capacity for many cycles,
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achieving capacity retentions of 96.4%, 92.3%, and 89.2% after the 1000th, 3000th, and

5000th cycles, respectively. Such stable cycling performance is derived from the stable
biphasic reaction of NVP and high durability of the IL against redox reactions including Al

corrosion and oxidative decomposition.[°!
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Figure 8 Cycling performance of Na/NVPC cells at 363 K. Electrolyte: Na[FSA]-

[C2Ciim][FSA] with various mole fractions of Na[FSA]. (a) Na[FSA] mole fraction = 0.2, (b)
Na[FSA] mole fraction = 0.3, (c) Na[FSA] mole fraction = 0.4, and (d) Na[FSA] mole
fraction = 0.5. Charge—discharge rate: 1C for (a)-(d) and 20C for (e). Cut-off voltages: 2.4
V/3.8 V. See Tables S4 and S5 in the Supporting Information for capacity and capacity
retention details.

2.2.4. Charge—discharge Behavior Across a Wide Temperature Range

Secondary batteries with the capacity to operate across a wide temperature range have
been pursued by various manufacturers. Unfortunately, conventional organic electrolytes limit
these batteries to near room-temperature conditions. Additives and co-solvents are required
for low-temperature operation, and these electrolytes have difficulty operating above 333 K as
a result of safety issues and solid-electrolyte interphase instability.

With regard to low-temperature operation, cells with NVVPC positive electrodes and IL
electrolytes achieved sufficient electrochemical performance, even at temperatures below the
freezing point. Figure 9 shows the results of charge—discharge measurements of samples with
four different mole fractions of Na[FSA] performed below room temperature (298 K, 263 K,
253 K, and 243 K) at 0.1C. Particular attention should be paid to the sample with Na[FSA]
mole fraction of 0.2, which exhibits reversible capacities of 100.8 mAh g%, 78.1 mAh g%,
and 57.6 mAh g tat 298 K, 263 K, and 253 K, respectively. Since high rate capabilities were

observed with high Na[FSA] fractions at intermediate temperatures, optimization of Na[FSA]

fraction may be required to match the environment in practical applications.
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Figure 9 Na/NVPC cell charge-discharge tests conducted at a broad range of temperatures.
Electrolytes: Na[FSA]-[C.C1im][FSA] with various Na[FSA] fractions. (a) Na[FSA] fraction
= 0.2, (b) Na[FSA] fraction = 0.3, (c) Na[FSA] fraction = 0.4, and (d) Na[FSA] fraction = 0.5.
Charge-discharge rate: 1C, temperature range: 243-298 K, cut-off voltages: 2.4 V/3.8 V.

2.3. In-situ XRD Studies of NVPC

Figure 10 shows the results of in situ XRD measurements performed to investigate the
structural changes in NVPC during electrochemical cycling at 363 K. The Na/NVPC cell was
charged and discharged for two cycles at 0.1C, and XRD patterns were recorded in a 26 range
of 10-60°. For the XRD patterns recorded at 2.4 V and 3.8 V, the potential was maintained
using a constant voltage mode during charging and discharging. The other patterns were
recorded during the charge—discharge cycles. The diffraction peak at 18.1° is assigned to
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PTFE, while those at 38.43° and 44.67° are assigned to the Al current collector. The measured
in-situ XRD patterns are in good agreement with the Bragg peak positions of NVP and
NaV2(PO4)s simulated from previous structural data.l’®! When charging begins, the XRD
patterns match the pattern of unaltered NVP.[?81 As the charging proceeds and de-sodiation
from the NVP phase occurs, the XRD spectrum shows the appearance of new peaks and
disappearance of old peaks. The XRD pattern after charging to 3.8 V matches the pattern of
NaV2(PO4)s prepared chemically by extracting Na* from NVP.[28l After the reverse process,
the XRD pattern resembles that of the original NVP prepared via sodiation. The applicable
Bragg peak position changes appear to be completely reversible for two charge—discharge
cycles. The series of XRD patterns of NVPC, collected over two charge—discharge cycles,
suggests that Na insertion/extraction occurs in a two-phase manner. Transformation from
NaV2(PO4)s to NaszV2(PO4)s and the reverse process both occur at 363 K. The process is
similar to that reported in a previous study, which was conducted at 298 K using a

conventional organic electrolyte.[*1d]
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Figure 10 In-situ X-ray diffraction patterns of NVPC positive electrode recorded during the
first and second charge—discharge cycles at 363 K. Red and green bars indicate simulated
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NVP and NaV2(POa)s Bragg peaks.[?®! The peak at 38.3° originates from the Al current
collector. Cut-off voltages: 2.4 V/3.8 V, current density: 10 mA g 2.

2.4. Comparison of Power and Energy Densities of Selected Positive Electrode Materials
Figure 11 shows the relationships between energy and power densities for selected

positive electrode materials that include FSA-based IL electrolytes (NaCrO2, NaFeP.O7, and
NVPC) at 298 and 363 K. The same conditions were used to determine the performance of
each electrode in the present work. Power densities are calculated based on the weight of the
positive electrode material, assuming the use of Na metal negative electrode. Na[FSA] mole
fractions of 0.3 and 0.5 are used at 298 K, and mole fraction of 0.5 is used at 363 K. Low and
high mole fractions of Na[FSA] resulted in better performance at 298 K and 363 K,
respectively.[8 18] The NaCrO, positive electrode material with an average working voltage
of ~3.0 V is one of the most widely investigated layered oxides for Na secondary batteries.?”]
It exhibits stable charge—discharge behavior at intermediate temperatures with a practical
capacity of ~110 mAh g L.l 21 The pyrophosphate NaFeP.O; possesses a theoretical
capacity of 97 mA g and has three-dimensional Na* diffusion paths with acceptably low
activation energies.[®® 2°1 This material exhibits a high rate capability at 363 K and charge—
discharge rates of up to 400C.[*8 221 Although electrode performance is enhanced by
increasing the operating temperature, the comparison in Figure 11 indicates that NVPC
performs considerably better than NaCrO. or NaFeP.O;. The differences between
performance at 298 K and 363 K for NVPC are smaller than those reported for NaCrO> or
NaFeP20-. In addition, the energy density delivered by NVPC at a high power density is quite
attractive because of its high rate performance. The good performance of NVPC is derived
from the combination of high Na* ion diffusivity in the NASICON structure and improved
electronic conductivity by carbon coating. Furthermore, the intermediate-temperature

operation enhances the interfacial process as well as ionic and electronic conductivities, thus
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resulting in the relationship between power density and energy density. The higher working

voltage of NVPC when compared to those of other materials is also advantageous for high

energy density.
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Figure 11 Relationships between power and energy densities for NVPC, NaxFeP,07, and
NaCrO with Na[FSA]-[C2C1im][FSA] IL electrolytes based on rate capability tests (Na[FSA]
mole fraction = 0.3 at 298 K and Na[FSA] mole fraction = 0.5 at 363 K). Power and energy
densities are calculated based on the weight of the positive electrode, assuming Na metal
negative electrode.

3. Conclusions

High rate capabilities, good cycling performance, a wide range of operating
temperatures, and good safety characteristics are required for practical Na secondary battery
applications. In this work, NVPC composites were prepared via sol-gel chemistry and
combined with Na[FSA]-[C2C1im][FSA] IL electrolytes to achieve excellent electrochemical

performance. The composites exhibited superior reversible charge—discharge performance
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across a wide temperature range of 243 K to 363 K. The composites also exhibited good
cycling stability over 5000 cycles and outstanding charge/discharge rates under various
operating conditions. X-ray diffraction analysis revealed that the charge—discharge process
proceeds in a two-phase manner at an elevated temperature (363 K), matching the mechanism
previously reported at room temperature. The power and energy densities of various
Na/positive electrode (NaCrOz, Na:FeP.0O7, and NVPC) cells with IL electrolytes were
compared, and NVPC delivered the highest energy and power densities. The results
demonstrate the outstanding performance of NVPC with a high safety over a wide
temperature range. This type of Na secondary battery has potential to be used in various
situations such as the ones in ESS and EV which are mentioned above. Furthermore, it
enables the potential for practical utilization in non-ambient conditions, particularly hot
environments such as in engine compartments or near domestic boilers where latent heat
exists. Acceleration of research directed to the use of ionic liquid electrolytes at elevated
temperatures is expected in future studies, since it provides an effective way to enable a more

sustainable society.

4. Experimental Section

4.1. Synthesis and Characterization
The powdery NVPC was synthesized via a sol-gel method.[**] In a typical procedure, 1.8185

g of V05 (Sigma-Aldrich Chemistry, 99.6% purity, 9.998 mmol) and 6.3036 g of oxalic acid
dihydrate (Wako Pure Chemical Industries, 99.5-100.2% purity, 50.001 mmol) were
dissolved in water, previously subjected to ion exchange treatment, at 353 K via continuous
stirring using a magnetic bar. In this reaction, oxalic acid works both as a reducing agent and
as a carbon source. As the color of the homogeneous mixture turned blue, 1.1999 g of NaOH

(Wako Pure Chemical Industries, 97.0% purity, 30.000 mmol), 3.4510 g of NH4H2PO4 (Wako
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Pure Chemical Industries, 99.0% purity, 30.002 mmol), and 1.7118 g of glucose (Wako Pure
Chemical Industries, 5.001 mmol) were added to the solution and the mixture was stirred for
additional 3 h. Glucose was used as a carbon source and vanadium served as the reducing
agent. The solution was dried completely at 393 K for a day and then ground using a mortar
and pestle. The dry powder was calcined at 623 K for 5 h under a flow of Ar. After
calcination, the precursor was ground using a mortar and pestle and heated at 1073 K under
the flow Ar for 8 h.

NVP-SS was prepared for comparison via a conventional solid-state method. To this
end, 2.98186 g of V203 (Wako Pure Chemical Industries, >99% purity, 19.895 mmol) and
7.166 g of NaH2PO4 (Wako Pure Chemical Industries, >99% purity, 59.727 mmol) were ball-
milled in acetone for 12 h at 600 rpm using a Fritsch Pulverisette 7 Premium Line. The
mixture was collected and dried under vacuum for 24 h at 393 K and subsequently thoroughly
ground using a mortar and pestle. After grinding, the precursor was pelletized (70 MPa) for 10
min. The precursor pellet was heated at 1073 K for 40 h under Ar flow, and then cooled to
298 K. The NaCrO; and NazFeP,07 samples were prepared as previously reported.[82 1801

XRD patterns were collected in the Bragg-Brentano geometry using a Rigaku
SmartLab diffractometer with Ni-filtered Cu-Ka radiation (40 kV and 30 mA) to confirm
NVPC purity. The diffractometer was equipped with a silicon strip high-speed detector
(Rigaku D/teX Ultra 250). Rietveld refinement was performed using the FullProf software.[*"!
The NVPC morphology was observed via SEM (Hitachi SU-8020), and EDS mapping was
performed using an analyzer (Horiba EMAXEvolution X-max) attached to the SEM. Surface
area of the electrode materials was evaluated using the BET method®! based on the results of

nitrogen adsorption analysis performed using Tristar 11 3020 (Shimadzu Corp.).

4.2. Electrochemical Measurements
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Electrochemical properties were measured using 2032 coin-type cells at 253 to 363 K.
A charge/discharge rate of 0.1C was used to understand the basic behavior of each system.
Discharge currents ranging from 0.1C to 700C were used in rate capability tests. The cut-off
voltages were fixed at 2.4 V/3.8 V. Sodium metal (Sigma-Aldrich Chemistry, 99.95% purity)
was cut into a disk (16 mm in diameter) and fixed on an Al plate current collector as the
negative electrode. The positive electrode was prepared by mixing the NVPC composite,
Super C65, and PTFE (80:15:5, wt%) and pressing the mixture on an Al mesh (the loading
mass of the active material in the electrodes is approximately 3 mg cm™2). NaCrO; and
NazFeP20; electrodes were prepared in the same manner.['8 32 The NVPC sample used for
rate capability tests was washed using ion-exchanged water and vacuum-dried at 363 K for 24
h prior to the electrode fabrication. Na[FSA]-[C2C1im][FSA] ionic liquids with molar ratios of
20:80, 30:70, 40:60, and 50:50 were used as electrolytes. The salts, Na[FSA] (Mitsubishi
Materials Electronic Chemicals, purity >99%) and [C2Ciim][FSA] (Kanto Chemical, purity
>99.9%), were dried under vacuum for 24 h at 353 K. The IL electrolyte was prepared by
mixing these two salts at Na[FSA] mole fractions of 0.1, 0.2, 0.3, 0.4, and 0.5. The typical
water content of the IL system was below 30 ppm based on Karl-Fischer titration
measurements (899 Coulometer, Metrohm). A glass microfiber separator was impregnated
with the electrolyte at 333 K under vacuum for 1 day prior to the test. Charge—discharge
properties, rate capabilities, and cycling were evaluated using an HJ1001SD8 charge—
discharge test device (Hokuto Denko). All electrochemical measurements were started at least
2 h after the relevant temperature adjustments.

Cells were prepared for EIS using 2032 coin-type cells. The cells were assembled in
dry Ar. Measurements were performed using a VSP potentiostat (Bio-Logic) at 298 K, 323 K,
343 K, and 363 K over a frequency range from 1 MHz to 40 mHz with a perturbation

amplitude of 10 mV.
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4.3 In-situ XRD Measurements

In-situ XRD measurements were performed using an airtight cell with a Kapton®
window and a temperature controller (Rigaku). The diffraction patterns were recorded at 363
K under vacuum. The electrochemical measurements were controlled using an ECAD1000
charge—discharge system (EC Frontier Inc.). The cell was continuously charged and
discharged at 10 mA g during XRD measurements performed at a scan rate of 1° s*. The
cell voltage was maintained in fully charged and discharged (3.8 V and 2.4 V, respectively)

states to confirm the structures in these stable states.
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