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Abstract

Charge—discharge properties of sodium—ion batteries using the Na[FSA]-[CsCipyrr][FSA]
(FSA: bis(fluorosulfonyl)amide, Cs;Cipyrr: N-methyl-N—propylpyrrolidinium) ionic liquid were
investigated over a temperature range of 273-363 K. NaCrO, and hard carbon (HC) were used as positive
electrode and negative electrode active materials, respectively, and their fundamental charge—discharge
characteristics were examined with coin-type half—cells. A 1.5 mAh coin-type full cell composed of
HC/NaCrO, showed excellent cycle properties, maintaining 90% of its initial capacity after 1000 cycles at
333 and 363 K. The 1.5 mAh full cell also exhibited a high charge—discharge energy efficiency of 97.5%
at 363 K and C/5 rate. A large-sized prismatic HC/NaCrO, full cell with a capacity of 27 Ah was
fabricated by a mass production process, and its performance was confirmed to be comparable with that

of the 1.5 mAh coin-type cell.
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1. Introduction

The demand for secondary batteries for energy-storage devices has recently experienced
significant growth for use in important applications such as load leveling, emergency power supply
devices, and smart grids [1-2]. As high—performance secondary batteries, lithium—ion batteries (LIBs) are
popular not only for mobile applications but also for electric vehicle and household uses [3-4]. However,
difficulties in locating and extracting material resources for LIBs are anticipated in the near future,
because such devices employ minor metals like cobalt and nickel [5-15]. Even for lithium, a stable supply
seems to be problematic over the long term because high—quality lithium resources are unevenly
distributed in the earth’s crust, occurring mainly in China and South America [16-18]. Thus, the research
and development of secondary batteries using only easily available raw materials such as sodium has
become an active field of investigation. In support of this fact, the number of reports on sodium secondary
batteries has risen rapidly in the past 2-3 years [5-15]. Sodium, which can be easily obtained from
seawater or the earth’s crust, possesses a reasonably negative standard redox potential of —2.714 V vs. the
standard hydrogen electrode (SHE). Furthermore, many advanced technologies designed for use in LIBs
are expected to be applicable in sodium secondary batteries [5-15].

The development of sodium secondary batteries has a long history. Batteries using f"-alumina
electrolyte have been studied for many years [19-24], and Na/S and Na/NiCl, batteries are currently in
practical use as large—scale energy—storage devices for mega solar power plants and wind farms. However,
these batteries have less—than—ideal operating conditions for such industrial applications. The f"-alumina
electrolyte needs an operating temperature of approximately 573 K to raise its conductivity. Furthermore,
Na/S and Na/NiCl, batteries require liquid sodium metal, which is an extremely hazardous material. Thus,
storage and installation of Na/S and Na/NiCl, batteries are restricted because of their large size and the
regulations placed on the use of sodium metal.

At the same time, reports on sodium secondary batteries using organic electrolytes have
recently increased [25-27]. These reports highlight promising advantages of these batteries, such as
energy density, cost, and material abundance. However, the use of organic solvents in batteries, similar to
conventional LIBs, requires safety considerations, because an accident involving such batteries can be
destructive (and potentially lethal) for large-scale batteries. Moreover, the required organic solvents

cannot be used at intermediate or high temperatures because of their high volatility and the low stability



of solid—electrolyte interphases (SEIs) on negative electrodes. Accordingly, large—scale and assembled
sodium secondary batteries using organic solvents must be equipped with cooling systems, similar to
LIBs, in order to be used safely.

The development of safe and high—performance electrolytes is badly needed in order to address
the drawbacks listed in the previous paragraph. We have developed several ionic liquids for sodium
secondary battery electrolytes that have high thermal stabilities, high ionic conductivities, and wide
electrochemical windows [28-31]. We have demonstrated their actual operation using
Na/Na[TFSA]-Cs[TFSA]/NaCrO, (TFSA: bis(trifluoromethylsulfonyl)amide; operating temperature: 423
K) [32], Na/Na[FSA]-K[FSA]/NaCrO, (FSA: bis(fluorosulfonyl)amide; operating temperature: 353 K)
[33], and Na/Na[FSA]-[CsCipyrr][FSA]/NaCrO, (CsCipyrr:  N-methyl-N—propylpyrrolidinium,
operating temperature: 253-353 K) [34]. We have also confirmed excellent cycle performances, rate
capabilities, and wide operating temperatures for batteries using these ionic liquids as the electrolyte
medium and a NaCrO, positive electrode. Recently, Xia et al. reported the stabilities of deintercalated
NagsCrO, (fully charged state) in nonaqueous solvents [35]. Xia reported that NaCrO, is the best active
material for the operation of sodium secondary batteries over a wide temperature range.

In previous studies, however, sodium metal was used as a negative electrode. Although
dendrite deposition of sodium metal is suppressed by operating at a temperature close to the melting point
of sodium (371 K) [34], it is difficult to completely prevent dendrite deposition, especially at lower
operating temperatures. Referring to the reports on hard carbon (HC) by Komaba et al. [36-38], we also
investigated HC negative electrodes [39] to avoid the use of sodium metal negative electrodes.
Unfortunately, when the Na[FSA]-K[FSA] ionic liquid was used, HC irreversibly reacted with K* cations
during the charge—discharge test. However, good reversibility and rate capability were obtained by using
the Na[FSA]-[CsC,pyrr][FSA] ionic liquid [39].

Much research has been conducted on sodium secondary batteries using half—cells, especially
coin-type half-cells. Some of the work using half—cells reported the results of long—term cycle life of
batteries. However, investigations on long—term cycle life should also be verified by using full cells.
Unfortunately, few studies have been conducted using “full cells.” Although full cell performance is
predictable from the results of positive and negative electrode half—cell tests, actual verification using full

cells is imperative for the practical applications of sodium secondary batteries. Ideally, the verification



should also include the scaling up of full cells, because the most expected application of such cells is in
large—size batteries. In this study, we first investigate the fundamental charge—discharge characteristics of
NaCrO, positive electrodes and HC negative electrodes using Na[FSA]-[CsC.pyrr][FSA] ionic liquids
and coin-type half—cells at 333 and 363 K. Furthermore, we examine, for the first time, the detailed full
cell performance, including the long—term cycle life of a 1.5 mAh HC/NaCrO, cell using a coin-type cell
over the temperature range of 273-363 K. Finally, we fabricate a large—sized prismatic full cell with a

capacity of 27 Ah and compare the performance with that of a coin—type cell.

2. Experimental

Na[FSA] (Mitsubishi Materials Electronic Chemicals Co., Ltd., Japan, >99.0%) and
[CsCypyrr][FSA] (Kanto Chemical Co., Inc. Japan, >99.0%) were dried under vacuum at 333 K for 24 h.
The Na[FSA]-[C3Cipyrr][FSA] ionic liquid (Na[FSA]:[CsCypyrr][FSA] = 20:80 mol%) was prepared by
mixing the salts under magnetic stirring. Inductively coupled plasma atomic emission spectroscopy
(ICP-AES) and ion chromatography analysis showed that impurities in the electrolytes, such as metallic
cations or halide anions, were less than 10 ppm. The electrochemical windows for
Na[FSA]-[CsC,pyrr][FSA] systems have been previously measured to be 5.2 V at 353 K [34]. The water
content of the electrolyte was determined to be less than 10 ppm by the Karl Fischer titration method.

The positive electrode active material, NaCrO,, was prepared using a solid phase method.
Equimolar amounts of Na,CO3; and Cr,0O5; were mixed and then baked at 1123 K for 7 h under Ar flow.
Figure 1 shows an XRD pattern of the obtained sample, confirming that the sample is NaCrO, with no
impurity. NaCrO, thus prepared was well mixed with acetylene black (Denka Black, purity >99.99%) and
PVdF (Kureha) in N-methyl-2—pyrrolidone (Kishida Chemical Co., Ltd., >99.5%) at a weight ratio of
85/10/5 using a dispersion mixer. The obtained slurry was then coated onto an aluminum foil current
collector and pressed by a roller press. The loading weight was 13.5 (mg—NaCr0O,) cm (ca. 1.7 mAh in
theoretical capacity 125 mAh (g-NaCrO,) ). The negative electrode active material, HC, was used as
purchased (CARBOTRON P, Kureha Battery Materials Japan Co., Ltd.). HC and the polyamide—imide
binder were mixed in N—-methyl-2—pyrrolidone (Kishida Chemical Co., Ltd., >99.5%) at a weight ratio of
96/4 using a dispersion mixer. The obtained slurry was coated onto a current collector and pressed by a

roller press. The loading weight was 5.2 (mg—HC) cm 2,



Charge—discharge properties of Na/NaCrO, and Na/HC half—cells, and HC/NaCrO, full cell
were measured with a 2032-type coin cell. A sodium foil (Aldrich, >99.9%) was used as the negative
electrode for Na/NaCrO, and Na/HC half-cells. A microporous membrane (NPS050, Nippon Sheet Glass
Co., Ltd., thickness: 50 um) was used as the separator. Charge—discharge tests were conducted at a
constant current rate by a computer—controlled charge—discharge unit (ABE 1024-05R1, Electrofield
Corp). Current rate and cut—off voltages are shown in Table 1. Temperature of the cell was maintained at
273-363 K by a thermostatic oven during the charge—discharge tests.

In addition to a coin-type full cell, a 27 Ah prismatic HC/NaCrO, full cell was fabricated using
a mass production process. Figure 2 shows the appearance of the fabricated 27 Ah cell. Positive
electrodes, negative electrodes, and separators were the same as those used in the coin-type cell. Positive
and negative electrode active materials were coated on both sides of the Al foil current collector. A bundle
of electrodes and separators electrically connected in parallel via lead tabs. Na[FSA]-[CsCipyrr][FSA]
electrolyte was filled into an aluminum case (external size: 113 x 150 x 38 mm) and the lid sealed by
laser welding. Charge—discharge tests of a 27 Ah HC/NaCrO, prismatic cell were conducted at a constant
current rate in a thermostatic oven conducted by a computer—controlled charge—discharge unit (ABE

1028-5V, Electrofield Corp).

3. Results and discussion
3.1. NaCrO, half—cell (coin-type cell)

A typical charge—discharge curve of a coin—type Na/NaCrO, half-cell at 363 K is shown in
Figure 3 (a). The shape of charge—discharge curve is derived from phase transition of Na; ,CrO, (x < 0.5)
during charge—discharge [6,43]. In our previous study, phase transitions of NaCrO, at 363 K were
evaluated by ex-situ XRD measurements [43]. The desodiation of NaCrO, during charging produces

following phase transition: rhombohedral O3 (x < 0.03) — monoclinic O’3 (x =0.2) — monoclinic P’3

(x > 0.34). The notations of the phase were designed by Delmas [44]. The potential plateau around 2.9 V
indicates the mixed phase of O3/0’3 or O’3/P’3, whereas the potential slope from 3.0 V to 3.3 V means
the change of interslab distance of CrO, layers in single phase. The observed reversible capacity is 110
mAh g, and the coulombic efficiency is >99.9%, which are almost the same numbers as those reported

in our previous study [34]. Figures 3 (b) and (c) show discharge curves at 363 and 333 K, respectively, at



rates of 10-600 mA (g—NaCrO,) *. The rate dependence of discharge capacity is also shown in Figure 4.
It is seen that the Na/NaCrO, cell maintains almost the same discharge capacity of 110 mAh g* at
discharge rates below 100 mA g at both 333 and 363 K. In the case of 363 K, the discharge capacity
gradually decreases with the discharge rate, but retains approximately 80 mAh g* even at 400 mA g . In
contrast, the discharge capacity markedly decreases at 333 K as the discharge rate increases over 200 mA
g . Specifically, in the discharge curves at 333 K, the voltage of the plateaus drop and its length shortens
at values higher than 200 mA g*. These results indicate that the operating temperature has a significant
effect on the discharge rate performance. These results suggest that Na* ion insertion into the CrO, layer

of NaCrQO; is decelerated at lower temperatures.

3.2. Hard carbon half—cell (coin-type cell)

A typical charge—discharge curve for a Na/HC cell at 50 mA g* at 363 K is shown in Figure 5
(a). The observed reversible capacity is ca. 270 mAh g and the coulombic efficiency is higher than 99%.
The cycle properties of the Na/HC cell have already been reported in our previous study [39]. Discharge
curves at various discharge rates of 25-1000 mA g* at 363 and 333 K are shown in Figures 5 (b) and (c),
respectively. The outline shapes of discharge curves do not change even at 750 mA g * at 333 K and 1000
mA g at 363 K. The observed positive shifts of the curves at higher discharge rates (> 250 mA g ) are
likely due to IR drops, because the value of positive shift is proportional to the increment of discharge
rate (current density).

Figure 6 shows the rate dependence of the discharge capacity at 333 and 363 K. The observed
discharge capacities at the same discharge rate are almost identical at both temperatures, indicating that
the rate of Na" extraction from HC is not largely affected by temperature under the present experimental
conditions. In summary, the HC negative electrode has excellent rate capability in the
Na[FSA]-[CsCypyrr][FSA] ionic liquid at 333 and 363 K. A comparison of Figure 4 with Figure 6 clearly
indicates that the HC negative electrode has a superior rate capability than the NaCrO, positive electrode,

in the present tests.

3.3. 1.5 mAh HC/NaCrO, full cell (coin-type cell)

Figure 7 (a) shows the charge—discharge curve for a 1.5 mAh HC/NaCrO, full cell operating in



the voltage range of 1.5-3.4 V at 0.3 mA and 363 K. The voltage plateaus observed at around 2.9 V on
both the charge and discharge curves are derived from the character of the NaCrO, positive electrode. The
monotonic voltage changes in the region of 1.5-2.7 V arise from the features of the HC negative electrode.
The average discharge voltage is ca. 2.6 V. The observed cell capacity is 1.53 mAh, which corresponds to
102 mAh (g-NaCrO,)* for the positive electrode and 252 mAh (g—HC)™ for the negative electrode.
Since the reversible capacities observed in the half—cell tests are 110 mAh (g-NaCrO,)™* and 270 mAh
(g-HC)™?, the capacity utilizing ratios are calculated as ca. 93% for the NaCrO, and HC electrodes.
Discharge curves at discharge rates of 0.3-9.0 mA (approximately 5/C-6C rate) at 363 and 333 K are
shown in Figures 7 (b) and (c), respectively. Appreciable changes are observed from 9.0 mA at 363 K and
3.0 mA at 333 K. The observed charge—discharge characteristics are consistent with the results of the
half—cells. A superior rate capability is achieved when the cell is operated at 363 K.

To check whether the HC/NaCrO, full cell works at temperatures lower than 333 K,
charge—discharge tests were conducted at 313, 298, 283, and 273 K. Figure 8 shows typical discharge
curves at 0.3 mA and 298 K, and 0.15 mA at 283 K. The discharge capacities are 1.50 mAh at 298 K and
1.35 mAh at 283 K. This result confirms that the HC/NaCrO, full cell is operable at room temperature or
even lower than room temperature with moderate discharge rates. Figure 9 shows the rate dependence of
the discharge capacity at 273-363 K. The designated capacity of 1.5 mAh is exerted at temperatures
higher than 298 K. The rate capability steadily increases as the temperature increases. The highest rate
capability is attained at 363 K.

Figure 10 shows the cycle properties of the 1.5 mAh HC/NaCrO, full cell at 1.5 mA (1C) rate
at 333 K and 363 K. Even for the fully charging and discharging tests, remarkably stable cycleability is
obtained. The capacity is maintained up to 90% of the initial capacity after 1000 cycles. There is almost
no difference in the capacity retentions between 333 K and 363 K. This stable cycleability at 363 K is an
outstanding achievement, considering that conventional LIBs employing organic solvent-based
electrolytes cannot be operated at such high temperatures. The long—term cycle stability in the
intermediate temperature range is attributed to the high thermal stability of SEI films on HC negative
electrodes as well as good thermal stability of the Na[FSA]-[CsC,pyrr][FSA] ionic liquid itself. Table 2
summarizes the coulombic and energy efficiencies for the HC/NaCrO, full cell at a rate of 0.3 mA at 298,

333, and 363 K. The obtained coulombic efficiencies are higher than 99.7% for all temperatures.



Considerably high charge—discharge energy efficiencies are achieved: 96.9% at 333 K and 97.5% at 363
K. These values are comparable with, or better, than those of conventional LIBs at ambient temperature
[40-41]. The slight decrease in the energy efficiency at 298 K (93.2%) is caused by the increase in the

internal resistance due to lower ionic conductivity.

3.4 27 Ah HC/NaCrO, full cells (large—sized prismatic cell)

Based on the results for coin—type cells, large—size prismatic cells having a designed capacity
of 27 Ah were fabricated. The weight and volume of the 27 Ah cell were 1.08 kg, and 0.644 L,
respectively.

Figure 11 shows the charge—discharge curves for the 27 Ah HC/NaCrO, full cell at 298 and 333
K. The observed discharge capacity at a rate of 2.7 Ais 27.3 Ah at 298 K, which is equal to the designed
capacity. At 333 K, almost the same charge—discharge behavior is obtained, even at the higher rate of 10
A. The calculated volumetric and gravimetric energy densities of the 27 Ah cell are ca. 125 Wh L™ and
75 Wh kg, respectively. These values are comparable with those for large—scale prismatic LIBs in the
early 2000s [42]. It should be noted that the shape of the charge—discharge curve for the 27 Ah cell is
almost identical to that of a 1.5 mAh coin-type cell. Thus, it is expected that the performance of a
large-sized full cell is well predicted by that of a coin-type cell. Actually, the calculated energy
efficiencies at a rate of 5.4 A are 93.9% at 298 K and 96.8% at 333 K. These values are almost the same
as those for coin-type cells shown in Table 2.

Figure 12 shows the rate dependence of discharge capacity for the 27 Ah full cell at 283, 298,
313, 333, and 363 K. Again, the rate capability is comparable with that for the 1.5 mAh coin—type cell. An
especially superior rate capability is obtained at 333 and 363 K. On the other hand, the performance is
unsatisfactory at 283 K, which is due to the lower conductivity of the ionic liquid. Figure 13 shows the
cycleability of the 27 Ah full cell at a rate of 10 A at 333 K. This is also the fully charging and discharging
test done in the same manner as the coin-type cell. The capacity retention after 500 cycles is 87%.
Although this value is slightly lower than that of the 1.5 mAh coin-type cell shown in Figure 10, it is the
same value as that of large—scaled prismatic LIBs used in the early 2000s [42]. Considering that the 27 Ah
cell has been produced by an industrial process similar to that for conventional LIBs, it is safe to say that

a large-sized HC/Na[FSA]-[CsCypyrr][FSA]/NaCrO, cell can show further improvements in energy



density, power density (rate capability), energy efficiency, and cycleability with improved manufacturing
technology.

As described in this section, HC/Na[FSA]-[C:Cipyrr][FSA]/NaCrO, cells exhibit high
performance and long cycle life over a wide temperature range including a high temperature of 363 K.
Thus, these cells are best expected to be used in new fields where conventional LIBs cannot be used. For
example, near heated devices such as engines in hybrid electric vehicles (HEVSs), or fuel cells in fuel cell
vehicles (FCVs). This is highly beneficial even for electric vehicles (EVs). The temperature controlling
system for the EV battery becomes much simpler, and the closest packing of cells can be realized because
the upper—limit temperature of the battery is improved by 40-50 K compared with that in conventional
LIBs. In addition, these cells can be used in mid-to—large—sized power storage devices that are operated

under hot environments (for example, the tropical and desert regions).

4. Conclusions

Sodium ion batteries consisting of an HC negative electrode, a NaCrO, positive electrode, and
a Na[FSAJ-[CsCipyrr][FSA] ionic liquid have been systematically investigated using coin—type
half-cells, coin-type full cells, and large-sized full cells at 273-363 K. First, fundamental
charge—discharge characteristics of NaCrO, and HC electrodes were presented using coin—type half—cells
at 333 and 363 K. Second, a coin-type 1.5 mAh HC/NaCrO, full cell was successfully fabricated, giving
a specific capacity of 102 mAh (g—NaCrO,)™* and 252 mAh (g—HC)* at an operation voltage range of
1.5-3.35 V. Charge—discharge energy efficiencies were as high as 96.9% at 333 K, and 97.5% at 363 K.
The cell also exhibited a wide operational temperature range of 283-363 K, and excellent cycle
performance of 90% capacity retention after 1000 cycles at 363 K. Finally, a 27 Ah HC/NaCrO, full cell
was constructed using a mass production process. The calculated volumetric and gravimetric energy
densities were 125 Wh L™ and 75 Wh kg™, respectively. The energy efficiencies were 93.9% at 298 K,
and 96.8% at 333 K, as high as those of the coin—type 1.5 mAh full cell. The 27 Ah full cell also showed a
wide operational temperature range and a long cycle life of 87% capacity retention after 500 cycles. The
performance of the 27 Ah cell was comparable with that of the 1.5 mAh coin-type cell, demonstrating for
the first time the successful fabrication of a large-scale sodium-ion battery using a

Na[FSA]-[CsCypyrr][FSA] ionic liquid.
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Tables

Table 1  Charge and discharge conditions for Na/NaCrO,, Na/HC, and HC/NaCrO, cells.

Cell Charge rate Discharge rate Cut-off voltages
Na/NaCrO, 20 mA (g-NaCrO,)™* 20-600 mA (g-NaCr0,)* 2.5and 35V
Na/HC 25 mA (g-HC)™* 25-1000 mA (g-HC)™ 0.005and 1.2 V
HC/NaCrO,  20-100 mA (g—NaCrO,)™ 10-600 mA (g—NaCrO,) ™ 1.5and 3.35V

16



Table2  Coulombic and energy efficiencies for a 1.5 mAh HC/Na[FSA]-[CsCypyrr][FSA]/NaCrO,

full cell. Operating temperatures: 298, 333, and 363 K. Charge—discharge rate: 0.3 mA.

Operating temperature Coulombic efficiency Energy efficiency
363K 99.85% 97.5%
333K 99.84% 96.9%
298 K 99.78% 93.2%
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Figure captions

Figure 1 XRD pattern of obtained NaCrO, powder.

Figure 2 Appearance of a 27 Ah HC/Na[FSA]-[CsC,pyrr][FSA]/NaCrO, prismatic cell.
External size: 113x150x38 mm. Weight: 1.08 kg.

Figure 3 (a) A charge—discharge curve for a Na/Na[FSA]-[CsCipyrr][FSA]/NaCrO, cell at
363 K. Charge—discharge rate: 20 mA (g-NaCrO,) . (b) Discharge curves at 363 K and (c) discharge
curves at 333 K. Charge rate: 20 mA (g—NaCrO,)*. Discharge rate: 10-600 mA (g—NaCrO,)*. Cut—off
voltages: 2.5V and 3.5 V.

Figure 4 Rate dependence of discharge capacity for a Na/Na[FSA]-[CsC,pyrr][FSA]/NaCrO,
cell. Charge rate: 20 mA (g—NaCrO,) ™, discharge rate: 10-600 mA (g—NaCrO,) . Operation temperature:
333 and 363 K.

Figure 5 (a) A charge—discharge curve for a Na/Na[FSA]-[CsC,pyrr][FSA]/HC cell at 363 K.
Charge—discharge rate: 50 mA (g—HC) ™. (b) Discharge curves at 363 K and (c) discharge curves at 333 K.
Charge rate: 50 mA (g—HC)™. Discharge rate: 25-1000 mA (g—HC) ™. Cut-off voltages: 0.005 V and 1.2
V.

Figure 6 Rate dependence of discharge capacity for a Na/Na[FSA]-[CsCypyrr][FSA]/HC cell.
Charge rate: 50 mA (g—HC)?, discharge rate: 25-1000 mA (g—HC) . Operation temperature: 363 and
333 K.

Figure 7 () A charge—discharge curve for a 1.5 mAh HC/Na[FSA]-[CsC,pyrr][FSA]/NaCrO,
full cell at 363 K. Charge—discharge rate: 0.3 mA. (b) Discharge curves at 363 K, and (c) discharge curves
at 333 K. Charge rate: 0.3 mA. Discharge rate: 0.3-9.0 mA. Cut-off voltages: 1.5V and 3.4 V.

Figure 8 Discharge curves for a 1.5 mAh HC/Na[FSA]-[CsC.pyrr][FSA]/NaCrO, full cell at
298 and 283 K. Charge condition: 0.3 mA CC-CV (to 0.075 mA) at 298 K. Discharge rate: 0.3 mA (298
K) and 0.15 mA (283 K). Cut-off voltages: 1.5 V and 3.35 V.

Figure 9 Rate  dependence of the discharge capacity for a 15 mAh
HC/Na[FSA]-[CsC1pyrr][FSA]/NaCrO, full cell. Charge condition: 0.3 mA CC (313-363 K) and 0.3 mA
CC-CV (to 0.075 mA) at 298 K (273-298 K). Discharge rate: 0.15-9.0 mA. Operation temperature:
273-363 K.
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Figure 10 Cycle property for a HC/Na[FSA]-[CsCipyrr][FSA]/NaCrO, full cell.
Charge—discharge rate: 1.5 mA. Operation temperature: 363 K and 333 K. Cut-off voltages: 1.5 V and
3.35V.

Figure 11 Charge—discharge curves for a 27 Ah HC/Na[FSA]-[CsC,pyrr][FSA]/NaCrO, full
cell at 298 and 333 K. Charge—discharge rate: 2.7 A (298 K) and 10 A (333 K). Cut-off voltages: 1.5 V
and 3.35 V.

Figure 12 Rate dependence of discharge capacity for a 27 Ah
HC/Na[FSA]-[CsC1pyrr][FSA]/NaCrO, full cell. Charge rate: 2.7 A (283-293 K) and 5.4 A (313-363 K),

discharge rate: 2.7-81 A. Operation temperature: 283-363 K.

Figure 13 Cycle property for a 27 Ah HC/Na[FSA]-[CsCipyrr][FSA]/NaCrO, full cell.
Charge—discharge rate: 10 A. Operation temperature: 333 K. Cut-off voltages: 1.5 V and 3.35 V.
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