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HIGHLIGHTS

e Na[FSA]-[C3Cpyrr][FSA] ionic liquids were studied for sodium secondary batteries.

o The effects of Na ion concentration and operation temperature were evaluated.

e The Na ion concentration strongly affects the rate capability.

e The best rate capability at 363 K is obtained at 40 mol% Na[FSA].

e At temperatures below 273 K, the optimum Na ion concentration is 25 mol% Na[FSA].
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ABSTRACT

As electrolytes for sodium secondary batteries operating over a wide temperature range, Na[FSA]-
[C3Cypyrr][FSA] (FSA = bis(fluorosulfonyl)amide, C3Cipyrr = N-methyl-N-propylpyrrolidinium) ionic
liquids have been investigated. The effects of Na ion concentration (0—60 mol% Na[FSA]) and operation
temperature (253—363 K) on the viscosity and ionic conductivity and charge—discharge performance of
Na/Na[FSA]-[C3Cipyrr][FSA]/NaCrO; cells are studied. Results show that Na ion concentration strongly
affects the rate capability of the cells, and that the best rate capability at 363 K is obtained at 40 mol% Na
[ESA]. The operation temperature also significantly influences the charge—discharge performance,
especially at low temperatures. At operation temperatures below 273 K, 25 mol% Na[FSA] is found to be
the optimum Na ion concentration. There exist different optimum ranges of Na ion concentration
depending on the operation temperatures.

Ionic conductivity
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© 2014 Elsevier B.V. All rights reserved.

1. Introduction

As large-scale energy storage devices, sodium secondary bat-
teries have been attracting much attention because of the low cost
and abundant resources of sodium [1—6]. Na/S [7,8] and Na/NiCl,
[9,10] batteries have been researched and partially commercialized.
However, these commercialized sodium secondary batteries can
only be operated at high temperatures (523—573 K) because solid
B”-alumina electrolyte exhibits high ionic conductivity only at high
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temperatures. The high operation temperatures also result in an
increase in the size, weight, and cost of the batteries. In the last few
years, room temperature sodium secondary batteries have been
intensively researched [1,2,11—16]. However, the reported room
temperature sodium secondary batteries usually employ organic
electrolytes such as NaClO4/propylene carbonate (PC), which are
disadvantageous for the construction of large-scale safe batteries,
owing to their volatility and flammability. Moreover, the operation
temperatures for such sodium secondary batteries are limited to a
narrow temperature range around room temperature.

For application in electric vehicles (EVs) and hybrid electric
vehicles (HEVs), secondary batteries are required to have high en-
ergy density, high safety, and a wide operation temperature range.
Concerning the safety and operation temperature range, the
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technological bottleneck limiting the maxima lies in the electrolyte
itself. Conventional organic electrolytes intrinsically do not meet
the requirements of safety and wide operation temperature range.
Thus, the key is to develop a new electrolyte that can be operated
safely in a wide temperature range.

Ionic liquids, which consist entirely of cations and anions,
generally provide negligibly low volatility, nonflammability, and
high thermal and electrochemical stability [17—19]. Consequently,
they have been studied and used as safe electrolytes in many
electrochemical fields. For example, the ionic liquids Na[TFSA]-Cs
[TESA] (TFSA = bis(trifluoromethylsulfonyl)amide) [20] and Na
[FSA]-K[FSA] (FSA = bis(fluorosulfonyl)amide) [21] have been
investigated as electrolytes for sodium secondary batteries oper-
ating at intermediate temperatures. Na/Na[TFSA]-Cs[TFSA]/NaCrO,
[20] and Na/Na[FSA]-K[FSA]/NaCrO; cells [21] exhibited a stable
charge—discharge behavior at 423 and 353 K, respectively. How-
ever, these sodium secondary batteries can be operated only at
intermediate temperatures because the melting points of these
ionic liquids are higher than room temperature.

In view of this background, we focused on the ionic liquid
[C3CqpyrT][FSA] (C3Cipyrr = N-methyl-N-propylpyrrolidinium),
which has been reported to possess a low melting point (264 K),
high conductivity (6.4 mS cm~! at 298 K), and high thermal sta-
bility (up to 398 K) [22]. We have revealed that the ionic liquid Na
[FSA]-[C3Cipyrr][FSA] has high ionic conductivity and a wide
electrochemical window, and thus, it is a promising electrolyte for
sodium secondary batteries [23,24]. A Na/Na[FSA]-[C3C;pyrr][FSA]/
NaCrO; cell with 20 mol% Na[FSA] was successfully operated at 298
and 363 K [23]. However, other concentrations of Na[FSA] and other
operation temperatures have not been investigated. When the
concentration of Na[FSA] is optimized, higher performance and
wider operation temperature range are expected for the cell. Here,
we report the effects of Na ion concentration (0—60 mol% Na[FSA])
and operation temperature (253—363 K) on the viscosity, ionic
conductivity and charge—discharge performance of Na/Na[FSA]-
[C3Cqpyrr][FSA]/NaCrO; cells. We also discuss the optimum Na ion
concentration depending on the operation temperature.

2. Experimental

Na[FSA] (>99.0%, Mitsubishi Materials Electronic Chemicals,
Japan) and [C3Cipyrr][FSA] (>99.9%, Kanto Chemical Co., Japan)
were purchased and dried under vacuum at 333 K for 24 h. Na[FSA]-
[C3CypyrT][FSA] ionic liquids with Na ion concentration of
10—60 mol% Na[FSA] were prepared by mixing Na[FSA] and
[C3Cqpyrr][FSA] in an argon-filled glove box. The viscosities at
different temperatures of the Na[FSA]-[C3C;pyrr][FSA] ionic liquids
were measured by a viscometer (Brookfield Engineering Labora-
tories, DV-II + PRO). The ionic conductivities at different temper-
atures of the Na[FSA]-[C3Cypyrr][FSA] ionic liquids were measured
by an AC impedance method using a calibrated cell with two
platinum plate electrodes. The cell constant was determined using
standard KCI aqueous solution.

NaCrO; powder was synthesized by mixing NaCO3 and Cr;03
and baking the mixture at 1123 K for 5 h under Ar flow. A composite
positive electrode film consisting of 80 mass% NaCrO;, 15 mass%
acetylene black, and 5 mass¥% polytetrafluoroethylene was prepared
and pressed onto an aluminum mesh current collector. A glass fiber
filter (Whatman, GF-A, 260 mm) was used as a separator and
metallic sodium was used as the negative electrode. Positive elec-
trodes and separators were vacuum-impregnated with the Na
[FSA]-[C3Cqpyrr][FSA] ionic liquids at 333 K before assembling the
cells. R2032-type coin cells, denoted as Na/Na[FSA]-[C3Cipyrr]
[FSA]/NaCrO, cells, were assembled in the argon-filled glove box.
Charge—discharge tests for the Na/Na[FSA]-[C3Cipyrr][FSA]/

NaCrO, cells with different Na ion concentration were conducted at
constant current rates of 20—2000 mA g~! in the voltage range of
2.5-3.5V at 253—363 K.

3. Results and discussion

Viscosities of the Na|FSA]-[C3Cipyrr][FSA] ionic liquids with
0—60 mol% Na[FSA] at different temperatures are shown in Fig. 1a.
The viscosity increases with increase in the Na ion concentration.
Similar phenomenon has also been observed for the Na[FSA]-
[C2C1im][FSA] (CyCiim: 1-ethyl-3-methylimidazolium) [25], Na
[TFSA]-[C,C1im][TFSA] [26], and  Na[TFSA]-[C4Cipyrr][TFSA]
(C4Cypyrr: N-butyl-N-methylpyrrolidinium) [27] ionic liquid sys-
tems. The increase in viscosity is probably attributed to the strong
interaction between Na™ cation and FSA™ anion, forming ion pairs/
clusters [26,28]. Nevertheless, the viscosity of the Na[FSA]-
[C3Cypyrr][FSA] ionic liquid decreases as the temperature rises. In
the case of 40 mol% Na[FSA], the viscosity significantly decreases
from 1180 mPa s at 278 K to 30.4 mPa s at 353 K.

Fig. 1b shows the dependence of ionic conductivity on the Na
[FSA] concentration at different temperatures. As expected from
the results of viscosity, the ionic conductivity decreases when the
Na ion concentration increases. However, the ionic conductivity can
be largely improved by the elevation of temperature. For instance,
the ionic conductivity of an IL containing 40 mol% Na[FSA] is as low
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Fig. 1. Dependences of (a) viscosity and (b) ionic conductivity on the Na[FSA] con-
centration of Na[FSA]-[C5C;pyrr][FSA] ionic liquid at different temperatures.
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as 0.04 mS cm ™! at 258 K. It increases, however, to 13 mS cm ™! at
368 K. For an IL containing 20 mol% Na[FSA], which corresponds to
approximately 1 mol dm~>3 Na[FSA], the ionic conductivity is
3.6 mS cm~! at 298 K. This value is slightly lower than that of
conventional NaClO4/PC electrolyte at 1 mol dm~> at 298 K
(5—6 mS cm~1) [29]. However, the conductivity of 20 mol% Na[FSA]
system can be elevated to as high as 21 mS cm™~! at 368 K, at which
the conventional organic electrolytes cannot be used.

Fig. 2a shows the discharge curves at current rates of
50—2000 mA (g-NaCrO,)~! for a Na/Na[FSA]-[C3Cipyrr][FSA]/
NaCrO, cell with 40 mol% Na[FSA] at 363 K. Here, the current rate
for charge and discharge processes is the same. When the theo-
retical capacity of NaCrO; is defined as 125 mAh (g-NaCrO,)™!
(0.5 < x < 1in NayCr0O,), 50 and 2000 mA (g-NaCrO,)~! correspond
to 0.4C and 16C in the C-rate, respectively. The discharge capacities
and coulombic efficiency for different current rates are shown in
Fig. 2b. The shape of the charge—discharge curves at 50 mA (g-
NaCr0O,)! is the same for those reported previously [30,31]. The
composition-driven structural changes observed during the charge
or desodiation process occur in the following sequence: rhombo-
hedral 03, monoclinic 0’3, and monoclinic P’3 structures [30,31].
The discharge capacity decreases gradually with increase in the
charge—discharge rate. At 500 mA (g-NaCrO,)~!, the discharge
capacity is 96 mAh (g-NaCrO,)~! and about 90% of the capacity at
50 mA (g-NaCrO;)~! is maintained. The discharge capacity de-
creases to 76 mAh (g-NaCrO,)~! at a high rate of 2000 mA (g-
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Fig. 2. Rate capability of a Na/Na[FSA]-[C3Cqpyrr][FSA]/NaCrO, cell with 40 mol% Na

[FSA] at 363 K: (a) discharge curves and (b) discharge capacities and coulombic effi-
ciency. Charge—discharge rates: 50—2000 mA g~. Cut-off voltages: 2.5-3.5 V.

NaCr0O,)~!, but it still corresponds to about 71% of the capacity at
50 mA (g-NaCr0,)~. For all charge—discharge rates, except for the
initial cycle, the coulombic efficiencies are higher than 99.5%. The
cell also shows good cycle performance at each rate. These results
demonstrate that the cell with 40 mol% Na[FSA] exhibits good rate
capability and cyclability at 363 K.

We have reported the rate capability of the Na/Na[FSA]-
[C3CqpyrT][FSA]/NaCrO, cell with 20 mol% Na[FSA] in a previous
study [23]. It is expected that the cells would show different rate
capabilities when the Na ion concentration in the ionic liquids is
varied. Fig. 3 compares the rate capabilities of Na/Na[FSA]-
[C3CipyrT][FSA]/NaCrO; cells with 20, 30, 40, 50, and 60 mol% Na
[FSA] at 363 K. At charge—discharge rates lower than 500 mA (g-
NaCr0,)~!, the effect of Na ion concentration on the discharge ca-
pacity is very small. On the contrary, the Na ion concentration
considerably affects the discharge capacity at charge—discharge
rates higher than 500 mA (g-NaCrO;)~!. At the highest char-
ge—discharge rate of 2000 mA (g-NaCrO,)~!, the discharge capacity
increases with an increase in the Na ion concentration from 20 to
40 mol% Na|FSA]. When the Na ion concentration reaches 40 mol%
Na[FSA], the cell shows the highest discharge capacity of 76 mAh
(g-NaCr0O;)~. Then, the discharge capacity decreases with an in-
crease in the Na ion concentration. This is because higher Na ion
concentration leads to increased Na ion conductivity, but excess Na
ion concentration also increases the viscosity of the ionic liquid,
resulting in the decrease of Na ion conductivity. Thus, it is
concluded that 40 mol% Na[FSA] is the optimum concentration for
Na/Na[FSA]-[C3Cipyrr][FSA]/NaCrO; cell, which shows the best rate
capability at 363 K.

To investigate the effect of operation temperature on the
charge—discharge  performance, Na/Na[FSA]-[C5Cipyrr|[FSA]/
NaCrO; cells with different Na ion concentrations (10, 15, 20, 25,
and 30 mol% Na[FSA]) were tested from 363 K down to 253 K. As a
typical result, Fig. 4a shows the charge—discharge curves of a cell
with 25 mol% Na[FSA] at 253—363 K at current rate of 20 mA (g-
NaCr0O,)~ . The discrepancy of the plateau potentials between the
charge and discharge curves is increased when the operation
temperature is lowered. As a natural consequence, the discharge
capacity is reduced when the temperature is decreased. It should
be noted, however, that both the discrepancy of the plateau po-
tentials and the decrease in capacity are scarcely observed at
298 K.
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Fig. 3. Comparison of rate capability for Na/Na[FSA]-[C5Cpyrr][FSA]/NaCrO, cells with
20—60 mol% Na[FSA] at 363 K. Charge—discharge rates: 50—2000 mA g~'. Cut-off
voltages: 2.5-3.5 V.
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Fig. 4. Charge and discharge performance of a Na/Na[FSA]-[C5C;pyrr][FSA]/NaCrO; cell
with 25 mol% Na[FSA] at 253—363 K: (a) charge—discharge curves and (b) discharge
capacities and coulombic efficiency. Charge—discharge rate: 20 mA g~ . Cut-off volt-
ages: 2.5-3.5 V.

Fig. 4b shows the discharge capacities and coulombic efficiency
of the cell with 25 mol% Na[FSA] at 253—363 K at a current rate of
20 mA (g-NaCrO,)~ 1. At 363 K, the discharge capacity is 123 mAh
(g-NaCr0O,)~!, which is very close to the theoretical capacity of
125 mAh (g-NaCrO,)~ L. When the temperature is lowered from
363 Kto 298 K, the discharge capacity decreases slightly to 117 mAh
(g-NaCr0O,)~. For comparison, it was reported that a capacity of
104 mAh (g-NaCrO,)~! was obtained at 298 K at a current rate of
5.0 mA (g-NaCrO,)~!, where 1 M NaClO4/PC was used as an elec-
trolyte [30]. Compared with the conventional organic electrolytes,
the present ionic liquid electrolyte shows larger discharge capacity
at 298—363 K, and is promising for the applications to EVs and
HEVs. When the temperature becomes lower than 298 K, the
discharge capacity further decreases. Nevertheless, a capacity of
106 mAh (g-NaCrO,)~, corresponding to about 86% of the initial
discharge capacity at 363 K, is still maintained at 273 K. At lower
temperatures, 263 and 253 K, the cell delivers average discharge
capacities of approximately 85 and 25 mAh (g-NaCrO,)~, respec-
tively. The lower capacity at low temperatures is attributed to the
high internal resistance of cell, which arises from reduced ionic
conductivity of electrolyte, lowered diffusivity of sodium ion in
solid NayCrO,, and increased charge-transfer resistance at elec-
trode/electrolyte interfaces [32]. It should be noted, however, that
the discharge capacity is almost fully recovered to the initial value
when the temperature is raised to 363 K again. The coulombic ef-
ficiency is close to 100% except for the initial cycle at each

temperature and for all cycles at 253 K. As a result, the Na/Na[FSA]-
[C3Cypyrr][FSA]/NaCrO; cell can be operable in a wide temperature
range of 263—363 K. At a very low temperature, 253 K, the cell can
discharge with a small capacity, which means that it is possible to
start heating the battery by itself.

The Na/Na[FSA]-[C3Cypyrr][FSA]/NaCrO, cells with different Na
ion concentrations show similar charge—discharge behaviors at
low discharge rates of 20—50 mA (g-NaCrO,)~! at 298—363 K. At
lower temperatures of 253—273 K, however, the discharge capac-
ities are different for cells with different Na ion concentrations.
Fig. 5 compares the discharge capacities of the cells with 10, 15, 20,
25, and 30 mol% Na[FSA] at 253—363 K. As previously mentioned,
the discharge capacities at 298—363 K are almost unaffected by the
Na ion concentration. At temperatures below 273 K, the discharge
capacity increases gradually with an increase in the Na ion con-
centration. At temperatures of 253, 263, and 273 K, the cell exhibits
the highest discharge capacities at 25 mol% Na[FSA]. At 30 mol% Na
[FSA], the discharge capacity decreases again, which is attributed to
the opposing effect on ionic conduction caused by the increase of
viscosity of the electrolyte. It is concluded that the cell with 25 mol
% Na[FSA] exhibits the best electrochemical performance below
room temperature.

4. Conclusion

We have investigated the use of Na[FSA]-[C3Cipyrr][FSA] ionic
liquids as electrolytes for sodium secondary batteries operating
over a wide temperature range of 253—363 K. The viscosity in-
creases and the ionic conductivity decreases when the Na ion
concentration in IL increases. By the elevation of temperature,
however, ionic conductivities much higher than that of conven-
tional organic electrolyte at room temperature can be achieved. Na
ion concentration in the ionic liquids strongly affects the rate
capability of a Na/Na[FSA]-[C3Cipyrr][FSA]/NaCrO; cell. The best
rate capability at 363 K is obtained at 40 mol% Na[FSA]. The oper-
ation temperature also significantly influences the char-
ge—discharge performance, especially at low temperatures, and the
discharge capacity decreases gradually with decrease in the oper-
ation temperature. At operation temperatures below 273 K, 25 mol
% Na[FSA] is found to be the optimum Na ion concentration. It is
concluded that there exist different optimum ranges of Na ion
concentration depending on the operation temperatures.
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