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The  physicochemical  properties  of  an  intermediate-temperature  ionic  liquid  (ITIL),  NaFSA-KFSA
(xNaFSA = 0.56,  xKFSA =  0.44,  and  FSA  =  bis(fluorosulfonyl)amide),  were  investigated  to test  the  potential
of  the  ITIL  as an  electrolyte  for  sodium  secondary  batteries  operating  at intermediate  temperatures
(333–393  K).  The  viscosity,  ionic  conductivity,  and density  of  this  ITIL, measured  at  363  K,  were  435  cP,
3.3 mS  cm−1,  and  2.14  g  cm−3, respectively.  Cyclic  voltammetry  revealed  that  the  electrochemical  win-
dow  is  as  wide  as  5.2 V  at  363  K, and  that  reversible  electrochemical  deposition/dissolution  of  sodium
ntermediate temperature
onic liquid
is(fluorosulfonyl)amide
aCrO2

metal  occurs  at  the  cathode  limit  potential.  A Na/NaFSA-KFSA/NaCrO2 cell was  constructed  and  its
charge–discharge  properties  investigated  at 353  K.  The  discharge  capacity  at the  1st  cycle  was  77.3  mA
h (g-NaCrO2)−1 at 15 mA  (g-NaCrO2)−1.  Except  for the  initial  few  cycles,  the  coulombic  efficiencies  were
higher  than  99.9%  for  100  cycles,  and  89% of  the initial  discharge  capacity  was  maintained  after  100  cycles.
Considering  its  non-volatility,  non-flammability,  and  low  cost,  this  inorganic  ITIL  is  highly  promising  as
a new  class  of electrolyte  for  sodium  secondary  batteries.
. Introduction

In order to introduce renewable energy technologies, such as
hotovoltaics and wind power generators, the development of

nexpensive and efficient power storage devices is essential. One
pproach for this is the scale-up of lithium ion batteries [1,2]. How-
ver, in order to realize the widespread use of large-scale batteries
hroughout the world, it is clear that current lithium ion batteries
ave several crucial problems. One problem is the use of rare met-
ls such as cobalt as materials for the positive electrode. Even if
his problem has been resolved through the introduction of iron-
ased materials, retaining a stable and low-priced supply of lithium

tself may  be difficult in the future. Another problem is the use of
olatile, flammable, and expensive organic electrolytes, which is

 significant disadvantage in realizing safe and inexpensive bat-
eries. In addition, the thermal instability of current lithium ion
atteries, which results from the use of organic electrolytes, hinders

he realization of large-scale batteries possessing high energy and
ower density because the cells cannot be packed close together.

∗ Corresponding authors. Tel.: +81 75 753 5822; fax: +81 75 753 5906.
E-mail addresses: nohira@energy.kyoto-u.ac.jp (T. Nohira),

agiwara@energy.kyoto-u.ac.jp (R. Hagiwara).
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© 2012 Elsevier B.V. All rights reserved.

This in turn means that temperature elevation cannot be utilized
to enhance the reaction and mass transfer.

To overcome the inherent problems of lithium ion batteries,
sodium secondary batteries are attracting much attention as one
form of post-lithium ion battery [3–10]. Historically, Na/S batter-
ies [11,12] and Na/NiCl2 batteries [13,14] have been studied for
almost 30 years. They have already been partly applied in practice.
In both batteries, �′′-alumina (Na2O·xAl2O3, 5 ≤ x ≤ 7) is used as a
solid electrolyte, with operating temperatures as high as approx-
imately 573 K in order to ensure sufficient ionic conductivity of
sodium ion. Therefore, heaters and heat insulators are required to
maintain the operating temperature, which leads to an increase in
size and weight of the batteries. Moreover, consumption of energy
by the heaters reduces the energy density of the total battery
system. There is also the danger of a serious accident occurring
through an electrical short circuit if the mechanically fragile �′′-
alumina breaks during the operation because in this temperature
region sodium is in the liquid state and highly reactive. Thus, it is
important to develop sodium secondary batteries that do not use
�′′-alumina and that can operate at lower temperatures. However,
most of the reported sodium secondary batteries operating at room

temperature have been constructed using organic electrolytes such
as NaClO4/propylene carbonate [3–9]. Since these are volatile and
flammable, these batteries encounter the same problems as do cur-
rent lithium ion batteries in scaling up. Thus, the development

dx.doi.org/10.1016/j.jpowsour.2012.02.058
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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f new batteries with improved safety and better performance is
trongly required.

Ionic liquids have been studied as safe electrolytes for lithium
on batteries because they generally provide negligibly low
olatility, nonflammability, and high thermal and electrochemi-
al stability. More particularly, intense interest has been shown
owards room-temperature ionic liquids (RTILs) over the past
ecade. However, low ionic conductivity, high viscosity and, in
ome cases, high cost has perhaps prevented RTILs from being
f practical use. It is our claim that there are many advantages
o the use of molten salts (or ionic liquids in original definition
15,16]) at intermediate temperatures (e.g., 373–473 K) [17]. Their
dvantages are remarkable when they are used as electrolytes
or large-scale lithium [18] and sodium [19,20] secondary bat-
eries, including improved ionic conductivity, decreased viscosity,
nhanced reaction rate, the possibility of new electrode active
aterials, a simplified cooling system, and the efficient use of gen-

rated heat.
We first focused on salts consisting of alkali metal cations

nd the bis(trifluoromethylsulfonyl)amide (TFSA) anion, MTFSAs
M = Li, Na, K, Rb, or Cs), and reported that they have melting
oints in the range of 400–540 K. These melting points are signifi-
antly lowered by mixing two or three of these salts in prescribed
ompositions [21,22].  Such mixed salts of MTFSA possess wide elec-
rochemical windows of approximately 5 V [23]. We  have reported
hat the LiTFSA-KTFSA-CsTFSA system shows promise as an elec-
rolyte for lithium metal secondary batteries, and that a Li/LiFePO4
ell exhibits good cycle performance at 423 K [18]. Recently, we
lso reported that a Na/NaTFSA-CsTFSA/NaCrO2 cell shows promise
s a sodium secondary battery that can operate at around 423 K
19]. Furthermore, in order to develop salts with lower melting
oints, we investigated MFSA ionic liquids that consist of alkali
etal cations and bis(fluorosulfonyl)amide (FSA) anion, and found

hat binary and ternary MFSAs (M = Li, Na, K, Rb, or Cs) mixtures pos-
ess lower melting points than those of the single constituent salts
24–27]. Table 1 shows the eutectic compositions and temperatures
f binary MFSA salt mixtures [26]. Although the melting points of
ingle MFSA salts are relatively high (typically above 370 K), it is
ossible to lower the melting points to around 330 K through mix-

ng. We  pointed out that the NaFSA-KFSA system is expected to
perate as an electrolyte for a sodium secondary battery at 353 K
24]. It should be noted that both NaFSA and KFSA are completely
norganic compounds and as such are expected to be synthesized

ith a reasonably low cost because they do not contain expen-
ive organic cations. Furthermore, FSA anions can be synthesized
ithout using the expensive electrofluorination process.

In the present study, we measured the viscosity, ionic conduc-
ivity, and density of a NaFSA-KFSA eutectic melt (xNaFSA = 0.56 and

KFSA = 0.44) at 333–398 K since these are the fundamental elec-
rolyte properties for use in a sodium secondary battery. The rela-
ionship between viscosity and molar conductivity was discussed

able 1
he eutectic temperatures and compositions of binary MFSA (M = Li, Na, K, Rb, Cs)
ystems [26].

System xMFSA Tm (K)

LiFSA-NaFSA E: xLiFSA = 0.40, xNaFSA = 0.60 349
LiFSA-KFSA E: xLiFSA = 0.41, xKFSA = 0.59 341
LiFSA-RbFSA E:  xLiFSA = 0.38, xRbFSA = 0.62 337
LiFSA-CsFSA E: xLiFSA = 0.47, xCsFSA = 0.53 335
NaFSA-KFSA E: xNaFSA = 0.56, xKFSA = 0.44 334
NaFSA-RbFSA E: xNaFSA = 0.50, xRbFSA = 0.50 328
NaFSA-CsFSA E: xNaFSA = 0.47, xCsFSA = 0.53 325
KFSA-RbFSA E:  xKFSA = 0.31, xRbFSA = 0.69 354
KFSA-CsFSA E: xKFSA = 0.54, xCsFSA = 0.46 336
RbFSA-CsFSA E: xRbFSA = 0.65, xCsFSA = 0.35 360
er Sources 209 (2012) 52– 56 53

from the Walden plot. The electrochemical window of the melt was
investigated to reveal its accessible potential range. The stability
of aluminum, which is used as a current collector of the positive
electrode, was also studied. Finally, a Na/NaFSA-KFSA/NaCrO2 cell
was constructed and its charge–discharge properties investigated
at 353 K. Here in, NaCrO2 was selected as a positive electrode active
material because it had previously been reported to exhibit good
cycle performance at both room [7] and high temperature [19].

2. Experimental

NaFSA and KFSA (Mitsubishi Materials Electronic Chemicals,
purity >99.0%) were purchased and dried under vacuum at 330 K
for 24 h. Then, they were mixed into a eutectic composition
(xNaFSA = 0.56 and xKFSA = 0.44). Density was measured using the
Archimedes method by measuring the weight change of a volume-
known nickel ball immersed in the melt. Viscosity was measured
by a viscometer (Brookfield Engineering Laboratories, DV-II+ PRO).
Ionic conductivity was measured by electrochemical impedance
spectroscopy using a calibrated cell with two platinum plate elec-
trodes and a potentiostat/galvanostat/frequency response analyzer
(Ivium Technologies, IviumStat). The cell constant was  determined
with a standard KCl aqueous solution. The density, viscosity, and
ionic conductivity were measured from 333 K to 398 K at intervals
of 5 K.

Electrochemical measurements were performed with a three-
electrode system constructed in a Pyrex® beaker cell in an
argon-filled glove box. The electrochemical window of the eutectic
NaFSA-KFSA melt was measured by cyclic voltammetry. A copper
plate disk (6 mm in diameter and 0.1 mm in thickness) and a glassy
carbon disk (3 mm in diameter) were used as working electrodes
to investigate the cathode and anode limits, respectively. Sodium
foils were used for counter and reference electrodes. The scan rate
for the cyclic voltammetry was  10 mV  s−1. Galvanostatic electroly-
sis was performed to obtain the deposit for the identification of the
reactions at the cathode limit. The deposited substance was ana-
lyzed by means of differential scanning calorimetry (DSC) and X-ray
diffraction (XRD) analysis. The stability of aluminum was inves-
tigated by cyclic voltammetry and potentiostatic electrolysis. An
aluminum plate (15 mm in diameter and 0.1 mm in thickness) was
used as a working electrode.

The charge–discharge property of the Na/NaFSA-KFSA/NaCrO2
cell was  measured by a two-electrode cell. The positive electrode
active material, NaCrO2, was prepared by a solid phase method.
Equimolar Na2CO3 and Cr2O3 were mixed and then reacted at
1123 K for 5 h under Ar flow. The NaCrO2 thus prepared was well
mixed with acetylene black (Wako Pure Chemical Industries, purity
>99.99%) and PTFE (Sigma–Aldrich) at a weight ratio of 85/10/5
using a mortar and pestle. The resultant mixture was then pressed
onto an aluminum mesh current collector at 300 MPa. Sodium foil
was used as a negative electrode. A glass fiber filter paper (200 �m
in thickness) was used as a separator. Charge–discharge tests were
conducted at a constant current rate of 15–150 mA (g-NaCrO2)−1.
All measurements were conducted in an argon glove box with a gas-
refining instrument. The cell temperature, 353 K, was controlled by
a heater with a temperature controller.

3. Results and discussion

3.1. Physicochemical properties of the eutectic NaFSA-KFSA melt
at 333–398 K
Fig. 1 shows an Arrhenius plot of viscosity for the eutectic
NaFSA-KFSA melt. The viscosity was  435 cP at 363 K. Dis-
tinct upward trends in the curvatures are observed at lower
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Fig. 1. Arrhenius plot of viscosity for a NaFSA-KFSA eutectic melt.

emperatures. In such a case, the following Vogel–Tamman–
ulcher (VTF) equation [28] is frequently applied:

(T) = A�

√
Texp

(
B�

T − T0�

)
, (1)

here A�, B�, and T0� are constants that are determined empirically.
0� is called the “ideal glass transition temperature.” The viscosity
f the NaFSA-KFSA melt fitted well (R2 > 0.999) to the VTF equation
ith A� = 3.87 × 10−3 cP K−1/2, B� = 1111 K, and T0� = 235 K.

Fig. 2 shows an Arrhenius plot of ionic conductivity for the
utectic NaFSA-KFSA melt. The conductivity was  measured as
.3 mS  cm−1 at 363 K. Slightly downward curvatures are observed
t lower temperatures. Similarly to the case of viscosity, such tem-
erature dependence is described by the following VTF equation
29]:

(T) = A�√
T

exp
(

− B�

T − T0�

)
, (2)

here A� , B� , and T0� are constants that are determined
mpirically. The ionic conductivity of the NaFSA-KFSA
elt fitted well (R2 > 0.999) to this VTF equation, with

� = 1.02 × 105 mS  cm−1 K−1/2, B� = 887 K, and T0� = 243 K.
The relationship between ionic conductivity and molar conduc-

ivity is given by the following equation:

 = �
M

d
, (3)
here � is the molar conductivity, d is the density, and M is the
verage molecular weight of the melt. Fig. 3 shows the temperature
ependence of the density for the eutectic NaFSA-KFSA melt. The
ensity was measured as 2.14 g cm−3 at 363 K. The density linearly
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Fig. 2. Arrhenius plot of conductivity for a NaFSA-KFSA eutectic melt.
T / K

Fig. 3. Temperature dependence of density for a NaFSA-KFSA eutectic melt.

decreased with an increase in temperature, as expressed by the
following equation:

d (g cm−3) = 2.43 − 8.08 × 10−4 T (4)

Fig. 4 shows plots of the logarithmic molar conductivity against the
logarithmic reciprocal viscosity for the eutectic NaFSA-KFSA melt. If
the viscosity and conductivity of the electrolyte obey Walden’s rule,
the product of the molar conductivity and viscosity is a constant
[30]:

�� = const (5)

The interpretation of this equation is that the ionic conductivity
of the liquid is governed by the viscosity. Although all of the plots
(see Fig. 4) show a straight line, their gradients are slightly lower
than unity. This tendency is called “decoupling” the behavior of
ionic conductivity from that of viscosity [31,32]. Thus, in the case
of a NaFSA-KFSA melt, the relationship between molar conductivity
and viscosity should be described by the fractional Walden rule that
is presented by the following equation [33]:

��˛ = const, (6)

where  ̨ is a positive constant smaller than one and inversely pro-
portional to the logarithm of the decoupling index, which indicates
the level of decoupling [34]. For the NaFSA-KFSA melt,  ̨ was  cal-
culated to be 0.924, thus indicative of decoupling. The straight line,
KCl aqueous solution at 298 K, is called the “ideal” Walden line,
as plotted as a dashed line in Fig. 4. The plot for the NaFSA-KFSA
melt falls above the dashed line, thus indicating a “super ionic
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discharge capacity was maintained after 100 cycles. Except for the
initial few cycles, the coulombic efficiency was higher than 99.9%.
These results indicate that the electrolyte and electrode materials
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Fig. 6. Cyclic voltammograms of an Al plate electrode in NaFSA-KFSA eutectic melt
at  363 K. Scan rate: 10 mV s−1. Cycle number: 1, 2, and 5.
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Fig. 5. Cyclic voltammograms of (a) a Cu plate electrode and (b) a glassy c

iquid area” where the ionic conductivity exhibits a higher value
han that expected from the viscosity.

.2. Electrochemical properties of the eutectic NaFSA-KFSA melt

Fig. 5 shows cyclic voltammograms of (a) copper and (b) a glassy
arbon electrode in the NaFSA-KFSA melt at 363 K. A pair of cathodic
nd anodic currents is observed at 0 V vs. Na/Na+ on a copper elec-
rode. These cathodic and anodic currents are interpreted as the
eposition of sodium metal and its dissolution, respectively. Gal-
anostatic electrolysis was performed at −10 mA  cm−2 in order to
dentify the reaction at the cathode limit. As a result, deposits with
artial metallic luster were obtained. When the deposits were ana-

yzed by DSC, endothermic peaks were observed at the melting
oint of sodium metal, 371 K, as well as the melting point of the
utectic salt, 330 K. Hence, it was confirmed that only sodium metal
as deposited at the cathode limit of NaFSA-KFSA. An anodic cur-

ent was observed from around 5.2 V vs. Na/Na+ on a glassy carbon
lectrode. This anodic current corresponds to the oxidation of FSA
nion, though more studies are required to elucidate the detail of
his reaction. The electrochemical window of NaFSA-KFSA melt is
etermined as 5.2 V at 363 K, with the limiting potentials defined
s the potential at a current density of 0.1 mA cm−2. Such a wide
lectrochemical window is highly desirable as an electrolyte for a
attery because high voltage (i.e., high energy density) batteries
an be constructed.

.3. Charge–discharge tests of a Na/NaFSA-KFSA/NaCrO2 cell

Before the charge–discharge experiments, the stability of alu-
inum, which was used as a current collector of the cathode, was

hecked by two methods. First, cyclic voltammetry was  conducted
or an aluminum plate electrode in the potential range of 1.0–5.0 V.
ig. 6 shows the measured voltammograms for the 1st, 2nd, and
th cycles. The currents become smaller as the cycles proceed and
re negligibly small in the potential range of 1.0–4.0 V, i.e., where
he successive charge–discharge tests were conducted. The surface
f the Al plate was partially discolored after the experiments. Sec-
nd, the current on an aluminum plate electrode was measured
uring potentiostatic electrolysis at 4.5 V vs. Na/Na+. As shown in
ig. 7, the current is negligibly small, below 0.1 �A cm−2. Similar
lectrochemical stability of aluminum to that observed in LiTFSA-
TFSA-CsTFSA at 423 K [18] is explained by the formation of a

assivation film on the aluminum surface. The passivation film is
ost probably formed by the reaction of Al3+ and FSA−.
Fig. 8 shows charge–discharge curves for the 1st, 20th, and

00th cycle for a Na/NaFSA-KFSA/NaCrO2 cell at the rate of
E / V vs. Na/Na+

 rod electrode in NaFSA-KFSA eutectic melt at 363 K. Scan rate: 10 mV s−1.

15 mA (g-NaCrO2)−1 at 353 K. The high and low cut-off volt-
ages were 2.5 V and 3.5 V, respectively. Flat potential plateaus are
repeatedly observed at approximately 3.0 V in both charge and
discharge curves. The specific discharge capacity reached 77.3 mA
h (g-NaCrO2)−1. Fig. 9 shows the cycling properties during the
charge–discharge tests for 100 cycles. After the 50th cycle, the dis-
charge capacity became almost constant and about 89% of the initial
86420

t / h

Fig. 7. A chronoamperogram of an Al plate electrode in NaFSA-KFSA eutectic melt
at  363 K. Potential: 4.5 V vs. Na/Na+.
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Fig. 8. Charge–discharge curves for a Na/NaFSA-KFSA/NaCrO2 cell at 353 K.
Charge–discharge rate: 15 mA  g−1. Cut-off voltage: 2.5–3.5 V. Cycle number: 1, 20,
and  100.
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ig. 10. Charge–discharge curves for a Na/NaFSA-KFSA/NaCrO2 cell at 353 K.
harge–discharge rate: 150, 75, 37.5, 15 mA g−1. Cut-off voltage: 2.5–3.5 V.

re stable at 353 K. Fig. 10 shows the charge–discharge curves at
he rate of 15, 37.5, 75, and 150 mA  (g-NaCrO2)−1. The shape of the
urve did not change, even at the higher rates. This result indicates
hat no side reaction occurred during the cycles. It is concluded
hat the Na/NaFSA-KFSA/NaCrO2 cell is highly promising as a new
echargeable sodium secondary battery operating at intermediate
emperatures.

. Conclusions
Densities, viscosities, ionic conductivities, and electrochemi-
al windows have been measured for the eutectic NaFSA-KFSA
elt. The viscosities and ionic conductivities are well described by

[

[
[

er Sources 209 (2012) 52– 56

VTF equations. The logarithmic molar conductivity is proportional
to the logarithmic reciprocal viscosity and obeys the fractional
Walden rule. The binary eutectic NaFSA-KFSA melt possesses a
wide electrochemical window of ca. 5.2 V at 363 K. Aluminum is
stable as the current collector material for the positive electrode,
even at the high-potential region for this melt. A Na/NaFSA-
KFSA/NaCrO2 cell showed excellent cycle performance at 353 K,
whereby 89% of the initial discharge capacity was maintained
after 100 cycles with coulombic efficiencies of almost 100% at a
charge–discharge rate of 15 mA (g-NaCrO2)−1. It is concluded that
the binary eutectic NaFSA-KFSA melt is a promising electrolyte for a
sodium secondary battery operating at intermediate temperatures,
and that NaCrO2 is a good candidate as a positive electrode active
material.
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