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ABSTRACT

The anode properties of Nb-doped rutile a&ectrodes were investigated in an ionic liquid
electrolyte comprised oN-methylN-propylpyrrolidinium cation and bis(fluorosulfonginide
anion for use in a safe Na-ion battery. Although eékectrolyte’s conductivity was lower than that
of a conventional organic electrolyte at®0 it showed high conductivity comparable to thiat o
the organic electrolyte at 6C. The Nb-doped Ti©electrode showed excellent cyclability in the
ionic liquid electrolyte at 60C: a high capacity retention of 97% was observezheat the 350th
cycle, which is comparable to value in the orgatéctrolyte (91%). In a non-flammability test in
a closed system, no ignition was observed withdhe liquid electrolyte even at 30C. These
results indicate that combination of a Nb-dopedzla@ode and ionic liquid electrolyte gives not
only an excellent cyclability but also high saféty a Na-ion battery operating at a temperature

below the sodium’s melting point of 98.
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Introduction

Na-ion batteries (NIBs) are the most promisiagdidates for the near-term replacement of Li-
ion batteries (LIBs) in stationary storage systeberause sodium resources are nearly
inexhaustible, available at much lower cost thahidm resources, and well-distributed
geographically [1,2]. Unlike batteries in portatdiectronic devices, stationary storage devices
require a long-term cycle stability and a high safather than a high energy density. For large-

scale stationary battery, a soditsulfur battery [3] has been shown to offer the adixges of a

low cost and a long charge—discharge cycle lifeweleer, this battery requires a high operating
temperature above 30 to achieve a sufficient ionic conductivity fos isolid electrolyte
consisting of Na-conductie-alumina. At such a high temperature, molten sodameh sulfur are

highly corrosive. Thus, although a soditsulfur battery has great advantages with respdotito

cost, high capacity, and environmental friendlindgsstill presents a safety issue. Therefore, for
the development of a home storage battery, reseiartiave been interested in NIBs that operate
below sodium’s melting point of &, and have investigated various materials for fheiential

applications in the anode, cathode, and electr¢y&.

The electrolyte strongly affects many of thefpenance characteristics of batteries. Compared
to conventional organic electrolytes comprisedasbonate solvents, ionic liquid electrolytes have
many interesting properties such as a wider elelstmical potential window, a better thermal
stability, a non-volatility, and consequent nonslaability. If we wish to use ionic liquids as
electrolytes in batteries, we should evaluate mdy ¢the electrolytes themselves but also cell
performance when these electrolytes are used inbication with electrodes consisting of

different materials. However, only a few studiewvéha@xamined the combination of cathode



materials and ionic liquid electrolytes for useaifNa-ion battery [7,10-13]. In contrast, our group
has reported that the use of some ionic liquid tedgdes with cations of pyrrolidinium or
piperidinium can improve the anode properties mdy dor LIB electrodes based on Si [14-18],
but also for NIB electrodes consisting of P [19f &@n—P [20]. On possible explanation for this
result is that a uniform surface layer is formed thie electrodes because of their high
electrochemical stability, and lithiation and sdaidia occur over entire surface of the electrodes to

suppress electrode disintegration [8].

We have recently found that rutile-type %i® a potential anode material for use in NIBs [21]
Due to its low cost, high abundance, and readylahidity, it is expected that Ti©could be useful
as an anode material in NIBs. We previously reveeétat niobium (Nb)-doping in rutile T
increased its electronic conductivity 1000-fold angproved NIB anode performance [21].
However, we investigated this performance only coaventional organic solvent. With respect
to battery safety, its performance in an ionic ilijelectrolyte would be very interesting. In this
study, we studied the anode performance of a rtiie electrode in a pyrrolidinium-based ionic
liquid electrolyte. We also focused on a methodefaluating the electrolyte’s flammability, since
this has never been standardized even though #ieaton conditions are extremely important.
We strongly believe that the flammability test skiolle standardized as soon as possible for the
early application of NIBs. Thus, we evaluated thexiolyte’s flammability by a new method

which has been standardized and is much more dgedhan conventional methods.

Experimental



As an active material powder, Nb-doped rutil®:zl{Tio.oaNbo.odO2) particles were synthesized
by a typical sol-gel method. For the evaluatiolNtB anode properties, Nb-doped TGi@hick-
film electrodes were prepared by a gas-deposiin) (method that did not include any binder or
conductive material [22,23]. The conditions fonaematerial synthesis and electrode preparation

were described in our previous paper [21].

2032-type coin cells were assembled using adfied TiQ electrode as the working electrode,
a Na foil counter electrode, an electrolyte, agthas fiber separator. As an ionic liquid electte)y
we used 1 M sodium bis(fluorosulfonyl)amide (NaFSKjtsubishi Materials Electronic
Chemicals Co., Ltd.) dissolved iN-methyl-N-propylpyrrolidinium-bis(fluorosulfonyl)amide
(Py13-FSA, Kishida Chemical Co., Ltd.). For compari, we studied 1 M NaFSA dissolved in
propylene carbonate (PC;4is03, Kishida Chemical Co., Ltd.) as a conventional amig
electrolyte. Galvanostatic charge—discharge test® \werformed under a current density of 50

mA g1 (0.15C) in a potential range between 0.005 and 3.000.\WW&§Na at 30°C and 6C°C.

The electric conductivity of the electrolytessnaeasured at a temperature range frofC2o
80°C by an electrochemical impedance instrument (Cattat, Ivium Technologies) through a
two-electrode-type cell equipped with two platinuefectrodes. To demonstrate the non-
flammability of the ionic liquid electrolyte, we nducted a fire-resistance test by using a closed-
cup flash point tester (Setaflash Series: 33008t@nhope-Seta Ltd.). In a previous study, we
confirmed the non-flammability of an ionic liquideetrolyte by using this test for the first time
[19]. The results of this test are very reprodueibhd the test itself has been standardized
according to Japanese Industrial Standards (JI6B2, which corresponds to International
Organization for Standardization (ISO) 3679:2064 the “Rapid equilibrium closed cup method”.

The test procedures were explained in the prepapgr [19].



Results and Discussion

Figure 1 shows the results of electric conditgtimeasurements for electrolytes consisting of
NaFSA/Py13-FSA and NaFSA/PC. At 3C, the NaFSA/Pyl3-FSA electrolyte showed a
conductivity of 4.95 mS cm, which is lower than that for the NaFSA/PC eldgte® (8.55 mS
cmY). At 60°C, NaFSA/Py13-FSA showed an increase in condugtigii1.9 mS cnrt, which is
close to the value obtained for NaFSA/PC (13.6 mS'c In general, ionic liquid electrolytes
show much lower conductivity than organic electredy due to their stronger electrostatic
interaction between cations and anions. In thiglystwe confirmed that NaFSA/Py13-FSA
electrolyte exhibited conductivity comparable toatthof an organic electrolyte when the

temperature was increased to aroun8&G0remperatures close to 8D are beneficial for practical
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Figure 1. Temperature-dependence of electric conductivity
for electrolytes consisting of NaFSA/Py13-FSA and
NaFSA/PC at a concentration of 1.0 M.




application because they can be easily achievekbgust heat from homes, office buildings, and

factories without any additional heating apparatus.

Figure 2 presents the charge—discharge praffldb-doped TiQ electrodes at 38 and 60°C
in the different electrolytes. In the initial char(sodiation) profiles at 3T, long potential slopes
appeared below 1.0 V vs. Nbla for the electrolytes of NaFSA/Py13-FSA and NaAPL,
resulting in large irreversible capacities in thrgtfcycle. This would reflect cathodic electrolyte
decomposition and the formation of a solid—elegtminterface layer [24]. After the second cycle,
gentle potential slopes were repeatedly observed-@t7 V and 0.7-1.5 V in the charge and
discharge (delithiation) profiles, respectively.eBk slopes originate from the Na-insertion and
Na-extraction of rutile Ti@ [21]. With a rise in temperature from 3Q to 60°C, the initial

reversible capacities of 110 and 120 mA hfgr Py13-FSA and PC increased to 180 and 200 mA
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Figure 2. Charge—discharge curves of Nb-doped TiO, electrodes

in the electrolytes under 50 mA g=' (0.15C) at 30 °C and 60 °C.



h g, respectively. Their high-rate performances (85#) indicates that Na-ion diffusion in the
electrolyte is one of the rate-determining stephénelectrode reaction. The enhanced conductivity

of the electrolyte at the higher temperature probeizreased the charge—discharge capacities.

Figure 3 represents cycling performance of tleeteodes. In the cycling tests at 30, the
discharge capacities gradually increased duringnihial 20 cycles in each electrolyte. Coulombic
efficiencies progressively increased and reach@dadlét the 20th cycle (Fig. S2), suggesting that
the electrolyte decomposition reaction disturbedghdiation/desodiation of Nb-doped Tintil
the 20th cycle. In NaFSA/Py13-FSA at 80, the electrode exhibited a remarkably improved
performance with a capacity retention of 97% euéer 850 cycles. This cycling performance is

nearly equivalent to that observed for NaFSA/PGGHC, for which the capacity retention was
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Figure 3. Cycling performances of Nb-doped TiO, electrodes in
electrolytes consisting of NaFSA/PC and NaFSA/Py13-FSA at

temperatures of 30 °C and 60 °C.



91% at the 350th cycle. Note that the much safectedlyte based on an ionic liquid showed
performance comparable to that of a conventionghmic electrolyte below sodium’s melting

point of 98°C.

The most attractive advantage of an ionic ligelgttrolyte is its non-flammability, which arises
from the strong electrostatic interaction betwele@ tation and anion and the resulting non-
volatility. Many researchers have extensively eatdd non-flammability by direct contact with a
pilot flame [25-31]. This test is simple and obsdrle. However, these flammability tests were
performed under unstandardized conditions: thedestlitions can differ dramatically such as
with respect to amount of ionic liquid, the flaneenperature, the distance between the ionic liquid
and the flame, the duration of flame contact. Thiuss impossible to compare these results. In
addition, as a critical point, all of these flamntiptests were performed in an open system [25-
31]. The gas concentration of a thermally decomghaseic liquid does not easily reach its
combustion limit in an open system, which leadarounderestimation of its non-flammability.
Thus, we newly introduced a closed-system flamntgbilest [19] and an international
standardized condition. Figure 4 displayed theltesf the closed-cup flash point test for the
electrolytes used here. The NaFSA/PC organic elgtérshowed an explosive combustion at 150
°C, which is close to the flash point of PC (283. No ignition was observed for the NaFSA/Py13-
FSA ionic liquid electrolyte even at 30Q (see video in Supporting Information), which clga

demonstrates its non-flammability. Our test campbdormed in a closed system similar to the



conditions for practical battery. Based on theah8 1SO standards, the test gives a correct flash

point and reliable reproducibility.

(a) Organic electrolyte
(NaFSA/PC)

(b) lonic liquid electrolyte
(NaFSA/Py13-FSA)

No ignition even at 300 °C

Figure 4. Results of closed-cup flash point test for the electrolytes. The tests
were performed based on the standards of JIS K2265-2 and ISO 3679:2004.

Conclusions

The electrochemical properties of a Nb-doped: Eilectrode and NaFSA/Py13-FSA ionic liquid
were investigated for use as an anode and eletenolya highly safe Na-ion battery. Conductivity
measurements at 3C revealed that the value for NaFSA/Py13-FSA (4% cm?) was lower
than that for NaFSA/PC (8.55 mS ¢n With an increase in temperature to°6)the conductivity

of ionic liquid electrolyte increased to 11.9 mS-¢nwhich is close to the value observed for
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NaFSA/PC (13.6 mS ci. The potential performance of a Nb-doped TXi@node was
successfully exerted with an increase in tempegdtom 30°C to 60°C. A significantly improved
cyclability and high capacity retention of 97% ke t350th cycle were achieved with the ionic
liquid electrolyte at 60C, which are comparable to the performance andtiete(91%) observed
for the organic electrolyte. We revealed for thestfitime that electrode performance can be
improved at an elevated temperature for a comtwnaif a Nb-doped Ti®anode and an ionic
liquid electrolyte. In addition, we introduced @std-system flammability test and international
standardized conditions, in contrast to the coneaat open-system tests. These results should

contribute to the development of a safe Na-iondpgthased on an ionic liquid electrolyte.
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