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Abstract

We have previously disclosed that the ionic-liquid electrolyte sodium
bis(fluorosulfonyl)amide (NaFSA)/1-methyl-1-propylpyrrolidinium  bis(fluorosulfonyl)amide
(Py13-FSA) can significantly improve the cycling stability of SnsP3; negative electrodes for Na-
ion batteries (NIBs). However, the strong electrostatic interaction between Na" and FSA™ in the
electrolyte leads to high viscosity and low conductivity. In this study, we have tried to improve
the conductivity of the electrolyte and enhance the rate capability of the Sn4P3 electrode by
introducing an ether group in the side-chain of the ionic liquid cation to reduce said electrostatic
interaction. Ether-substituted ionic liquid 1-methoxymethyl-1-methylpyrrolidinium (PyMOM)-
FSA showed higher conductivity than Py13-FSA and the Sn4P3 electrode exhibited a higher rate
capability. The differential capacity vs. potential plots suggest that the reaction between Na* and
Sn or P is promoted in the ether-substituted ionic liquid electrolyte. These results demonstrate
that introduction of an ether moiety is an effective approach to improve the rate capability of the

Sny4P3 electrode in NIBs.



1. Introduction

Na-ion batteries (NIBs) have attracted much attention as large-scale stationary batteries as
Na resources are ubiquitous in seawater and earth’s crust.[1] As a negative-electrode material for
NIBs, hard carbon is a promising active material, which can store Na" in its nanopores and
interlayer space.[1] A hard carbon negative electrode has been reported to exhibit a reversible
capacity of ca. 350 mA h g'.[2] On the other hand, Na-ion capacitors (NICs) are also
prospective energy-storage devices, negative electrodes for NIBs can be applied their negative
electrodes.[3] Wang et al. revealed that mesoporous Nb,Os/carbon nanofiber composite negative
electrode for NICs showed excellent rate capability with 171.4 mA h g ! even at current density
of 30,000 mA g '[4]. Nevertheless, active materials for negative electrode with higher capacity
have been desired to further increase the energy density of NIBs and NICs. Thus, many
researchers have intensively explored metal- and alloy-based active materials: Sn,[5] P,[6] and
Sb,[7] have been reported to name a few. In this context, we have reported for the first time
SiO[8] and SnO[9] as active materials for NIBs. Among them, P has the highest theoretical
capacity of 2600 mA h g! (NasP), although it exhibits poor cycling stability due to its large
volumetric change of 490% during the sodiation—desodiation reaction.[10] To improve the poor
cyclability of P electrodes, composite materials have been proposed. For example, Shimizu ef al.
developed Ni-coated P particles via an electroless deposition method. A Ni-coated P electrode
exhibited a capacity of 780 mA h g(P)! even after 60 cycles.[11] On the other hand, we have
developed a variety of phosphides (Sn—P,[12-14] Ge-P, Si—P, Cu-P, In-P, La-P[15]) and
investigated their sodiation—desodiation properties. As a result, the SnsP3 electrode was found to
exhibit the best cycling performance with a high capacity of 750 mA h g! that was maintained

over 200 cycles.[13]



The electrolyte is one of the most important components determining the cycle life and
safety of batteries. The safety requirements increase with the energy density of the batteries.
Thus, non-flammable ionic liquids are a promising alternative to conventional organic
electrolytes.[16] Li et al. applied an ionic liquid electrolyte of sodium bis(fluorosulfonyl)amide
(NaFSA)/1-methyl-1-propylpyrrolidinium  bis(fluorosulfonyl)amide  (Pyl13-FSA) to a
Sb,Ss/graphene electrode, and reported a reversible capacity of ca. 600 mA h g!' over 100
cycles.[17] They showed also non-flammability of the electrolyte by testing with an electric
Bunsen burner.[17] We have also firstly demonstrated that this ionic liquid electrolyte is
effective to enhance the safety of NIBs by using a closed-system fire-resistance evaluation.[6,18]
Moreover, the SnyP3 electrode was found to exhibit superior performance in NaFSA/Py13-FSA

than in a conventional carbonate-based electrolyte.[12,13]

In general, since Na' is coordinated by solvent molecules in the electrolyte, it inserts in the
negative-electrode material via a desolvation process during charging. The charge density of Na*
is smaller than that of Li", resulting in an easier desolvation process for Na'". Nonetheless, the
strong electrostatic interaction of Na” with FSA™ in the ionic liquid electrolyte hinders the Na*
transport, not only at the electrode—electrolyte interface but also in the electrolyte bulk. In the
case of Li-ion batteries (LIBs), we have demonstrated that the capacity of Si-based electrodes is
significantly promoted by introducing an ether group, e.g., methoxyethoxymethyl (MEM), in the
side-chain of the ionic liquid cation.[19] The local negative charge of the oxygen atom in the
ether group weakens the interaction between the Li" and bis(trifluoromethanesulfonyl)amide
(TFSA) ions, enabling smooth Li* transport at the electrode—electrolyte interface. Therefore, we
envisioned that the introduction of an ether group in the cation side-chain would enhance the

electrochemical performance in NIBs as well. However, MEM is a relatively long chain, which



results in higher viscosity and lower conductivity.[20] In this study, we tried to achieve smooth
Na® transport at the electrode—electrolyte interface, as well as in the electrolyte bulk, by
introducing an oxygen atom in the Py13 cation with a shorter side-chain compared to that of the

1-((2-methoxyethoxy)methyl)-1-methylpyrrolidinium (PylMEM) cation.

2. Experimental

Figure 1 shows the cation and anion structures of the ionic liquids used in this study. Two
ionic liquids were synthesized by a previously reported organic method:[21] 1-methoxymethyl-
1-methylpyrrolidinium bis(fluorosulfonyl)amide (PyIMOM-FSA) and 1-((2-
methoxyethoxy)methyl)-1-methylpyrrolidinium  bis(fluorosulfonyl)amide  (PylIMEM-FSA).
Py13-FSA was purchased from Kanto Chemical Co., Inc., and used without further purification.
We confirmed the water content of the ionic liquids to be <50 ppm on a Karl Fischer moisture
titrator (Labconco Corporation, FZ-Compact). lonic liquid electrolytes were prepared by
dissolving NaFSA in each ionic liquid with a concentration of 1 mol dm= (M). The conductivity
was evaluated by electrochemical impedance measurements (CompactStat, Ivium Technologies)
using a cell equipped with two Pt electrodes under Ar atmosphere at temperatures ranging from

298 to 333 K.
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Figure 1 Chemical structure of (a) 1-methyl-1-propylpyrrolidinium (Pyl3), (b) 1-
methoxymethyl-1-propylpyrrolidinium (PylMOM), (c) 1-((2-methoxyethoxy)methyl)-1-
propylpyrrolidinium (Py1MEM), and (d) bis(fluorosulfonyl)amide (FSA).

The Sn4P3 active material powder was synthesized by mechanical alloying (MA) using tin
powder (99.99%, Rare Metallic) and red phosphorus powder (99.8%, FUJIFILM Wako Pure
Chemical Corporation) as the raw materials. The detailed conditions have been described
elsewhere.[13] Sn4P3 powder (70 wt%) was mixed with acetylene black (15 wt%),
carboxymethyl cellulose (10 wt%), and styrene-butadiene rubber (5 wt%). The resulting slurry
was uniformly coated on an Al foil with 20 um thickness. Then, the electrode was punched with
holes of ¢=1.0 cm. The mass loading and thickness of the active material layer were
approximately 1.2 mg cm? and 10 um, respectively. We assembled a 2032-type coin cell
consisting of a Sn4P3 working electrode, glass fiber separator, and Na foil counter-electrode.
Charge—discharge tests were performed using an electrochemical measurement system (HJ-1001
SD8, Hokuto Denko Co., Ltd.) in the potential range between 0.005 and 2.000 V vs. Na'/Na at
303 K under current densities from 50 to 10000 mA g ! (corresponding to 0.04-8.83C), since the
theoretical capacity of SnsP3 is 1133 mA h g !. The interactions between Na” and FSA™ in the
ionic liquid electrolytes were analyzed on a Raman microscopy system (NanofinderFLEX,

Tokyo Instruments, Inc.) using the 532 nm line of a Nd:YAG laser through a 50-power objective



lens at ca. 298 K. To avoid the effect of the moisture in air, we placed the electrolyte solution

into a quartz cell and tightly sealed it under Ar atmosphere.

3. Results and Discussion

Figure 2 shows the temperature dependence of the conductivity of the different ionic liquid
electrolytes. The conductivities of NaFSA/Pyl13-FSA, NaFSA/PylMEM-FSA, and
NaFSA/PyIMOM-FSA at 303 K were 5.66, 3.95, and 7.11 mS cm!, respectively.
NaFSA/PylMOM-FSA exhibited higher conductivity than NaFSA/Py13-FSA. This is attributed
to the electron donation from the methoxy group to the PylMOM cation center to counter the
positive charge.[22] Consequently, the electrostatic interaction between PylMOM™ and FSA™ is
weakened and the conductivity increases. Although PylMEM-FSA bears a MEM group with
electron-donation ability, its conductivity was the lowest of all the ionic liquid electrolytes tested.
This is attributed to the long side-chain of the cation.[20] Therefore, both the short side-chain
and electron-withdrawing group contribute to the improved conductivity of PylMOM-FSA.
Activation energies of 1 M NaFSA/Pyl13-FSA, PylMOM-FSA, and PylMEM-FSA were 22.6,
19.9, and 23.7 kJ mol ™!, respectively. Thus, the conductivity of 1 M NaFSA/PylMOM-FSA has
lower temperature dependence compared to that of the other electrolytes, which should be

advantageous for operation at low temperature.
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Figure 2 Temperature dependence of the conductivity of the pyrrolidinium-based ionic-
liquid electrolyte solutions.

Higher conductivity of the electrolyte should lead to higher rate capability; thus, the
Py1MOM-based electrolyte should be able to improve the rate capability of SnsP; electrodes. We
performed rate-capability tests for a SnsP3; negative electrode in these ionic liquid electrolytes
(Figure 3). Discharge capacities of 660 and 240 mA h g!' were obtained in the Pyl3-based
electrolyte at current densities of 50 and 1000 mA g™!, respectively. Although the conductivity of
the PylMEM-based electrolyte was the lowest, the electrode exhibited higher rate capability than
in the Pyl13-based electrolyte: capacities of 850 and 290 mA h g ! were measured at current

densities of 50 and 1000 mA g, respectively. In the PylMOM-based electrolyte, the electrode



showed the best rate capability, maintaining a discharge capacity of 360 mA h g~! even at 1000
mA g!, thus surpassing the capacity of hard carbon negative electrodes. By decreasing the
current rate to 50 mA g! in the S1st cycle, the capacities were largely recovered in all the
electrolytes. Thus, the capacity fading at high current densities might not be caused by electrode
disintegration. As expected, the PylMOM-based ionic liquid electrolyte enhanced the rate
capability of the SnsP; electrode at current densities up to 2000 mA g~'. However, no differences
in the performance were observed at current densities over 2000 mA g!. We have previously
confirmed that the SnsP3 electrode exhibits a reversible capacity of ca. 250 mA h g'! even at
3000 mA g! in the Pyl3-based electrolyte at 333 and 363 K.[14] Thus, the low capacities at
high current densities over 2000 mA g ' must be caused by slow Na* diffusion in the SnsP;
active material layer. The PylMEM-based electrolyte was also found to enhance the
performance of the electrode compared to the Py13-based electrolyte. It was thus concluded that
not only high conductivity is required to improve the rate capability. To clarify the factors
enhancing the rate capability, we focused on the charge—discharge behavior of the Sns4P;3

electrode in the different electrolytes.
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Figure 3 Rate capability of the Sn4P3 electrode in 1 M NaFSA dissolved in PyIMOM-FSA,
PylIMEM-FSA, and Py13-FSA.

Qian ef al. and Kim et al. have reported that SnsP; phase separation occurs at the first
cycle to form elemental Sn and P, and that Sn and P individually react with Na” in subsequent
cycles.[23,24] We have also confirmed the following reaction mechanism by transmission
electron microscopy analysis:[13]

At the first charge (sodiation):

Sn4P3 + 24Na* + 24¢” — NajsSns + 3NazP (1)

Subsequent cycles:

P +3Na* + 3¢ 2 3NasP )
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4Sn + 15Na’ + 15¢” 2 Na;sSns 3)

Figure 4a, c, and e shows the charge—discharge curves of the SnsP3 electrodes in the
PyIMOM-, PylMEM-, and Pyl3-based ionic liquid electrolytes, respectively. In all the
electrolytes, potential plateaus are observed at 0.1 V vs. Na'/Na on the charge curve and at 0.2 V
vs. Na’/Na on the discharge curve at current densities equal to or below 100 mA g!. These
plateaus are ascribed to sodiation—desodiation reactions of Sn. However, they almost disappear at
>200 mA g ' regardless of the electrolyte. This indicates that the slow kinetics of the sodiation
reaction for Sn prevents its full sodiation.[25] In contrast, clear charge—discharge potential
plateaus are observed at around 0.6 V vs. Na'/Na corresponding to the reaction of P with Na at
current densities up to 500 mA g'. The reactions of SnsP; were further evaluated from the
differential capacity vs. potential (dQ/dV) profiles (Figure 4b, d, and f). During charging, the
peaks at 0.58, 0.16, and 0.005 V vs. Na'/Na are attributed to the phase transformation reactions P
— NasPi1, NasPii — NasP, and Na,Sn — NajsSn4, respectively.[26-28] While a clear peak is
not observed, the reaction Sn — Na,Sn should occur at around 0.08 V vs. Na'/Na. During
discharging (desodiation), four peaks are observed at 0.19, 0.4, 0.62, and 0.9 V vs. Na"/Na,
which are assigned to the reverse reactions, as shown in Figure S1. At low current densities of
<100 mA g!, the peak intensity at 0.005 V vs. Na*/Na increases following the order: PylMOM
> PylMEM > Pyl13. In addition, a peak is observed with the Pyl MEM-based electrolyte even at
a current density of 200 mA g ' (Figure S2). Although it is not distinctly observed in the
Py1MOM-based electrolyte, we have confirmed the peak attributed to the reverse reaction at 0.2
V vs. Na"/Na. Thus, the Na;sSns4 phase is formed up to 200 mA g! in the PylIMOM- and
PylMEM-based electrolytes. In regard to the reaction of P with Na', the peak at 0.62 V vs.

Na'/Na (Na3P — NasPi1) during discharging in the PylMOM- and PylMEM-based electrolytes
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is larger than that for the Py13-based one (Figure S3). These results suggest that the sodiation—
desodiation reactions of Sn and P are promoted upon introduction of an ether group to the cation
side-chain. After the 51th cycle (50 mA g'), the capacities were almost same regardless of the
electrolytes as shown in Figure 3. However, profiles of charge-discharge and dQ/dV in

PyIMOM-FSA were different: the peak at 0.62 V vs. Na'/Na (NasP — NasP;;) was larger than

that in the other electrolytes (Figure S4). A larger contribution of sodiation/desodiation reaction
of P rather than Sn enables faster charge-discharge because of the slow kinetics of the sodiation
reaction for Sn. We consider this promotion of reaction acts an important role for improve the

rate performance.
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Figure 4 (a, ¢, ¢) Charge—discharge profiles and (b, d, f) dQ/dV curves for the Sn4P3 electrode in 1
M NaFSA-dissolved ionic liquid electrolytes of (a, b) PyIMOM-FSA, (c, d) PylMEM-FSA, and
(e, ) Py13-FSA under current densities ranging from 50 to 1000 mA g ! at 303 K.
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We have previously revealed that the electrochemical performance of a Si negative
electrode for LIBs can be significantly improved by introducing an ether (MEM) group on the
side-chain of the cation in ionic liquids.[19,29] This occurs because the MEM group reduces the
electrostatic interactions between Li" and TFSA™, thus promoting Li" transport at the electrode—
electrolyte interface. In terms of NIBs, we assumed that the introduction of an ether group would
also reduce the interaction between Na" and FSA™, contributing to a higher rate capability. To
analyze the solvation number of FSA™ per Na" cation, we prepared ionic liquid electrolytes with
various concentrations of NaFSA, and performed Raman spectroscopy measurements. Figure S5
shows the Raman spectra of the ionic liquid electrolytes. The Raman band at ~728 cm! is
attributed to the stretching vibration v5(S—N) of FSA™.[30] The band indicates the presence of
FSA™ not interacting with Na* (free FSA"). An additional shoulder is observed at ~745 cm™! with
the increasing molar fraction of Na (Figure S6). Carstens et al. have reported that such a new
band at ~743 cm™! corresponds to the interaction between Na" and FSA~ (Na*-FSA").[30] The
solvation number was determined from said Raman band in the wavenumber range of 650—-800

cm . All Raman bands were deconvoluted into two components, those of free FSA™ and Na*-

FSA™, using a Gaussian function, as shown in Figure 5a—c. The band intensity of Na"-FSA™ (Ina*-
rsa-) in the PyIMEM-based electrolyte is significantly low, indicating that the MEM group
reduces the electrostatic interactions between Na™ and FSA™. Plots of Ina*-rsa~/(Ifrec Fsa~ + INa™
Fsa-) as a function of the molar fraction (x) of NaFSA for the different electrolyte solutions

afforded a straight line (Figure 5d). This slope corresponds to the average solvation number of
FSA™ per Na".[31,32] The average solvation number was calculated as 2.54 for the Py13-based
electrolyte and 2.40 for the PylMOM-based electrolyte. It has been reported that the solvation

number of FSA™ per Na' is 2.7 in the electrolyte consisting of 1-butyl-1-methylpyrrolidinium
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(Py14)-FSA.[30] It is suggested that both [Na(FSA);]* and [Na(FSA):]” complexes exist in the
electrolytes. Kunze et al. have reported that the solvation number of TFSA™ per Li" in a Py13-
based electrolyte was smaller than that in a Pyl4-based electrolyte.[33] This is caused by
aggregation of the Pyl4 cations due to the stronger hydrophobic interactions between the long
alkyl chains.[33] Thus, the solvation number in the Py13-based electrolyte is smaller than 2.7 in
this study. The solvation number in the PyIMOM-based electrolyte is equal to or slightly lower
than that for the Py13-based one. This might be because the oxygen atom in the MOM group acts
repulsively against FSA™ minimizing the interaction between Na* and FSA™. On the other hand,
the solvation number was determined as 1.63 for the PylMEM-based electrolyte, the lowest
value of all the electrolytes. It is considered that the PylMEM cation favors the Na" binding with
FSA™ through the two oxygen atoms in its ether side-chain to form a PylMEM—-NaFSA complex,
as is the case with the PPIMEM-LiTFSA complex we have previously reported.[29] Therefore,
the average solvation number of FSA™ in the PylMEM-based electrolyte is lower than that for
the other electrolytes. A lower solvation number should contribute to improve the rate capability.
However, the Sn4P3 electrode exhibits higher rate capability in the PylMOM-based electrolyte
than in the PylMEM-based one. In addition, the reaction of Na* with Sn or P is promoted in the
Py1MOM-based electrolyte compared to the Py13-based one, as shown in Figures 3 and 4. From
these results, as expected, the introduction of an ether moiety in the short side-chains of the Py13
cation is a promising approach for NIBs to enhance the rate capability. If both reduced solvation

number and improved conductivity can be realized, the rate capability may be further improved.
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PyIMEM-FSA, and (c¢) Pyl13-FSA. The dotted, black, blue, and red lines denote the
recorded spectrum, total Raman spectrum, and deconvoluted components for free FSA and
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function of x for (NaFSA)«(Pyl13-FSA)i.., (NaFSA)/(PyIMEM-FSA);x, and
(NaFSA)(PyIMOM-FSA); .. The dotted lines indicate the slopes for the cases where the
average solvation numbers of FSA™ per Na" were 1, 2, and 3.

4. Conclusions

We have investigated the effect of the cation structure in ionic liquids on the
electrochemical performance of the SnsP3; negative electrode for NIBs. Ether-substituted ionic
liquid electrolytes NaFSA/PylMOM-FSA and NaFSA/PylMEM-FSA successfully enhanced the
rate capability of the electrode. The electrochemical reaction of Na“ and Sn/P was promoted in
these electrolytes compared to the Pyl3-based electrolyte without ether moieties, further

contributing to a higher capacity. Introduction of an ether group in the side-chain of the ionic

15



liquid cation reduces the electrostatic interactions between Na™ and FSA™ in the electrolyte; as a
result, the solvation number of FSA™ per Na' is reduced, especially in the PylMEM-based
electrolyte. While the solvation number in the PylMOM-based electrolyte was found to be
greater than in the PylMEM-based one, its conductivity was significantly higher, leading to
better rate capability. Therefore, the introduction of an ether group in the short side-chains of the
Pyl13 cation is a better approach to improve the conductivity and enhance the rate capability of
the Sn4P3 electrode. Simultaneously, this strategy will be useful for improvement of NIBs and

NICs.
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