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Abstract
Sodium ion batteries are widely considered to be a feasible, cost-effective, and sustainable energy
storage alternative to Lithium, especially for large-scale energy storage applications. Next
generation, safer electrolytes based on ionic liquid (IL) and organic ionic plastic crystals (OIPCs)
have been demonstrated as electrochemically stable systems which show superior performance
in both Li and Na applications. In particular, phosphonium-based systems outperform most
studied nitrogen-based ILs and OIPCs. In this study triisobutyl(methyl)phosphonium
bis(fluorosulfonyl)imide ([P1i444][FSI]) OIPC mixed with 20 mol% of NaFSI or NaTFSI were
combined with an electrospun polyvinylidene fluoride (PVDF) support to create self-standing
electrolyte membranes, and their thermal phase behaviour and ionic conductivity were
investigated and compared with the bulk electrolytes. The ability of the solid-state composite
electrolytes to support the cycling of sodium metal with good efficiency and without breakdown
were examined in sodium metal symmetrical coin cells. The sodium transference number was
determined to be 0.21. The electrochemical performance of Na/Na3V2(PO4)3 cells incorporating
the composite electrolytes, including good cycling stability and rate capability, is also reported.
Interestingly, the mixed anion systems appear to outperform the composite electrolyte containing
only FSI anions, which may relate to electrolyte interactions with the PVDF fibres.

1. Introduction

Society is fast approaching a transition towards a renewable energy economy supported by a robust energy
storage network. However, the accelerating global uptake of EVs and grid-scale battery storage raises serious
concerns over the sustainability and reserves of raw materials that would be needed to meet these demands.
In particular, unsustainable mining of global reserves of lithium, cobalt, nickel, and graphite could potentially
become constrained if the current trends and predictions are met, leading to shortages and potential conflict
[1]. New battery chemistries are therefore required and can be targeted for suitability towards certain
segments of the economy, e.g. mobility, grid-scale, portable electronics [2]. Sodium ion chemistries are an
exciting new area of battery development owing to the fact that their performance is now approaching that of
current Lithium ion technologies, but with the advantage of being composed of earth-abundant raw
materials [3, 4]. Despite the larger ion size and sometimes slower ion dynamics in the electrolyte, Na ion
batteries (NIBs) can surprisingly outperform the high rate capability of the best Li ion chemistries [5]. These
properties of NIBs make them an excellent candidate to supersede Li ion chemistries for many applications
where the higher energy density provided by Lithium is not necessary [6, 7]. This includes large-scale grid
applications, mobility applications (lower driving range affordable EVs, electric bikes, buses etc.),
telecommunication backup and many others; wherever raw materials cost and sustainability of enormous
production volumes is critical, and high power applications where high rate performance is needed.
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In all battery technologies, the electrolyte plays a critical role in performance and safety. Current
commercial technologies are based on flammable organic solvents with serious safety problems [8, 9]. To
improve the safety and reliability of batteries, all-solid-state batteries using solid electrolytes are being
studied as next-generation systems [10–14]. The main characteristics of solid electrolytes needed for
practical battery applications are high ion conductivity, good mechanical flexibility, and high thermal and
electrochemical stability. Organic ionic plastic crystals (OIPCs) are a group of solid-state electrolytes that
have shown favourable properties in terms of safety and performance in Na and Li devices [12, 15–18]. These
materials typically have long-range ordered crystalline structures with rotational/orientational motions of
ions that give them interesting properties such as plastic deformation under external pressure. These
properties can significantly improve the interfacial contact with the electrode materials and thus enhance
battery performance. OIPCs also have high thermal and electrochemical stability [19–21]. Although there
has been many scientific reports regarding OIPC application in Li batteries [22–26], very few reports have
been published on sodium batteries [27, 28].

Forsyth et al reported solid-state electrolytes based on the 1-ethyl-1-methylpyrrolidinium
bis(trifluoromethylsulfonyl)imide ([C2mpyr][TFSI]) OIPC and a wide range of NaTFSI concentrations.
They found that these binary mixtures have a high temperature eutectic transition (63 ◦C) with high ionic
conductivity of 10−4 S cm−1 for 40 mol% NaTFSI at 60 ◦C, which is in the solid state [12]. Interestingly,
Hagiwara et al showed that replacing TFSI anion with FSI in the same cation OIPC and sodium salt results in
the mixtures that are liquid in a wide temperature range. They also reported stable cycling performance of
60 mol% NaFSI in [C2mpyr][TFSI] at 90 ◦C in Na metal cell using a Na3V2(PO4)3 (NVP/C) cathode
material [29]. It was shown that phosphonium based OIPCs and ionic liquid (IL) provide benefits including
higher ionic conductivity and wider electrochemical stability compared to their nitrogen-based cation
analogues [30, 31].

We report a comprehensive phase diagram of mixtures of P111i4TFSI with NaTFSI, and the relationship of
the phase behaviour of each composition with their local structure and dynamics of sodium ions was
investigated. It was shown that for highly concentrated NaTFSI/OIPC mixtures, the materials are quasi-solid
above 45 ◦C due to the peritectic transition. Stable stripping and plating of sodium metal in a sodium
symmetrical cell incorporating high concentration of NaTFSI (75 mol% NaTFSI) was also demonstrated for
the first time, showing the applicability of phosphonium-based OIPC electrolytes in sodium devices [15]. A
binary system containing an OIPC with a bulkier phosphonium cation ([P1i444]+) and a smaller anion (FSI)
with different concentrations of NaFSI resulted in enhanced ionic conductivity and superior electrochemical
properties in terms of stable and reversible stripping and plating of Na metal in a Na symmetrical cell [28].
Sodium metal batteries based on these electrolytes with NVP/C and NaFePO4 cathode materials were also
developed and showed good performance at 60 ◦C, at which point the capacity of organic solvent electrolytes
decays fast, usually failing after just a few cycles [27].

However, in some cases the mixture of OIPCs with Li or Na salts results in soft solid, quasi-solid or liquid
electrolytes that can be readily deformed under low pressure and having no mechanical strength. Therefore,
an advance OIPC electrolyte with enhanced mechanical properties is greatly desirable for their practical use
in high performance devices. One strategy for enhancing mechanical integrity is to combine an OIPC or IL
electrolyte with a polymer to create a polymer composite electrolyte. Different polymer materials have been
added to IL/soft OIPC materials mixed with Li and Na salts in order to improve their mechanical
properties and attain self-standing membranes for Li and Na devices [32–35]. Wang et al showed the addition
of electrospun polyvinylidene fluoride (PVDF) nanofiber into a composite polymer electrolyte based on
poly(diallyldimethylammonium) bis(trifluoromethanesulfonyl)amide (PDADMA TFSI), N–propyl–N–
methylpyrrolidinium bis(fluorosulfonyl)imide ([C3mpyr][FSI]) IL and high concentration LiFSI salt
improves their mechanical properties. These ion gel electrolytes possess high a transference number of 0.53
and showed promising performance with high areal capacity of 1.1 mAh cm−2 in a Li metal full cell with
high-voltage LiNiMnCoO2 and LiNi0.8Co0.15Al0.05O2 cathode materials [36]. Free-standing composite
electrolytes composed of PVDF nanofibers and 10 and 50 mol% LiFSI in [C2mpyr][FSI] OIPC resulted in
desirable mechanical properties and electrochemical performance [22, 23]. A composite electrolyte including
PVDF nano-particles/LiFSI-[C2mpyr][FSI] OIPC in a ratio of 60/40 wt% showed around one order of
magnitude increase in ionic conductivity and a high Li ion transference number. High capacity (119 mA g−1

at 2 C) with long-term stability was achieved in a Li/LiFePO4 cell with this composite electrolyte [37].
Anastro et al reported an ion gel electrolyte based on polyDADMA-TFSI, [C3mpyr][FSI] IL and NaFSI salt. It
was shown that the addition of alumina nanoparticles into the membrane increase the mechanical properties
whilst slightly decreasing the ionic conductivity. A full cell based on a sodium metal anode and a NaFePO4

cathode material with good capacity retention of 110 mAh g−1 at C/20 and high coulombic efficiency
(>97%) was demonstrated [11].
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Figure 1. Chemical structure of triisobutyl(methyl)phosphonium bis(fluorosulfonyl)imide [P1i444] [FSI].

It has also been shown that there is a potential advantage in using mixed anions in terms of achieving a
higher ionic conductivity and lower viscosity and improved cell cycling [38–40]. For example, a significant
enhancement in physico-chemical properties, including lower viscosity, higher thermal stability and
improved ionic conductivity, was reported upon mixing the IL 1-ethyl-3-methylimidazolium ([emim])
TFSI with LiFSI. Improved battery performance in terms of higher capacity (152 mAh g−1 at 0.05 C at
75 ◦C) and stability was also observed in Na/NaFePO4 cells incorporating (butylmethylpyrrolidinium–
bis(trifluoromethanesulfonyl)imide) BMP−TFSI-based ILs with NaBF4 [41]. Superior interfacial behaviour
due to the formation of a homogeneous, conductive SEI layer was also reported using a mixture of
N–methyl–N–propylpyrrolidinium dicyanamide IL with a saturated concentration of NaFSI, resulting in
long cycle life with low polarization potential [39].

In this work we develop safer solid-state composite electrolytes based on [P1i444][FSI]/NaFSI and
[P1i444][FSI]/NaTFSI combined with electrospun PVDF fibers. The phase behaviour, ionic conductivity and
Na ion transference number of the composite electrolytes were examined and the compatibility of the
electrolytes with sodium metal was studied. The composite electrolytes delivered high capacity with high
coulombic efficiency in Na/Na3V2(PO4)3 cells at 50 ◦C, demonstrating the promise of these new
phosphonium cation-based ionic membrane materials.

2. Material andmethods

2.1. Electrolyte preparation
Triisobutyl(methyl)phosphonium bis(fluorosulfonyl)imide [P1i444][FSI] (figure 1) was
synthesized as described in [42]. Sodium bis(fluorosulfonyl)amide (NaFSI) (99.99%) and sodium
bis(trifluoromethanesulfonyl)amide (NaTFSI) (99.99%) were purchased from Solvionic and used without
further purification. Mixtures of 20 mol% of NaFSI or NaTFSI in [P1i444][FSI] were prepared inside an
argon-atmosphere glove box. Homogeneous solutions were achieved for both these mixtures. All samples
were stored in sealed vials inside an argon atmosphere glove box. The chemical structure of [P1i444][FSI] is
presented in figure 1.

Electrospun PVDF fibrous membranes were made by dissolving 11 wt% PVDF (KF850, from Kureha
Chemicals, Japan) in 1:1 volume ratio of acetone and N,N–dimethylformamide. The solution was sonicated
for 2 h and stirred at 60 ◦C overnight. The resulting uniform solution was loaded in a 10 ml syringe,
connected to a needle (Terumo, 20 G× 1.5′). The syringe was positioned 20 cm away from the collecting
rotating drum covered with aluminium foil, the voltage applied was 17.5 kV and the solution was fed at a rate
of 4 ml h−1 for 2 h. The obtained fibres were 4 mm thick. PVDF membranes with a diameter of 14.5 mm
were punched and dried in vacuum at 50 ◦C for 24 h.

The free-standing electrolyte composites were composed of 15 wt% of electrospun PVDF nanofibres and
85 wt% of OIPC-salt binary solutions. This was done by impregnating the OIPC salt-solutions into the
electrospun PVDF membranes to form a flexible membrane as shown in figure S1 (available online at
stacks.iop.org/JPMATER/4/034003/mmedia).

2.2. Thermal analysis
The thermal behaviour of the samples was studied by differential scanning calorimetry on a Mettler Toledo
DSC1 instrument, which runs on a STAReV6.10 software. 10–12 mg of samples were sealed in Al pans inside
a glovebox under an Ar atmosphere. Two scans were recorded for each sample with 10 ◦C min−1. The
samples were held at an isothermal temperature of−120 ◦C for 10 min before heating to 120 ◦C.

2.3. Galvanic cycling measurements
All symmetric cells fabricated in CR2032 coin cells purchased from Hoshen Corporation, Japan inside an
argon-filled glove box. The membranes were sandwiched between two sodium discs (Sigma Aldrich, 99.9%
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purity) of 6 mm diameter with 0.5 mm spacer and 1.4 mm spring to ensure good contact. The cells were
rested inside an oven at 50 ◦C for 24 h prior to cycling. All cells were cycled employing chronopotentiometry
with 0.2 mA cm−2 applied current density for 1 h stripping and 1 h plating of Na for 100 cycles. Before long
term cycling, the rate capability of 20 mol% NaFSI in [P1i444][FSI] and 20 mol% NaTFSI in [P1i444][FSI] was
studied by applying different current densities (0.05 up to 0.5 mA cm−2, five cycles at each current density).
A multi-channel Potentiostat VMP3/Z (Bio-Logic) driven by EC-lab software version 11.27 was used for the
sodium symmetric cell measurements.

2.4. Transference number measurement
Sodium symmetrical cells were constructed in the same process as described above forthe galvanic cycling
measurements and used to measure Na+ transference number at 50 ◦C based on the potentiostatic
polarisation method described by Evans, Bruce, and Vincent [43, 44]. A constant potential of 10 mV was
applied to polarise the cells and initial (I0) and steady state currents (Iss) were measured. The impedance
spectra were determined before (R0) and after experiments (Rss) and Na+ transference number was
measured using the following formula [44]:

tNa + =
Iss (V− I0R0)

I0 (V− IssRss)
.

A VMP3/Z Multi Potentiostat (Bio-Logic Science Instruments) and EC-Lab software version 11.27 was
used for conducting all experiments and fitting the impedance data.

2.5. Synthesis of carbon-coated Na3V2(PO4)3/C (NVP) cathode material
The synthesis of carbon-coated Na3V2(PO4)3 was performed as described elsewhere [32]. Briefly, V2O5

(Sigma Aldrich, 99.9%) and H2C2O4 (Sigma Aldrich, anhydrous) were dissolved into deionized water and
vigorously stirred at 70 ◦C for 1 h; after this process a VOC2O4 solution was obtained. Subsequently,
NaH2PO4 and glucose were added to the VOC2O4 solution and the mixture was kept under vigorous stirring
for a further 10 min. Afterwards, N-propanol was added into the VOC2O4 solution and this was left stirring
for 30 min. The NVP precursor was obtained by removing the solvent by using a rotary evaporator and the
obtained solid was further dried under vacuum at 60 ◦C for 12 h. Finally, Na3V2(PO4)3/C micro-composites
were obtained by pre-treating the precursor at 400 ◦C for 4 h followed by annealing at 750 ◦C for 8 h under
inert atmosphere (Ar) at a heating rate of 5 ◦C min−1.

2.6. Fabrication of Na3V2(PO4)3/C (NVP) cathode electrodes
NVP cathode electrodes were prepared by making a slurry composed of 80% of active material
(Na3V2(PO4)3/C), 10% of PVDF binder (Sigma-Aldrich) and 10% of conductive carbon (C65, Timcal). The
slurry was obtained by pre-dissolving the binder in NMP (N-2-methyl-pyrrolidinone) into a small beaker
and left stirring. Separately, a pre-weighed amount of NVP cathode material and carbon C65 were ground in
an agate mortar for 30 min. Subsequently, the ground solid (NVP+ C65) was added to the beaker
containing the pre-dissolved binder and a few extra drops of NMP solvent were added to the beaker. In order
to obtain a homogeneous slurry, the slurry was left stirring overnight. Finally, the homogeneous slurry was
cast onto aluminium foil by using a doctor blade. The NVP/C film was dried at 70 ◦C under vacuum for 24 h
and then punched into disks (0.5 cm2) to obtain the electrodes. A set of electrodes were weighed and the
average mass loading was around 1.5 mg cm−2.

2.7. Assembly of sodium-metal batteries
The Na-NVP full cell was assembled by putting NVP electrode (8 mm in diameter) and Na metal foil
(10 mm in diameter) into a coin cell. The membranes (20 mol% NaFSI in [P1i444][FSI]+ PVDF, 20 mol%
NaTFSI in [P1i444][FSI]+ PVDF) acting as both electrolyte and separator, were placed between the anode
and cathode. The assembled cells were first rested for 12 h at 70 ◦C prior to the electrochemical test. The
Na-NVP cells were then cycled within the voltage range from 3.8 V to 2.5 V under different current densities.
Long-term cycling was conducted at 1/20 C (1 C= 115 mAh g−1) for ten cycles and then at 1/5 C for the
duration of the experiment. Rate capability assessment was carried out at 1/20 C, 1/10 C, 1/5 C, 1/2 C, and
1 C subsequently The cycling test was performed using a Neware battery testing system.

3. Results and discussion

3.1. Phase behaviour of the composite electrolytes
Figure 2(a) compares the DSC heating traces of pristine [P1i444][FSI], 20 mol% NaFSI in [P1i444][FSI] and
20 mol% NaFSI doped [P1i444][FSI] cast onto a PVDF nanofibre mat, during the first and second heating
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Figure 2. The DSC heating traces 10 ◦C min−1 of (a) [P1i444][FSI], 20 mol% NaFSI in [P1i444][FSI] and its PVDF composite, first
and second heating scans. (b) [P1i444][FSI], 20 mol% NaTFSI in [P1i444][FSI] and its PVDF composite, first and second heating
scans.

scans. The DSC trace of pristine [P1i444][FSI] shows two solid-solid transitions at 8.9 ◦C and 24.3 ◦C and a
melt at 36.7 ◦C. However, on addition of 20 mol% of NaFSI, the solid-solid transition peaks of [P1i444][FSI]
disappear which is consistent with loss of crystallinity, and likely presence of a liquid phase formed in the
binary system, and has been discussed in previous work [28]. Given that the melting peak of [P1i444][FSI]
decreases from 37 ◦C to 8.5 ◦C with very small entropy of fusion, the material melts before the solid–solid
phase transitions seen in the pure OIPC can occur. Furthermore, a large Tg along with visual appearance is
evident in these mixtures confirming that the materials are liquids, however, these are clearly metastable
liquids, since a cold crystallisation is observed on heating just before the melting peak. Interestingly, prior to
melting, the binary system crystallises which suggests that the sample does not freeze instantly on cooling
and remains in the supercooled liquid state. In the OIPC/PVDF composite electrolyte, the cold crystallisation
and subsequent melting peak are significantly larger, indicating that the PVDF fibre surfaces act as a
nucleation site to encourage the crystallisation on heating, whereas in the absence of the fibres this process is
more sluggish and the melt occurs before much of the material can crystallise. The interaction with the
PVDF fibre surface is also evident by the slight increase in Tg from−75.2 ◦C in the 20 mol% NaFSI doped
[P1i444][FSI] to−74.4 ◦C in the presence of PVDF.

In the mixtures of [P1i444][FSI] with 20 mol% NaTFSI, the solid-solid transition peaks as well as the
melting peak of [P1i444][FSI] completely disappear, as presented in figure 2(b), with the sample remaining as
an IL over the whole temperature range and displaying a Tg at−72.3 ◦C. Interestingly, in the first scan and in
the presence of PVDF fibres, a broad transition (across 50 ◦C–100 ◦C) can just be made out in the DSC trace,
which disappears on the second scan. An increase in Tg is also seen in this mixed anion electrolyte, shifting
from−72.3 ◦C in the bulk liquid to−70.3 ◦C in the self-standing membrane. It is interesting that the
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Table 1. Na ion transport number, ionic conductivity and corresponding Na ion conductivity at 50 ◦C.

Na+ transference number Ionic conductivity (S cm−1) Na ion conductivity (S cm−1)

20 mol%
NaFSI/[P1i444][FSI]/PVDF

0.21± 0.03 2.1× 10−3
± 0.05× 10−3 4.4× 10−4

20 mol%
NaTFSI/[P1i444][FSI]/PVDF

0.22± 0.09 2.5× 10−3
± 0.05× 10−3 5.5× 10−4

interactions with the PVDF in the case of FSI encourage the crystallisation of the OIPC material whereas in
the TFSI salt system the opposite is seen. In contrast, previous work has suggested a stronger polymer–anion
interaction in the case of the more fluorine rich TFSI systems [45, 46].

3.2. Sodium-ion transference number and ionic conductivity
The ionic conductivity of the composite electrolytes was calculated by extracting the bulk electrolyte
resistance from EIS measurements of sodium symmetrical cells at 50 ◦C and is presented in table 1. The ionic
conductivity value of the 20 mol% NaFSI in [P1i444][FSI] at 50 ◦C was slightly higher (2.5× 10−3 S cm−1)
than that of 20 mol% NaTFSI in [P1i444][FSI] (2× 10−3 S cm−1) [38]. However, in the composite electrolyte
the ionic conductivity of the 20 mol% NaFSI/[P1i444][FSI]/PVDF is slightly lower (2.1× 10−3 S cm−1) than
the 20 mol% NaTFSI/[P1i444][FSI]/PVDF (2.5× 10−3 S cm−1). This observation can be attributed to the
different interactions of the FSI− and TFSI− anions with PVDF. TFSI− has strong dipole–dipole interactions
with PVDF which leads to the formation of a highly conductive layer at the interphase between the
electrolyte and PVDF for Na ion transport [47]. Thus, PVDF nanofibers do not only provide structural
support for creating free-standing membranes from the liquid electrolyte, but also, interacts with the
NaTFSI-doped electrolyte, making it more conductive [46]. On the other hand, the FSI− anion interacts
weakly with PVDF. This is also consistent with the phase behaviour discussed above indicates PVDF
promotes crystallisation of the NaFSI containing OIPC. This is similar to observation made by Zhou et al
where adding Li–C2mpyrFSI to PVDF nanofibers led to a decrease in ionic conductivity [22].

The effective sodium ion conductivity in the composite electrolytes was calculated from the transference
number. The transference number measurements were conducted by applying a small constant voltage and
recording the initial and steady-state currents together with EIS measurements before and after the
polarisation. The change in interfacial resistance before and after the polarisation is negligible because of the
stability of the composite electrolyte towards the Na metal. Figure 3 shows the polarisation and EIS data of
the two composite electrolytes. The transference number was calculated to be 0.21± 0.03 for the 20 mol%
NaFSI/[P1i444][FSI]/PVDF and 0.22± 0.09 for the 20 mol% NaTFSI/[P1i444][FSI]/PVDF samples. Based on
these values, along with the total ionic conductivity at 50 ◦C for the samples, the Na ion conductivity was
also calculated and presented in table 1. In general, the Na ion conductivity in both samples is high,
compared to the bulk electrolyte (20 mol% NaFSI or NaTFSI in [P1i444][FSI], and other gel polymer
electrolytes reported in the literature [48–50], indicating these solid electrolytes may be feasible for further
investigation in a full cell. However, the Na ion conductivity in the NaTFSI/[P1i444][FSI]/PVDF electrolyte is
slightly higher than the NaFSI/[P1i444][FSI]/PVDF composite, which may offer advantages in delivering
marginally higher specific capacity as is demonstrated below.

3.3. Cycling stability of sodium symmetrical cells
To study the compatibility of the composite electrolytes with the reactive sodium metal and the ability of the
electrolyte to support sodium electrochemistry, Na symmetrical cells were fabricated. Figures 4(a) and (c)
show the galvanostatic cycling of sodium symmetrical cells of 20 mol% NaFSI/[P1i444][FSI]/PVDF and
20 mol% NaTFSI/[P1i444][FSI]/PVDF at 50 ◦C by applying various current densities ranging from
0.05 mA cm−2 to 0.5 mA cm−2 and a polarization interval of 1 h. As can be seen in figure 3(a), a low and
stable polarization potential (12 mV at 0.05 mA cm−2 and 90 mV at 0.5 mA cm−2 is observed in the
20 mol% FSI/[P1i444][FSI]/PVDF sample. A lower polarisation potential of 10 mV was achieved when
0.05 mA cm−2 was again applied after cycling at a higher current density (0.5 mA cm−2). These
overpotential values are slightly lower (25 mV at 0.1 mA cm−2) than the same material (20 mol% NaFSI in
[P1i444][FSI]) in a glass fibre separator [38]. Furthermore, the stable cycling is comparable to the 50 mol%
NaFSI in [P111i4][FSI] with a Solupor separator [51]. A cell polarization of 15 mV was observed at relatively
low current density (0.05 mA cm−2) in the TFSI system. Increasing the current density to 0.5 mA cm−2

resulted in a short circuit after two cycles. The underlying reason of this behaviour is under investigation.
Electrochemical impedance spectroscopy (EIS) measurements were conducted after each applied current

density (after every five cycles) to obtain a better understanding of the cycling behaviour. The Nyquist plots
are presented in figures 4(b) and (d) and the Bode plots (amplitude and phase angle), in figure S2. The EIS
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Figure 3. (a) Current vs time upon applying small voltage of 10 mV at 50 ◦C to (a) 20 mol% NaFSI/[P1i444][FSI]/PVDF (b) of
20 mol% NaTFSI/[P1i444][FSI]/PVDF. Electrochemical impedance spectra of the cells before and after polarization.

data were fitted with equivalent electric circuits. The fitting results are presented in the supporting
information (table S1). The Nyquist plots of the cells with fitted impedance spectra after 20 cycles (after
0.3 mA cm−2 applied current density) and an equivalent circuit for that spectrum (as an example) are
presented in figure S3. The best fits were achieved when employing a two-component layer model using
constant phase elements (CPEs) with a Warburg diffusion component. CPEs are used to describe the real
system that contains both capacitance and resistance. Based on the equivalent circuit model, the Nyquist
plots show that the impedance spectra consists of two semicircles. Rb is the bulk resistance of the composite
electrolyte and Zcharge transfer (ct) is the impedance related to charge transfer and ion diffusion at the surface of
the sodium metal. The second semicircle is Zinterfacial (int), the impedance of the passivation layer formed on
the surface of the sodiummetal, which involves the resistance of that layer (Rint) and its related CPE (CPEint).

The initial overall cell resistance decreased from 800± 30 Ω after the 5th cycle to 415± 12 Ω after the
25th cycle (after applying 0.5 mA cm−2) in the 20 mol% NaFSI/[P1i444][FSI]/PVDF electrolyte. Whereas for
the NaTFSI sample the cell resistance was slightly reduced from 600± 15 Ω after the 5th cycle to 447± 12 Ω
after the 25th cycle. The decrease in the cell resistance for the FSI system may indicate that a stable and
ion-conductive SEI layer forms upon successive cycling.
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Figure 4. (a) Symmetric coin cell cycling of 20 mol% NaFSI/[P1i444][FSI]/PVDF at various current densities
(0.05 mA cm−2–0.5 mA cm−2). (b) The Nyquist plots of this cell after every five cycles. (c) Symmetric coin cell cycling of
20 mol% NaTFSI/[P1i444][FSI]/PVDF at various current densities. (d) Selected Nyquist plots obtained after every five cycles. Cells
were cycled at 50 ◦C with 1 h stripping and 1 h plating time.

The differences in the electrode/electrolyte interface with the different composites can clearly be seen in
figure S2, where the Bode plots corresponding to figures 4(b) and (d) are presented. Both cells exhibit a very
similar high frequency impedance, which indicates their ionic conductivity is very similar as the bulk
electrolyte resistance is probed at these high frequencies. At frequencies below 103 Hz, however, the
symmetric cell with the TFSI/[P1i444][FSI]/PVDF membrane exhibited a stable impedance without any
significant changes upon increasing the current densities. In the case of the FSI/[P1i444][FSI]/PVDF
composite, at frequencies below 103 Hz, the impedance decreased with increasing the applied current
density, indicating the interfacial resistance changed to lower values by increasing the current density. By
applying higher current densities, the morphology and composition of the SEI layer may change to form a
more uniform and homogeneous passivation layer. Moreover, as reported recently in the case of Li metal cells
[52], at higher current densities, fluorinated anions (FSI− and TFSI−) and Na+ can reach to the interface
close to the Na metal electrode. These anions will be then reduced to form a stable SEI layer enriched in NaF
components. Rakov et al also reported the formation of Nax(FSI)y molten salt-like nanostructured interfacial
layer at the surface of electrode once larger overpotentials are applied by simulating 50 mol% NaFSI in
[C3mpyr][FSI] electrolyte [53]. However, to understand the SEI composition and morphology in detail
further surface analysis are under investigation.

Longer-term symmetrical cell cycling was conducted at 50 ◦C for both 20 mol% NaFSI/[P1i444]
[FSI]/PVDF and 20 mol% NaTFSI/[P1i444][FSI]/PVDF, after resting at that temperature for 24 h, with 1 h
interval for 100 cycles (figure 5(a)). In general, stable stripping and plating was observed for both systems
with a low overpotential for more than 100 cycles without any break down. Initially the overpotential for the
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Figure 5. (a) Voltage-time profile of long-term cycling of Na symmetrical cells with 20 mol% NaFSI/[P1i444][FSI]/PVDF and
20 mol% NaTFSI/[P1i444][FSI]/PVDF at 0.2 mA cm−2 applied current density and 1 h interval for stripping and plating at 50 ◦C.
(b) EIS data extracted before polarisation and after each ten cycles for 20 mol% NaFSI/[P1i444][FSI]/PVDF. (c) EIS data extracted
before polarisation and after each ten cycles for 20 mol% NaTFSI/[P1i444][FSI]/PVDF.

FSI system was high, 200 mV, and decreased upon continued cycling to≈70 mV after 50 cycles, reaching
values similar to the TFSI system and remaining stable thereafter.

The compatibility of these electrolytes with sodium metal was also studied by monitoring the impedance
change of the Na|Na cells at 50 ◦C. The Nyquist and Bode plots of the cells before cycling and after each ten
cycles are presented in figures 5(b), (c) and S4(a), (b). The impedance data were fitted with the same
two-component circuit model described previously and the Rint, Rct, CPEint and CPEct values are shown in
table S3 to S6 after 10 and 50 cycles. An example of a fitted Nyquist spectrum after the 50th cycle is presented
in figure S5. Before cycling, the cell resistance values for the FSI and TFSI systems were 4200± 70 and
1860± 50 Ω respectively. However, after ten cycles the resistance of SEI layer decreased to 508± 20 Ω for the
composite with NaFSI and 483± 20 Ω for the composite with NaTFSI. This demonstrates the evolution of
the interphase and that ten stripping/plating cycles is enough to create a stable and ion-conductive SEI layer.
The interfacial resistances are close in both NaFSI and NaTFSI systems after 50 cycles, which is in good
agreement with the higher polarisation potential with the NaFSI electrolyte during the first 50 cycles before
stabilising (figure 5).
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Figure 6. (a) The rate performance of NVP/C |20 mol% NaFSI/[P1i444][FSI]/PVDF|Na and NVP/C|20 mol%
NaTFSI/[P1i444][FSI]/PVDF |Na batteries at 50 ◦C at current rates of C/20, C/10, C/5, C/2 and C. (b) Cycling performance of the
cells at 50 ◦C. (c) The charge/discharge curves of NVP/C |20 mol% NaFSI/[P1i444][FSI]/PVDF |Na at a current rate of C/10.
(d) The charge/discharge curves of NVP/C |20 mol% NaTFSI/[P1i444][FSI]/PVDF |Na at a current rate of C/10.

The decrease in the interfacial resistance upon cycling is more obvious in the Bode plots in figure S4. The
impedance at lower frequency is related to the interfacial and charge transfer impedance, and is nearly two
orders of magnitude larger in the NaFSI system, prior to cycling compared with after the 10th cycle, and an
order of magnitude larger in the equivalent NaTFSI case. The drop in the interfacial resistance at higher
frequency is greater in the NaFSI system compared to the NaTFSI case, which accounts for the drop in
overpotential in the FSI/[P1i444][FSI]/PVDF system with cycling.

3.4. Na/Na3V2(PO4)3 cell cycling performance
The cycling performance of the PVDF composite electrolytes with 20 mol% NaFSI in [P1i444][FSI] and
20 mol% NaTFSI in [P1i444][FSI] were then studied in a rechargeable sodium-metal coin cell at 50 ◦C, using
a sodium vanadium phosphate–carbon composite (Na3V2(PO4)3) (NVP/C) based cathode material with a
theoretical capacity of 118 mAh g−1. Rate capability performance was tested at different current rates
between C/20 and C, and presented in figure 6(a). These results show a remarkable rate capability of the cell,
delivering reversible capacity of 91.0 and 90.7 mAh g−1 at rate of C/20 and 1 C for 20 mol% NaFSI/[P1i444]
[FSI]/PVDF and 92 and 91.3 for a cell containing 20 mol% NaTFSI/[P1i444][FSI]/PVDF samples. When the
current density returned to C/5 after cycling at a higher rate of 1 C, the capacity of 91.9 and 92.6 mAh g−1 for
the cells with 20 mol% NaFSI/[P1i444][FSI]/PVDF and 20 mol% NaTFSI/[P1i444][FSI]/PVDF, respectively,
was recovered. The long term cycling of NVP/C|20 mol% NaFSI/[P1i444][FSI]/PVDF|Na and
NVP/C|20 mol% NaTFSI/[P1i444][FSI]/PVDF|Na was also performed at 50 ◦C. Both cells exhibited stable
long term cycling at C/5 at 50 ◦C, as shown in figure 6(b). A capacity of 93 and 95 mAh g−1 with a 98.0%
and 98.5% capacity retention over 150 cycles for cells containing 20 mol% NaFSI and 20 mol% NaTFSI
respectively was delivered. Their performance is better than NVP/C|[C3mpyr][FSI]/NaTFSI/PVDF− HFP)
|Na cell that shows 92% capacity retention at room temperature at C/10 after 300 cycles [50]. The specific
capacity is also higher than Na/PEO–Na/NVP cells, which delivered 67.5 mAh g−1 at C/2 at room
temperature after 100 cycles [54], while cycling of a Na metal cell using a polymer electrolyte based on
PEO–NaClO4–Al2O3 and NVP cathode results in an initial capacity of 96 mAh g−1 at 2 C at 80 ◦C [55]. The
results here are also comparable with the cycling of Na–metal cell based on an NVP cathode and an
EC+ DEC liquid electrolyte with 1 M NaFSI which showd a specific capacity of 99.5 mAh g−1 after 80 cycles
at a rate of C/10 at room temperature [56]. However, such organic solvent based electrolytes show substantial
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capacity decay [27] along with imposing additional safety issues at an elevated operating temperature which
is required for extreme climate condition and applications where elevated temperatures are required. In such
cases the higher temperature operation and stability is critical. Figures 6(c) and (d) shows the voltage profiles
for NVP/C|20 mol% NaFSI/[P1i444][FSI]/PVDF|Na and NVP/C|20 mol% NaTFSI/[P1i444][FSI]/PVDF|Na
cells at a rate of C/10. The polarisation of the cell containing 20 mol% NaTFSI was less (20 mV) than that
with NaFSI (40 mV), indicative of the lower overall resistance of the cell prepared with mixed anion based
composite, which is also consistent with the slightly higher ionic conductivity of 20 mol%
NaTFSI/[P1i444][FSI]/PVDF reported in table 1. We demonstrate Na batteries for high temperature
applications with high cycling stability and rate capability based on the safe and stable polymer/OIPC
composite electrolyte combined with the economically feasible cathode material namely NVP/C that propose
high-level performance.

4. Conclusion

Solid-state composite electrolyte membranes based on the OIPC [P1i444][FSI] with 20 mol% NaFSI or
NaTFSI and PVDF nanofiber mats have been prepared and characterised. The thermal analysis data indicates
that PVDF encourages crystallisation of the NaFSI/P1i44FSI mixture in the solid-state whereas an amorphous
electrolyte is retained in the NaTFSI/[P1i444][FSI] mixture. The ionic conductivity of the NaTFSI/[P1i444]
[FSI]/PVDF composite is slightly higher than for the NaFSI/[P1i444][FSI]/PVDF composite leading to a
marginally lower polarisation during cell cycling. Stable Na symmetric cell cycling was obtained with low
polarisation potential (≈70 mV) for NaTFSI/[P1i444][FSI]/PVDF sample over 100 cycles at 0.2 mAh g−1.
However, a longer cycling period was required to stabilise the cell containing the NaFSI/[P1i444][FSI]/PVDF
membrane; this could be due to the SEI layer stabilisation or possibly the initial greater ordering in this latter
system as was suggested from the thermal analysis. Na|NVP/C full cells were fabricated and cycled with high
stability at C/5 and 50 ◦C, with a reversible capacity of 94 and 95 mAh g−1 for 20 mol% NaFSI/[P1i444]
[FSI]/PVDF and NaTFSI/[P1i444][FSI]/PVDF composite electrolytes respectively, after 60 cycles. The full cells
exhibit excellent C-rate capability with a reversible discharge capacity of above 90 mAh g−1 even at 1 C and
50 ◦C. The mixed anion systems appear to outperform the composite electrolyte containing only FSI, which
appears to be related to electrolyte interactions with the PVDF fibres and will be further explored in future
work. The cycling performances for both systems is encouraging and suggests that, even though the OIPC
cation is relatively large compared with the smaller P111i4 previously studied, it does not impede the
performance of these solid state membranes in a Na battery. From a commercial perspective this alternative
cation is beneficial as the larger phosphonium cations are easier and more cost effective to prepare.
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