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High power and energy density, long cyclability, and tolerance for wide temperature (seasonal 

and daily operational temperature differences) must be considered to construct large-scale 

sodium secondary batteries. In this regard, Na3V2(PO4)2F3 (NVPF) has become a subject of 

interest as a high-performance positive electrode material owing to its high energy density. 

However, the high operating voltage of NVPF causes continuous decomposition of electrolytes 

during cycles, resulting in significant capacity fading and low Coulombic efficiency. In this 

study, the electrochemical performance of the NVPF electrode in organic solvent electrolytes 

with and without VC and FEC additives and an ionic liquid is investigated at high voltage 

regimes over a wide temperature range (–20 °C to 90 °C). Our results reveal that the 

performance of organic electrolytes is still insufficient even with additives, and the ionic liquid 

electrolyte demonstrates high electrochemical stability and cyclability with NVPF electrodes in 

the temperature range from –20 °C to 90 °C, achieving stable cycling over 500 cycles. Detailed 

electrochemical analysis combined with X-ray photoelectron and energy dispersive X-ray 

spectroscopy indicates that a sturdy cathode electrolyte interphase layer around the electrode 

protects it from capacity fading at high voltage and elevated temperature, resulting in high 

Coulombic efficiency.  
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1. Introduction  

The heightened awareness of sustainable energy production and socially responsible 

consumption has prompted a dynamic shift of focus into energy storage systems (ESS), notably, 

secondary battery technologies in recent years. Lithium secondary battery technology has taken 

center stage in many industrial and consumer applications, largely due to their unparalleled 

energy and power densities, great versatility and durability.[1, 2] Despite this, scarcity of lithium 

reserves, the high costs, and safety issues have been huge impediments to the advancement of 

this technology, forcing energy scientists to look into alternative solutions to this energy 

crisis.[3] Subsequently, rekindled interests into the advancement of sodium secondary batteries 

have emerged, owing to the abundance of natural sodium resources, their remarkable 

performance, low costs, and high energy densities.[2, 4-8] Although their success is greatly 

inhibited by the discovery and implementation of new electrode and electrolyte materials that 

can endure high temperatures and high voltage regimes operation. 

As standard batteries are used in applications such as portable devices, electric vehicles, 

and intermittent energy supply stations, tolerance against massive climatic and operational 

temperature fluctuations is essential. Figure 1a shows the operating temperature range for the 

daily-use of secondary batteries classified by applications.[9] Until now, elevated temperatures 

have been a drawback to battery operations as they shorten battery lifespan, increase cooling 

costs and create safety problems. However, according to recent studies for some electrode 

materials and electrolytes, elevated temperatures improve ion mobility leading to superior rate 

capability and enhanced battery performance. Moreover, it enables the utilization of waste heat 

and boosts overall energy efficiency.[9-15] Thus, it would be expedient to identify novel battery 

components that would thrive in elevated temperatures. 

 For positive electrodes, polyanionic frameworks and layered transition-metal oxides 
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have been widely explored and integrated into sodium secondary batteries for their superior 

electrochemical performance resulting in an improved specific capacity.[6-20] Among which, 

vanadium-based phosphate fluoride (often mistaken with ”fluorophosphate” despite the 

absence of P–F bond) such as Na3V2(PO4)2F3 (NVPF) has attracted attention for its high 

potential two-step redox plateaus of 3.7 and 4.2 V (vs. Na+/Na), the high theoretical capacity 

of 128 mAh g−1 and high specific energy density of ~450 Wh (kg−1 (vs. Na metal negative 

electrode).[21-26]  

Although NVPF shows great potential as a future positive electrode material, it has 

intrinsically low electronic conductivity (10–12 S cm–1) and demonstrates insufficient 

Coulombic efficiency, making it difficult to utilize its full capabilities. Furthermore, 

electrolytes that sustain its high temperature and high voltage regimes without disintegration 

remain scarce.[18] Extensive studies have yielded small improvements in the Coulombic 

efficiency and cyclability of NVPF through material modifications such as carbon coating, 

element doping, inserting conductive material, and electrolyte modifications (see Table S1) in 

attempts to boost its practicality.[24-42] Nonetheless, the identification of feasible electrolyte 

materials remains the most promising route to improve NVPF performance. 

 During the initial charge-discharge cycles of sodium secondary batteries, sodium ions 

migrate back and forth from the positive electrode to the negative electrode. This movement 

generates reactions on the electrode, causing partial degradation of the electrolyte. The 

degraded material is deposited on the electrode forming a thin passivation layer known as the 

solid electrolyte interface (SEI). The SEI protects the electrode from further reaction with the 

electrolyte while permitting the movement of Na+ into the electrode. As such, an ideal SEI 

should be thin and impervious to electrolyte chemical components to improve battery 

efficiency, safety and to sustain long-term battery performance. Since sodium and lithium 
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secondary batteries have similarities in operation chemistries, previous studies have proposed 

swapping lithium electrolytes for sodium analogs. However, sodium cations have milder 

acidity compared to lithium cations and thus tend to form inhomogeneous and fragile SEI 

layers with higher solubility.[7, 11, 43-49] This allows further surface reactions between the 

electrode and electrolyte that induce further degradation and extra gas evolution that may create 

safety problems.[40, 50] For this reason, optimization of sodium electrolytes is a vital step 

towards the realization of high performance, safe and durable sodium secondary batteries. 

 The cathode electrolyte interface (CEI) layer, first confirmed by Thomas et al. on 

LiCoO2 that exhibits high voltage[51] is formed on the positive electrode with characteristics 

akin to the SEI. Studies on CEI for lithium-ion batteries have shown that the CEI becomes less 

stable during high voltage operations.[52, 53] It could, therefore, be inferred that the large initial 

irreversible capacity observed on NVPF using conventional organic solvent electrolytes would 

form an unstable CEI layer accompanied by continuous electrolyte decomposition at high 

voltage. Therefore, the formation and stability of CEI, or lack of thereof, is a big stumbling 

block for high-voltage sodium secondary battery performance. (see Figure 1b). In an attempt 

to tackle this issue, a few studies on possible improvements have been conducted. Ponrouch et 

al. confirmed that the addition of DMC solvent (1 mol dm–3 Na[ClO4]-EC0.45/PC0.45/DMC0.1) 

improves the Coulombic efficiency of 98.5%.[39] Yan et al. revealed that adding DMC or the 

combination of four additives (vinylene carbonate (VC), succinonitrile, 1,3-propane sultone, 

and sodium difluoro(oxalate)borate) into 1 mol dm–3 Na[PF6]-EC/PC stabilized cell 

performance at 55 °C.[43] (Table S1). 

In this study, the basic electrochemical properties of eleven different sodium secondary 

battery electrolytes; Na[FSA], Na[ClO4], Na[PF6] in PC and in EC/DMC solvents with and 

without VC and FEC additives, and an ionic liquid of Na[FSA]-[C3C1pyrr][FSA] (FSA = 
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bis(fluorosulfonyl)amide, PC = propylene carbonate, EC = ethylene carbonate, DMC = 

dimethyl carbonate, FEC = fluoroethylene carbonate, and C3C1pyrr = N-methyl-N-

propylpyrrolidinium) were investigated at temperatures ranging from 25 °C to 60 °C, in order 

to compare their performance as electrolytes for the carbon-coated NVPF composite (NVPF-

C) electrode. The Na[FSA]-[C3C1pyrr][FSA] ionic liquid showed the best performance in the 

basic electrochemical tests. For this reason, additional electrochemical performance tests that 

included rate capability, cyclability, and electrochemical impedance spectroscopy (EIS) 

combined with X-ray photoelectron (XPS) and energy dispersive X-ray (EDX) spectroscopy 

were performed in the extended temperature range of –20 °C to 90 °C, to clarify the effects of 

CEI layer on capacity fading and Coulombic efficiency.  

 

2. Results and Discussion  

2.1 Electrochemical Stability Based on Operating Temperatures.  

Although it is a general understanding that the electrochemical stability window of electrolytes 

can be established through the computation of the energy difference between the highest 

occupied molecular orbital (HOMO) and lowest unoccupied molecular orbitals (LUMO) 

electronic structure theory,[54] previous studies have shown that the HOMO-LUMO energy gap 

is often an inaccurate representation of electrolyte stability. Electrolyte stability is much more 

multifaceted, as it is dependent on other factors such as the reactions between the solvent and 

salts within the electrolyte, concentrations, electrode materials, electrode surface states, 

temperatures, etc.[7, 54] For this reason, to assess the electrochemical stability of the electrolyte 

samples, linear sweep voltammetry (LSV) was performed on Al and C electrodes in two-

electrode cells alongside a Na metal counter electrode (Figures S1 and S2) and the electrolyte 

samples at variant temperatures of 25 °C, 45 °C, and 60 °C. The oxidative potential limits 
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(anode limits) of the electrolytes are summarized in Figure 2. The results reveal that at 25 °C, 

the Al electrodes (threshold: 0.01 mA cm–2) exhibit oxidative potential limits of above 5.5V in 

1 mol dm–3 Na[FSA]-[C3C1pyrr][FSA], 1 mol dm–3 Na[PF6]-EC/DMC, and 1 mol dm–3 

Na[PF6]-PC. For 1 mol dm–3 Na[ClO4]-PC, the Al electrodes demonstrate oxidative limits of 

above 4.7 V at the same temperature. At elevated temperatures of 45 °C and 60 °C, the wide 

oxidative potential limit appears to be preserved for 1 mol dm–3 Na[FSA]-[C3C1pyrr][FSA], 

but significantly narrowed for all organic solvent electrolytes as irreversible oxidative 

decomposition of the electrolytes occurred above 4 V. This radical decline in performance with 

the change in temperature explains the necessity of additives for the practical utilization of 

organic electrolytes. This behavior is further illustrated by the charge-discharge of NVPF-C at 

elevated temperature, as highlighted in the charge-discharge results below.  

As shown in Figure S3, the SEM images and EDX mapping conducted on the Al 

electrodes following the LSV tests reveal severe pitting corrosion of electrodes anodically 

scanned in the 1 mol dm–3 and the 2 mol dm–3 Na[FSA]-PC and -EC/DMC electrolytes. This 

demonstrates that Al electrodes degrade irrespective of the Na[FSA] concentration or the 

solvents used to create the electrolytes (Figure S3a-d). The EDX mapping results indicate the 

presence of O, F, and S besides Al on the surface, suggesting the native oxide passivation layer 

on Al dissolves because the surface reacts with electrolytes (Figure S3a-d). The F and S 

elements detected by EDX suggest that the decomposition of FSA– is involved in the corrosion 

process. For the Al electrode scanned in 1 mol dm–3 Na[ClO4]-PC and -EC/DMC electrolytes, 

only light corrosion is observed (see Figure S3e,f). However, no corrosion is detected for 1 mol 

dm–3 Na[PF6]-PC and EC/DMC, and Na[FSA]-[C3C1pyrr][FSA] as SEM images and EDX 

mapping illustrate elemental composition identical to that of a pristine Al electrode (Figure 

S3g-j). 
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Al metal is commonly used as a current collector for a positive electrode owing to high 

anodic stability created by the resilient layer of Al2O3 on the surface.[55-57] However, the 

passivation layer on Al seems to have deteriorated at regimes of above ~4 V in the 1 mol dm–

3 and the 2 mol dm–3 Na[FSA]-PC and EC/DMC electrolytes, in concordance with results 

reported in a previous study.[58] This explicitly confirms that Na[FSA]-based organic 

electrolytes are not suitable for batteries that utilize Al current collectors. As such, only the 

electrolytes; 1 mol dm–3 Na[ClO4]-PC, 1 Na[PF6]-EC/DMC, and 1 mol dm–3 Na[FSA]-

[C3C1pyrr][FSA] were selected for further electrochemical tests with a C electrode. 

 The anodic limits for each of the selected electrolytes; 1 mol dm–3 Na[ClO4]-PC, 1 

Na[PF6]-EC/DMC, and 1 mol dm–3 Na[FSA]-[C3C1pyrr][FSA], was further evaluated by 

performing LSV on C electrodes in the electrolyte samples as summarized in Figure 2b and 

illustrated by LSV in Figure S2. In this set of experiments, acetylene black (AB) composite 

electrodes with poly(vinylidene fluoride) (PVDF) binder were used because of its large active 

surface area that provides a more suitable model of an actual battery electrode. Amongst the 

organic electrolytes, 1 mol dm–3 Na[PF6]-EC/DMC demonstrates the best stability with the Al 

electrode. Therefore, it was selected to examine the effects of additives on electrolyte stability. 

3 wt% FEC and 3 wt% VC were separately added into 1 mol dm–3 Na[PF6]-EC/DMC to create 

new electrolyte samples, 1 mol dm–3 Na[PF6]-EC/DMC + 3 wt% FEC and 1 mol dm–3 Na[PF6]-

EC/DMC + 3 wt% VC, respectively.  

As observed in the LSV results, 1 mol dm–3 Na[PF6]-EC/DMC and Na[ClO4]-PC 

demonstrate significantly high anodic currents even at 25°C. The current densities increase 

with increasing temperatures as shown in Figure S2a,b, indicating decreasing electrolyte 

stability (oxidative potential limit) with an increase in temperature. The addition of FEC and 

VC additives into 1 mol dm–3 Na[PF6]-EC/DMC was fairly effective in suppressing the anodic 
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current at all the temperatures (Figure S2c,d), indicating that the addition of additives has a 

positive effect on the electrolyte stability. The lowest anodic current is observed for 1 mol dm–

3 Na[FSA]-[C3C1pyrr][FSA] regardless of the temperature changes (Figure S2e), corroborating 

the stability of the ionic liquid, 1 mol dm–3 Na[FSA]-[C3C1pyrr][FSA]. These results indicate 

that the choice of the electrolyte and the use of additives positively influence the oxidative 

stability of a positive electrode (for instance, NVPF-C as will be discussed in the following 

section). Moreover, the ionic liquid electrolyte establishes its capability to harness maximum 

electrochemical performance from a high-voltage positive electrode material in a wide 

temperature range. 

 

2.2 Electrochemical Performance 

2.2.1 Charge-discharge Behavior of NVPF-C  

Details regarding the preparation and structural characteristics of NVPF-C can be found in the 

Additional Results and Discussion section, Tables S2–S4, and Figures S4–S7 in Supporting 

Information.  

Charge-discharge tests were performed on cells with NVPF-C electrodes against 

sodium metal negative electrodes immersed in the electrolyte samples and corresponding 

charge-discharge curves of their first were plotted as shown in Figure 3 and Figure S8. The 

charging step of the cells continues over the preset time limit of 50 h. The charge-discharge 

curves for cells with 1 mol dm–3 and 2 mol dm–3 Na[FSA] in PC and EC/DMC (Figure S8 a-d) 

and the corresponding differential capacity vs. voltage plots (dQ/dV) shown in Figure S9 are 

consistent with the LSV measurements that indicate irreversible oxidation begins around 4 V, 

(Figure 2a). Cells containing the 1 mol dm–3 Na[ClO4] EC/DMC showed limited performance 

with NVPF-C (Figure S8e) presumably caused by water decomposition. The drying of NaClO4 
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has been previously reported to cause technical difficulties due to its explosive nature.[59] The 

NVPF-C in 1 mol dm–3 Na[ClO4]-PC shows a large capacity during the charge phase at 25 °C 

but failed to charge up to the upper cutoff voltage (4.3 V) at 45 °C and 60 °C (Figure S8f). The 

corresponding dQ/dV curves indicate two redox couples at about 3.7 V and 4.2 V caused by 

the (de)sodiation reactions of the Na+
 ions from Na (2) site and Na(1) sites, respectively, in 

NVPF-C at 25 °C (Figure S9a,d). On the other hand, severe oxidation peaks ascribed to 

electrolyte decomposition are observed above 45 °C and 60 °C (Figure S9b,e,c,f).  

Among the organic electrolytes, the charge-discharge tests of NVPF-C in 1 mol dm–3 

Na[PF6]-EC/DMC presents the best results among the organic electrolytes (Figure 3a). Thus, 

further optimization was carried out by adding 3 wt% of FEC and 3 wt% of VC into 1 mol dm–

3 Na[PF6]-EC/DMC electrolyte. The results indicate that the addition of FEC or VC additives 

improves the charge-discharge behavior of the NVPF-C electrode even at 60 °C (Figure 3b,c).  

Table 1 lists the Coulombic efficiency of the first cycle in the series of electrolytes at 25 °C, 

45 °C, and 60 °C. The first cycle Coulombic efficiencies are improved from 50.2% without 

additive, to 60.5% with FEC and 67.1% with VC at 60 °C. The ionic liquid electrolyte of 1 mol 

dm–3 Na[FSA]-[C3C1pyrr][FSA] shows the highest first-cycle Coulombic efficiencies in this 

series across all the temperatures (88.6% at 25 °C, 84.8% at 45 °C, and 76.4% at 60 °C).  

Figure 4 shows cycle performance of the NVPF-C electrode in the electrolytes; 1 mol 

dm–3 Na[PF6]-EC/DMC + 3 wt% FEC or + 3 wt% VC and 1 mol dm–3 Na[FSA]-

[C3C1pyrr][FSA] exhibit relatively stable charge-discharge behavior in the first cycle up to 

60 °C (Figure 3). Therefore, their cycle performance was evaluated over 500 cycles at 

temperatures of 25 °C and 60 °C as shown in Figure 4. Although the addition of FEC and VC 

additives into 1 mol dm–3 Na[PF6]-EC/DMC allows cycling of the NVPF-C electrode, 

significant capacity degradation is observed throughout the cycling (Figure 4a). In both cases, 
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an increase in operating temperature improves the discharge capacity in the early cycles but 

leads to significant capacity drop after 300 cycles. The capacity retentions recorded after 500 

cycles are 44.5%, 33.6% with FEC at 25 °C and 60 °C and 44.9%, and 33.8% with VC at 25 °C 

and 60 °C, respectively. Although average Coulombic efficiencies are at acceptable levels for 

1 mol dm–3 Na[PF6]-EC/DMC with FEC or VC additives, there are distinct fluctuations over 

the cycles with values reaching over 100% in some cases, suggesting unstable cycling behavior 

even in the presence of additives (Figure 4b). The results from LSV and charge-discharge tests, 

therefore, reveal that both FEC and VC can improve the oxidative stability of organic 

electrolytes but cannot reach satisfactory levels at elevated temperatures. 

The NVPF-C cell using the 1 mol dm–3 Na[FSA]-[C3C1pyrr][FSA] achieved highly 

stable cyclability. The cycle performance was evaluated at a rate of 2C over 500 cycles at 

temperatures of 25 °C and 60 °C as shown in Figure 4. At 25 °C, very stable cycling 

performance at 25 °C observed, achieving outstanding capacity retention of 105.6% at the 

500th cycle (vs. the 1st cycle) with a high average Coulombic efficiency of 99.8% throughout 

the 500 cycles. No fluctuation is observed. At 60 °C, the capacity gradually fades during 

cycling attaining capacity retention of 90.5% at the 500th cycle (vs. the 1st cycle) with an 

average Coulombic efficiency of 99.2% throughout the 500 cycles. This remarkable 

performance is attributed to the formation of a more robust CEI layer in the Na[FSA]-

[C3C1pyrr][FSA] ionic liquid in comparison with the organic electrolytes. This could also 

explain the results from the XPS and EDX mapping later. However, when cycling was done at 

90°C, faster capacity degradation is observed especially after 300 cycles. This temperature also 

produces the lowest Coulombic efficiency reaching 99.0% (Figure S10). This is an indicator 

that the CEI layer becomes unstable because temperature elevation triggers electrolyte 

decomposition leading to chemical reactions on the electrode surface during cycling. Cycling 
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performance at low temperatures of 0 C and –20 °C were briefly investigated over 50 cycles 

(Figure S11). Although the cell exhibits limited performance at –20 °C, it retains a high 

reversible capacity of over 90 mAh g−1 at 0 °C. These electrochemical results show that the 1 

mol dm–3 Na[FSA]-[C3C1pyrr][FSA] electrolyte can create and maintain a stable CEI layer 

even at lower operating temperatures.  

 

2.2.2 Superior Electrochemical Performance Using Ionic Liquid Electrolytes over a Wide 

Temperature Range 

Figure 5 shows the galvanostatic charge-discharge profiles of the NVPF-C electrode in 1 mol 

dm–3 Na[FSA]-[C3C1pyrr][FSA] over an operating temperature range of –20 °C to 60 °C. 

Reversible capacities of 121.0 mAh g–1, 119.7 mAh g–1, 102.4 mAh g–1  and 51.3 mAh g–1 are 

obtained at 60 °C, 25 °C, 0 °C and –20 °C, respectively. Although the polarization of charge-

discharge curves becomes larger as the temperature decreases, the average discharge voltage 

of the NVPF-C electrode remains at 3.8 V at temperatures above 0 °C. Table S5 shows that 

considerably high energy densities of 384 Wh Kg–1 and 206 Wh Kg–1 (based on positive 

electrode material alone) are still achieved even at the low temperatures of 0 °C and –20 °C, 

respectively (vs. an ideal Na metal negative electrode). The NVPF-C electrode delivers high 

rate performance across a wide temperature range (Figure 6a-e), demonstrating the possibility 

of application in extreme temperature environments. 

To determine the kinetic characteristics underlying the improved electrochemical 

performance with temperature elevations, electrochemical impedance spectroscopic analysis 

(EIS) was performed as schematically shown in Figure 6f. Symmetric cells were adopted after 

adjusting the state of charge (SOC), and NVPF-C was also used as the counter electrode. Note 

here that half-cell configuration using sodium metal as a counter electrode, exhibits large 
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impedance, making it unsuitable for evaluation of the impedance information in sodium 

secondary battery target electrodes.[47, 60] Figure 6g shows the impedance Nyquist plots and 

fitted curves from the NVPF-C/NVPF-C symmetric cell (SOC = 50%). The equivalent circuit 

used to fit the plots is shown as the inset in Figure 6h, and the EIS parameters are provided in 

Table S7. The resistance at high-frequency regimes (R1) is generally considered to emanate 

from the electrode-electrolyte interface of film resistance. In contrast, a resistance at low-

frequency regimes (R2) arises from charge-transfer resistance. The internal resistance of the 

electrode is represented as bulk resistance (Rbulk). Characteristic frequencies of these 

resistances shift to the high-frequency regimes with increasing operating temperatures. The 

reason behind the specific frequency shift is presumed to be a natural phenomenon and, to our 

knowledge, is not well established. The impedance values of Rbulk, R1, and R2 decrease as the 

temperature increase, which shows an increase in Na+ kinetics as manifested with improved 

rate performance at elevated temperatures. Furthermore, R2 is more dependent on temperature 

than Rbulk and R1. The attenuated rate performance at the temperature range of –20 °C to 25 °C 

is largely due to R2, whereas at 60 °C it can be attributed to R1. These results indicate that the 

charge-transfer resistance is the dominant factor that determines the rate capability of the 

NVPF-C electrode at low temperatures (below 25 °C), whereas at high temperatures (above 25 

C), there is cumulative involvement of Rbulk, R1 and R2. This observation is consistent with 

temperature dependence observed in some electrodes using ionic liquid electrolytes.[9, 60-64] 

2.3 Thickness and Properties of CEI Layer 

The characteristics of CEI components formed in the selected electrolytes at different 

temperatures were analyzed using XPS, and EDX mappings. Figure 7 shows V 2p XPS spectra 

of the NVPF-C electrode taken at different etching times (0 s, 10 s, 30 s and 60 s) after the 
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initial charging phase to the cut-off voltage of 4.3 V in the series of electrolytes at 25 °C and 

60 °C (Figure 7a-d) and the corresponding V 2p3/2 peak (~ 517 eV) intensity profiles (Figure 

7e,f). The thickness of the CEI is determined by evaluating the change in the intensity of the V 

2p3/2. The peak intensity of V 2p decreases as the CEI becomes thicker. The results show a 

tendency of increasing CEI thickness as the operating temperature increases in any of the 

selected electrolytes. As the operating temperature increases, the solubility of the CEI 

components increases and becomes more unstable prompting electrolyte decomposition that 

increases the thickness of the CEI layer. The XPS spectra confirm charge-discharge 

measurement results indicating that NVPF-C in 1 mol dm–3 Na[PF6]-EC/DMC develops a 

thicker CEI layer than in other electrolytes. The CEI layer decreases in thickness upon adding 

the FEC and VC additives into 1 mol dm–3 Na[PF6]-EC/DMC, further confirming the profound 

effect additives have in the formation of a desirable CEI layer. The CEI layer formed in 1 mol 

dm–3 Na[FSA]-[C3C1pyrr][FSA] ionic liquid was the thinnest compared to the other 

electrolytes, affirming its excellent operation stability. This can be ascribed to the low solubility 

of electrolyte components of ionic liquids compared to organic electrolytes. These results are 

congruent with the results from the electrochemical performance test conducted in the previous 

sections.  

 More detailed XPS analyses were performed to further investigate the stability of the 

CEI constituents after initial charging of the NVPF-C electrode in 1 mol dm–3 Na[FSA]-

[C3C1pyrr][FSA] to 4.3V. Figure 8 shows Na 1s, F 1s, C 1s, O 1s, N 1s, P 2p3/2, and P 2p3/2 

XPS spectra of the NVPF-C electrode (see Table S8 for further details relating to peak 

assignments). Moreover, EDX mappings were taken to clarify the chemical constituents at the 

surface of the NVPF-C electrode (see Figure S12 for EDX mapping images and Table S9 for 

elemental composition details). The EDX mapping reveals the CEI layer to be distributed 
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homogeneously over the surface of NVPF-C electrodes irrespective of the temperature. The 

increase in the elemental composition of sulfur (S) with an increase in operating temperatures 

coincides with a thicker CEI layer being formed at higher temperatures, as has been discussed 

in Figure 7. It is important to mention here that the presence of nitrogen (N)- and sulfur (S)-

containing constituents may be a distinguishing factor between the CEI layers formed in 

Na[FSA]-[C3C1pyrr][FSA] ionic liquids from those of organic electrolytes based on NaPF6-

EC/DMC. In the ionic liquid, the main CEI constituents presumably arise from the oxidation 

of Na[FSA] (Na[N(SO2F)2]).
[65, 66] The formation of NaF from Na+ and decomposition of FSA− 

is confirmed by the peaks at 1071.7 eV in Na 1s and 684.5 eV in F 1s. The N 1s, S 2p3/2, and 

O 1s spectra probably indicate the existence of amidyl radicals ●N(SO2F)2, –SOx– (probably 

SO2 and Na[SO2F] ), and C‒N from the decomposition of the FSA and C3C1pyrr+.[65-70] In 

addition, the C 1s peaks fitted at 284.4 eV, 285.4 eV, and 287.5 eV are assigned to C-C (C-H), 

C-O, and C=O, respectively.[71] The characteristic peaks of the CF2 group in PVDF are 

observed at 290.2 eV and 687.5 eV in C 1s and F 1s, respectively, whereas the CH2 group is at 

284.4 eV in C1s.[52, 53, 72] The peak at 133.2 eV in P 2p3/2 is considered to be PO4 in NVPF, as 

reported in the previous studies.[38]  
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3. Conclusion 

In summary, the electrochemical stability of eleven organic solvent electrolytes and an ionic 

liquid were evaluated over a wide temperature range in an attempt to overcome the limited 

cyclability and Coulombic efficiency on the high-voltage positive electrode material, NVPF. 

Severe corrosion of Al occurs in Na[FSA]-based organic solvent electrolytes during the first 

charging step at all temperature variations due to poor stability. Without additives, Na[ClO4] 

and Na[PF6] based electrolytes decomposed at 45 °C and 60 °C. FEC and VC additives proved 

effective in improving the charge-discharge capacity and suppressing electrolyte degradation 

of the organic electrolytes. However, cycle deterioration was still prominent, resulting in low 

capacity retention (~44% at 25 °C and ~ 34% at 60 °C after 500 cycles). Ionic liquid: 1 mol 

dm–3 Na[FSA]-[C3C1pyrr][FSA] not only demonstrated excellent stability, but it also showed 

improved rate capability at elevated temperatures. The capacity retentions obtained after 500 

cycles were 105.6% (average Coulombic efficiency: 99.8%) at 25 °C and 90.5% (average 

Coulombic efficiency: 99.2%) at 60 °C. The exceptional performance of the NVPF-C electrode 

in the ionic liquid electrolyte is a result of the thin and sturdy CEI layer arising from the 

oxidation of FSA− in the ionic liquid electrolyte across the temperature range, as suggested by 

XPS and EDX analyses. This work clearly demonstrates the link between the formation of a 

stable CEI at high voltage regimes and the outstanding capabilities of ionic liquid electrolytes. 

It also highlights the functionality of ionic liquid electrolyte sodium batteries in severe 

temperature conditions. 

Taming a high-voltage positive electrode is crucial in the pursuit of high energy batteries, 

especially sodium secondary batteries. This study opens new possibilities for research into CEI 

formation and characteristics as a way to maximize the potential of high-performance 

electrodes using ionic liquid electrolytes. 
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 4. Experimental Section  

General procedures and reagents 

All air-sensitive materials were handled under dry Ar atmosphere in a glove box (H2O < 1 ppm, 

O2 < 1 ppm). Oxalic acid (Fujifilm Wako Pure Chemical Industries, purity > 98.0%), V2O5 

(Sigma-Aldrich Chemistry, purity > 99.6%), NaF (Wako Pure Chemical Industries, purity > 

97.0%), NH4H2PO4 (Wako Pure Chemical Industries, purity > 99.0%), and glucose (Fujifilm 

Wako Pure Chemical Industries) was used as purchased. The salts, Na[FSA] (Mitsubishi 

Materials Electronic Chemicals, purity > 99%) and [C3C1pyrr][FSA] (Kanto Chemical, purity 

> 99.9%), NaPF6 (Tokyo Chemical Industry, purity > 99%), and NaClO4 (Fujifilm Wako Pure 

Chemical Industries, purity > 95.0%) were dried under vacuum for 24 h at 80 °C. 

 

Preparation Procedures of NVPF-C 

The NVPF-C composite was prepared via two-step synthesis, as shown in Figure S4. The 

carbon-coated VPO4 (VPO4-C) precursor was prepared through a sol-gel method. 1.8188 g 

(10.000 mmol) of V2O5 and 4.5015g (50.000 mmol) of oxalic acid was dissolved in the ion-

exchange water at 80 °C while continuously stirring using a magnetic stirring bar coated with 

polytetrafluoroethylene (PTFE). 1.7115 g (9.4999 mmol) of glucose and 1.3001 g (19.999 

mmol) NH4H2PO4 were then added into the resulting solution and stirred for an additional 3 h. 

The oxalic acid and glucose were used as reducing agents and carbon sources, respectively. 

The solution was entirely dried at 120 °C and was then heated at 350 °C for 6 h and 700 °C for 

8 h under Ar flow. After the heating process, the carbon content in VPO4-C was determined to 

be 16.7% via combustion analysis. The prepared 2.466 g  of VPO4/C, and contained contains 

2.1213 g (14.54 mmol) of VPO4, was mixed with 0.9151 g (21.807 mmol) of NaF (2:3 molar 

ratio) and ball-milled (powder: ball = 1:10 in wt) for 1 h and heated once again at 700 °C for 8 
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h. The carbon content in the NVPF-C composite was 11.8% as was further determined by 

combustion analysis. 

 

Preparation of Electrolytes 

The Na[FSA]-based electrolytes, 1 mol dm−3 Na[FSA]-PC, 2 mol dm−3 Na[FSA]-PC, 1 mol 

dm−3 Na[FSA]-EC/DMC, and 2 mol dm−3 Na[FSA]-EC/DMC, were prepared by mixing 

Na[FSA] and PC (Kishida Chemical, H2O < 30 ppm) or EC/DMC (1:1 v/v) (Kishida Chemical, 

H2O < 30 ppm). The Na[ClO4]- and Na[PF6]-based electrolytes, 1 mol dm−3 Na[ClO4]-

EC/DMC, and 1 mol dm−3 Na[PF6]-PC were prepared by mixing the corresponding salts and 

solvent in a target ratio. The 1 mol dm−3 Na[ClO4]-PC (Kishida Chemical, battery grade) and 

1 mol dm−3 Na[PF6]-EC/DMC (1:1 in volume) (Kishida Chemical, battery grade) solutions 

were used as received. The additives, FEC (Fujifilm Wako Pure Chemical Industries) and VC 

(Fluorochem Ltd.), were used as received and added to 1 mol dm−3 Na[PF6]-EC/DMC in 3 

wt%. The ionic liquid electrolyte, 1 mol dm−3 Na[FSA]-[C3C1pyrr][FSA], was prepared by 

mixing Na[FSA] and [C3C1pyrr][FSA] and dried under vacuum for 24 h at 80 °C after mixing. 

The typical water content was below 30 ppm, according to Karl-Fischer titration (899 

Coulometer, Metrohm). 

 

Further experimental details  

Details on material characterization, electrode and cell preparations, electrochemical 

measurements, and analytical results are summarized in the Supporting Information. 
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Supporting Information  

Supporting Information can be found in the Wiley Online Library or directly from the author. 
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The scarcity of electrolytes suitable for high voltage positive electrode materials such as  

Na3V2(PO4)2F3, greatly undermines the implementation of sodium secondary batteries. In this 

study Na3V2(PO4)2F3 performance is analyzed through screening of several organic and ionic 

liquid electrolytes. Results show the ionic liquid to be the most stable across a wide temperature 

range due to the formation of a CEI layer around the electrode. 

sodium secondary batteries, electrolytes, Na3V2(PO4)2F3, wide operating temperature, 

ionic liquids 

 

Jinkwang Hwang, Kazuhiko Matsumoto, and Rika Hagiwara 

 

Electrolytes Toward High-Voltage Na3V2(PO4)2F3 Positive Electrode Durable Against 

Temperature Variation 
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Table 1. Summary of the first cycle Coulombic efficiency of the NVPF-C electrode in various 

electrolytes.  

Electrolytes Temperature First cycle Coulombic efficiency /% 

1 mol dm–3 Na[FSA]-PC 

25 °C Overcharged (Al dissolution) 

45 °C Overcharged (Al dissolution) 

60 °C Overcharged (Al dissolution) 

1 mol dm–3 Na[FSA]-EC/DMC  

25 °C Overcharged (Al dissolution) 

45 °C Overcharged (Al dissolution) 

60 °C Overcharged (Al dissolution) 

2 mol dm–3 Na[FSA]-PC  

25 °C Overcharged (Al dissolution) 

45 °C Overcharged (Al dissolution) 

60 °C Overcharged (Al dissolution) 

2 mol dm–3 Na[FSA]-EC/DMC 

25 °C Overcharged (Al dissolution) 

45 °C Overcharged (Al dissolution) 

60 °C Overcharged (Al dissolution) 

1 mol dm–3 Na[ClO4]-PC  

25 °C 56.4 

45 °C Overcharged (electrolyte decomposition) 

60 °C Overcharged (electrolyte decomposition) 

1 mol dm–3 Na[ClO4]-EC/DMC 

25 °C 40.5 

45 °C 29.4 

60 °C Overcharged (electrolyte decomposition) 

1 mol dm–3 Na[PF6]-PC 

25 °C 69.9 

45 °C 52.3 

60 °C 40.3 

1 mol dm–3 Na[PF6]-EC/DMC 

25 °C 70.1 

45 °C 57.7 

60 °C 50.2 

1 mol dm–3 Na[PF6]-EC/DMC + 3wt% FEC  

25 °C 70.4 

45 °C 68.7 

60 °C 60.5 

1 mol dm–3 Na[PF6]-EC/DMC + 3wt% VC  

25 °C 75.4 

45 °C 72.4 

60 °C 67.1 

1 mol dm–3 Na[FSA]-[C3C1pyrr][FSA]  

25 °C 88.6 

45 °C 84.8 

60 °C 76.4 
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Table 2. Summary of cycle performance for NVPF-C in selected electrolytes. 

Electrolytes Capacity retention  

(500th vs. 1st) / % 

Average Coulombic 

efficiency (500 cylcles) / % 

1 mol dm–3 Na[PF6]-EC/DMC + 3wt% FEC at 25 °C 44.5 97.8 

1 mol dm–3 Na[PF6]-EC/DMC + 3wt% FEC at 60 °C 33.6 94.3 

1 mol dm–3 Na[PF6]-EC/DMC + 3wt% VC at 25 °C 44.9 96.4 

1 mol dm–3 Na[PF6]-EC/DMC + 3wt% VC at 60 °C 33.8 87.7 

1 mol dm–3 Na[FSA]-[C3C1pyrr][FSA] at 25 °C 99.9 99.8 

1 mol dm–3 Na[FSA]-[C3C1pyrr][FSA] at 60 °C 90.5 99.2 
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Figure 1. a) Operation temperature ranges of secondary batteries for selected applications and 

b) schematic drawing of difference in CEI formation depending on operating temperatures.  

 

a b Active material

Carbon black

Unstable and extended CEI
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Figure 2. Anodic limits dependence on temperature for the electrolytes in this study. The 

anodic limits were determined by LSV on (a) Al and (b) C electrodes. The green, yellow, and 

red bars denote measurements at 25 °C, 45 °C, and 60 °C, respectively. See Figures S1 and S2 

for the LSV data.  
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 Figure 3. Charge-discharge curves of the NVPF-C electrode at 25°C, 45°C, and 60 °C for 

selected electrolytes. a) 1 mol dm–3 Na[PF6]-EC/DMC, b) 1 mol dm–3 Na[PF6]-EC/DMC + 

3wt% FEC, c) 1 mol dm–3 Na[PF6]-EC/DMC + 3wt% VC, and d) 1 mol dm–3 Na[FSA]-

[C3C1pyrr][FSA]. e) The first cycle Coulombic efficiency for the electrolytes in this study 

measured at a C-rate of 0.1C and a cut-off voltage of 2.0 V/4.3 V. See Figure S8 for the charge-

discharge curves of the NVPF-C electrode using other electrolytes, Table 1 for the Coulombic 

efficiency, and Figure S9 for the corresponding differential capacity dQ/dV plots.  
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Figure 4. a) Cycle performance at 25 °C and 60 °C and b) the corresponding Coulombic 

efficiency plots of the NPVF-C electrode with the selected electrolytes measured at a C-rate of 

2C and a cutoff voltage of 2.0 V/4.3 V. See Table 2 for cycle test details.  
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Figure 5. a-d) Charge-discharge curves of the NVPF-C electrode in 1 mol dm–3 Na[FSA]-

[C3C1pyrr][FSA] measured at a C-rate of 0.1C and temperatures of a) –20 °C, b) 0 °C, c) 25 °C, 

and d) 60 °C. 
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Figure 6. a) Rate capability dependence on temperature. b-e) Discharge curves of the NVPF-

C electrode in the Na/1 mol dm–3 Na[FSA]-[C3C1pyrr][FSA] measured in the current density 

range of 0.1-40C at temperatures of a) –20 °C, b) 0 °C, c) 25 °C, and d) 60 °C. Cutoff voltage 

was set at 2.0 V/4.3 V. f) Schematic of a symmetric cell for EIS measurement. g) Nyquist plots 

and EIS fitting for the NVPF-C symmetric cells. SOC: 50%, AC perturbation: 10 mV, and 

frequency range: 100 mHz to 100 kHz. h) Rbulk, R1, and R2 obtained from EIS fitted plots. See 

Tables S5 and S6 for details of capacity, energy density, and capacity retention and Table S7 

for EIS parameters. 
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Figure 7. V 2p1/2 and V 2p3/2 XPS depth profiles for elements for NVPF-C electrode taken in 

a) 1 mol dm–3 Na[PF6]-EC/DMC, b) 1 mol dm–3 Na[PF6]-EC/DMC + 3wt% FEC, c) 1 mol dm–

3 Na[PF6]-EC/DMC + 3wt% VC, and d) 1 mol dm–3 Na[FSA]-[C3C1pyrr][FSA]. The peak 

intensity changes against etching time at e) 25 and f) 60 °C. Ar+ sputtering power was set at 

400 V. 

0 10 20 30 40 50 60

 1 mol dm–3 Na[PF6]-EC/DMC 

 1 mol dm–3 Na[PF6]-EC/DMC + 3wt% FEC 

 1 mol dm–3 Na[PF6]-EC/DMC + 3wt% VC

 1 mol dm–3 Na[FSA]-[C3C1pyrr][FSA] 

525 520 515 510

 
 

 
 

 
 

 
 

525 520 515 510

 
 

 
 

 
 

 
 

525 520 515 510

 
 

 
 

 
 

 
 

525 520 515 510

 
 

 
 

 
 

 
 

 
 

 

 

 

60 s

30 s

10 s

0 s

60 s

30 s

10 s

0 s

60 s

30 s

10 s

0 s

60 s

30 s

10 s

0 s

60 s

30 s

10 s

0 s

60 s

30 s

10 s

0 s

60 s

30 s

10 s

0 s

60 s

30 s

10 s

0 s
25 °C

60 °C

25 °C

60 °C

25 °C

60 °C

25 °C

60 °C

0 10 20 30 40 50 60

 1 mol dm–3 Na[PF6]-EC/DMC 

 1 mol dm–3 Na[PF6]-EC/DMC + 3wt% FEC 

 1 mol dm–3 Na[PF6]-EC/DMC + 3wt% VC

 1 mol dm–3 Na[FSA]-[C3C1pyrr][FSA] 

a b c d

e f

Etching time / s 

P
e
a
k

in
te

n
s
it
y

o
f

V
2
p

3
/2

Binding Energy / eVBinding Energy / eV Binding Energy / eV Binding Energy / eV

25 °C 60 °C

e
tc

h
in

g

e
tc

h
in

g

e
tc

h
in

g

e
tc

h
in

g

e
tc

h
in

g

e
tc

h
in

g

e
tc

h
in

g

e
tc

h
in

g

Etching time / s 

P
e
a
k

in
te

n
s
it
y

o
f

V
2
p

3
/2

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



  

30 

 

 

Figure 8. XPS spectra of the NVPF-C electrodes after the first charge in 1 mol dm–3 Na[FSA]-

[C3C1pyrr][FSA] at 25, 45, and 60 °C; Na 1s, F 1s, O 1s, C 1s, N 1s, S 2p3/2, and P 2p3/2. See 

Table S8 for the binding energy of the peaks and CEI components.  
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