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• An 1 M NaPF6-diglyme electrolyte al-
lows stable cycling of Na//Na3V2(-
PO4)2F3 cells.

• A polymer-inorganic cathode-electro-
lyte-interphase forms in this electrolyte.

• The unique surface/interfacial chemis-
try is comprehensively studied.

• The use of ether electrolyte enables low
heat dissipation in cells.
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A B S T R A C T

The practical utilization of ether electrolytes has long been restricted due to the concern on its electrochemical 
oxidation stability. Recently, it has been demonstrated that ethers are compatible with a series of polyanionic 
cathodes for sodium batteries. However, the specific cathode-electrolyte interface is still poorly understood. In 
this work, via the use of highly complementary surface and interfacial characterization techniques, we identify 
that the use of an 1 M NaPF6-diglyme solution allows the formation of a unique polymer-inorganic cathode- 
electrolyte-interphase (CEI) on high-voltage Na3V2(PO4)2F3 polyanionic cathodes, contributing to excellent 
cyclability (capacity retention of 96.2% after 300 cycles at 0.5C, 1C 128 mAh g− 1) and outstanding rate 
capability (124, 120 and 112 mAh g− 1, at 5C, 10C and 20C, respectively). The peculiar interfacial chemistry 
disclosed here may open up new opportunities for building high performance sodium batteries.   
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1. Introduction

Sodium-ion batteries (SIBs) are an emerging candidate for stationary
energy storage in view of the low cost and wide abundance of sodium 
resources [1,2]. However, unlike the mature lithium-ion battery tech-
nology, the development of electrode and electrolyte materials for SIBs 
is still in its infancy. Recently, the search for suitable negative electrodes 
for SIBs was stimulated by the use of ether electrolytes [3]. Taking 
graphite as an example, its sodium storage capability can be activated in 
some ether electrolytes via co-intercalation chemistry, allowing for 
highly reversible cycling for thousands of times with a specific gravi-
metric capacity of ~120 mAh g 1 [4]. Nevertheless, this value is still far 
away from those obtained in LIBs (>350 mAh g 1) and not relevant for 
practical use. Later, it was found that a certain kind of ether electrolytes 
(1 M NaPF6 or NaBF4 in ether solvents) enable the reversible cycling of 
tin (Sn), bismuth (Bi), hard carbon and sodium metal electrodes, 
respectively [5–7]. The reversible cycling of sodium metal electrodes is 
particularly attractive, not only because of their high theoretical ca-
pacity (1166 mAh g 1) and extremely low over-potentials, but, more 
importantly, their wide-availability and cost-effectiveness features [7]. 
Starting with this sodium metal/ether electrolytes combination, it is 
necessary to identify a high-energy-density sodium positive electrode 
that is compatible with these ether electrolytes in order to maximize the 
energy density of sodium metal batteries. 

Unfortunately, with the concern on their anodic stability, ether 
electrolytes have rarely been used in the tests of high-energy-density 
sodium positive electrodes. With an effort, Zhang et al. evaluated an 
ether electrolyte of 1 M NaBF4-tetraglyme (TGME) for Na//P2-Na2/ 

3Co1/3Mn2/3O2 cells. However, the yielded capacity retention (70%) was 
relatively low [8]. In comparison, ether electrolytes were found to be 
more compatible with polyanionic cathodes [9–11]. Among these pol-
yanionic cathodes, NASICON-structured Na3V2(PO)2F3 has drawn the 
most attention in view of its high average working potential of 3.95V vs 
Na+/Na and reasonable specific capacity (>120 mAh g 1) [12]. For 
example, Tarascon et al. demonstrated that Na3V2(PO)2F3 electrodes 
could be stabilized for tens of cycles without evident capacity degra-
dation in 1 M NaPF6-diglyme (DGME) electrolyte. However, the 
long-term cyclic stability was not presented [13,14]. Moreover, despite 
the intriguing performance demonstrated, the insightful understanding 
of the cathode-electrolyte interfacial chemistry is still quite limited. 

In this work, we systematically study the electrochemical perfor-
mance of the Na3V2(PO)2F3 cathodes in a 1 M NaPF6-DGME electrolyte. 
With a higher carbon-coating degree for Na3V2(PO)2F3 cathodes, we 
demonstrate that Na//Na3V2(PO4)2F3 cells are capable of stable cycling 
for hundreds of cycles. More importantly, the surface and interfacial 
chemistry involved is minutely studied, concluding that the excellent 
electrochemical performance mostly arises from a unique polymer- 
inorganic cathode-electrolyte-interphase (CEI) formed. 

2. Experimental section

2.1. Na3V2(PO4)2F3 synthesis

A modified carbothermal solid state reaction is used for Na3V2(-
PO4)2F3 synthesis. Briefly, 0.01 mol V2O5 (Pechiney), 0.02 mol 
NH4H2PO4 (≥99.5%, Sigma Aldrich) and 0.025 mol carbon black (super 
C65, IMERYS) were first mixed in a planetary ball milling machine 
(ZrO2 ball to powder ratio of 20:1, Fritsch) in an air atmosphere with a 
rotating speed of 240 rpm for 12 h. The obtained powder was ground, 
pressed into pellets and subsequently annealed at 300 ◦C (temperature 
acceleration rate of 5 ◦C/min) for 5 h in a tube furnace in an argon flow 
of 0.2 L/min to evaporate possible ammonia residues. The powder 
product was milled again for 12 h at the same speed and a pellet was 
remade, which was subsequently annealed at 800 ◦C for 5 h to allow for 
carbothermal reduction and the formation of carbon-coated VPO4 (c- 
VPO4). The carbon content in the c-VPO4 sample is ~10 wt% as 

determined by thermogravimetric analysis in air (TGA, TGA-209F, 
Netzsch, Germany). Afterwards, stoichiometric amount of NaF 
(99.5%) was mixed with the c-VPO4 sample, preliminarily ground in a 
mortar and afterwards ball-milled for 12 h. The resulting powder was 
heated for 1 h at 800 ◦C in argon atmosphere to allow for the formation 
of the final Na3V2(PO4)2F3 product. The product was washed with water 
in a centrifuge machine and dried in a vacuum oven at 60 ◦C for 24 h 
before subsequent characterization. 

2.2. Electrode preparation and cell tests 

For the preparation of electrodes, active material powder, poly-
vinylidene fluoride (PVDF, SOLVAY SOLEF) binder and Super C65 
conductive agents were mixed in a weight ratio of 80:10:10 and then 
dispersed in N-methyl-2-pyrrolidone (NMP), yielding a slurry with a 20 
wt% solid content. This was then blade-casted on an aluminum foil with 
a wet thickness of 200 μm and 800 μm for normal (~2 mg cm 2) and 
high mass loading (~7 mg cm 2) electrodes. The wet electrodes were 
first dried at 80 ◦C in an oven, then punched into electrode discs 
(diameter: 12 mm) and finally dried in a high-vacuum Büchi oven at 
100 ◦C. The Büchi oven vessel was sealed and taken into an ultrapure 
argon filled glovebox for cell assembly (MBraun LabMaster; H2O content 
<0.1 ppm, O2 content <0.1 ppm). The cells used for the electrochemical 
performance measurements (cycling performance, rate capability, and 
others) were all assembled in the 2032-type coin cells using Na3V2(-
PO4)2F3 electrodes as working electrodes, sodium strips as counter 
electrodes and Whatman glass microfiber filters (GF/A) as the separator. 
The electrolyte amount used is 150 μL, which is excessive relative to the 
active materials. The cells were cycled in the voltage range between 3.0 
V and 4.3 V if not otherwise specified. Cells for cyclic voltammetry 
measurements (CV) were assembled in Swagelok-type T-cells using 
Na3V2(PO4)2F3 electrodes as working electrodes and sodium strips as 
counter and reference electrode, respectively. The CV cells were cycled 
between 3.0 V and 4.6 V vs Na+/Na on a VMP3 multi-channel poten-
tiostat (Bio-Logic, France) at a scan rate of 0.05 mV s 1. The impedance 
spectra of the cycled cells were recorded on the same instrument in the 
frequency range between 1 MHz and 100 mHz with an amplitude po-
tential of 5 mV. The auxiliary three-electrode cells were cycled by 
controlling the voltage between the working and counter electrodes in 
the range from 3.0 V to 4.3 V. An additional cable is used to simulta-
neously monitor the voltage between Na3V2(PO4)2F3 working and so-
dium metal reference electrode. All cells tests were carried out on a 
battery tester (MACCOR 4300, USA) at a constant temperature of 20 ±
1 ◦C. The charge/discharge rate of 1C is defined as 128 mA per gram of 
active material in the electrode. 

2.3. Characterizations 

X-ray diffraction (XRD) characterization of the Na3V2(PO4)2F3 
powder sample and cycled electrodes was performed using a Cu-Kα 
source in the two-theta range from 10◦ to 90◦, with a step size of 0.02◦

(Bruker D8 Advance diffractometer). The morphology of the samples 
was characterized using scanning electron microscopy (SEM, ZEISS 
155VP Field Emission Scanning Electron Microscope operated at 5 kV). 
The same SEM instrument was also used to collect elemental mapping 
images by energy dispersive X-ray spectroscopy (EDX). Atomic force 
microscopy (C-AFM; Seiko, SPA-400) was employed to characterize the 
surface morphology of the deposits at the nanoscale. Detection of the 
heat flow under isothermal conditions was performed with a TAM IV 
microcalorimeter (TA Instruments), comprising of a custom-made 
sample holder for coin cells. The cells were connected with Cu-P- 
bronze wires (36 AWG, Lakeshore) to a VSP multi-channel potentio-
stat (BioLogic, France). The data presented here were acquired after 
internal calibration at a thermostat temperature of 20 ◦C. The uncer-
tainty of the setup was less than ±300 nW. Galvanostatic cycling was 
conducted in the voltage-limited mode between 3.0 V and 4.3 V. A rest 
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where I is the current, Eload is the cell voltage under operation, Eeq is the 
equilibrium cell voltage, ΔHi is the reaction enthalpy of a chemical side 
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with the proportionality constant n and 

Faraday’s constant F. 
The electrode – electrolyte interphase of cycled Na3V2(PO4)2F3 

electrodes was characterized by X-ray photoelectron spectroscopy 
(XPS). The cycled Na3V2(PO4)2F3 electrodes were washed for three 
times with DME solvent before transferring them in a sealed, argon-filled 
transport vessel to the high vacuum XPS chamber, where they were 
inserted via a load lock system without contact to air. A monochromatic 
Al-Kα (hν = 1486.6 eV) X-ray source and a Phoibos 150 XPS 

spectrometer were used from SPECS and Surface Concept. The data 
acquisition was performed at 200 W, 30 eV pass energy and 0.1 eV 
energy step to collect high resolution spectra. For calibration of the 
binding energy in the photoelectron spectra we used the C1s peak of 
graphitic carbon at 284.4 eV from the conductive carbon as reference. 
The fits were performed with the CasaXPS software, using a nonlinear 
Shirley-type background and a 70% Gaussian and 30% Lorentzian pro-
file function. Time-of-flight secondary ion mass spectroscopy (TOF- 
SIMS) measurement (IONTOF GmbH, Münster, Germany) with Cs +

sputtering was also used in the anionic mode to investigate the 
elemental composition of the cycled electrodes. Measurements were 
performed on a 150 × 150 μm2 area. Differential elemental mass spec-
troscopy (DEMS) measurements were conducted in a three-electrode cell 
with Na3V2(PO4)2F3 electrodes as positive electrodes and sodium strips 
as counter and reference electrode, respectively. The diameter of both 
electrodes is 13 mm. The cell consists of a PEEK cylinder and a PEEK U 
cup with a stainless steel frit, the FEP membrane coated with the cathode 
layer, and a gasket cut from a Teflon plate (inner diameter 7 mm, outer 
diameter 13 mm) positioned in between. The Measurements were per-
formed in the potential range from 2.5 to 4.4 V vs Na+/Na. 

3. Results and discussions

3.1. Electrochemical performance of Na//Na3V2(PO4)2F3 cells

The Na3V2(PO4)2F3 used in this work was synthesized via a slightly 
modified carbothermal reaction (CTR) procedure introduced by Barker 

Fig. 1. (a) Rietveld refinement of the X-ray diffraction (XRD) pattern of Na3V2(PO4)2F3 sample (λ 1.54 Å). The red dots, black continuous line and bottom blue 
lines represent the experimentally observed, calculated and difference patterns, respectively, while the vertical green tick bars mark the reflection positions in the 
Amam space group. (b) Typical SEM image of the synthesized Na3V2(PO4)2F3 powder sample. (c) TGA profile obtained via heating the Na3V2(PO4)2F3 sample at a 
heating rate of 5 

◦

C min− 1 in air. (d) Cyclic voltammetry diagrams (CV) recorded in a three-electrode cell in two kinds of electrolytes, using a Na3V2(PO4)2F3 positive 
electrode and sodium strips as counter and reference electrodes, respectively. (e, f) Voltage profiles of Na//Na3V2(PO4)2F3 cells at 0.5C obtained in 1 M NaPF6-DGME 
electrolyte and 1 M NaPF6-PC/FEC electrolyte, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 

step was applied after reaching the upper and lower cut-off voltage in 
each cycle until a heat exchange equilibrium with the environment, i.e. 
zero heat flow value, was reached. The heat exchanged during charge 
and discharge was determined by integration of the heat flow signals. 
Here we used a linear baseline correction in order to account for the shift 
during the measurement and a constant integration window of 10000s 
for all peaks. The recorded, total heat generation rate (Q̇ tot) can be 
described by the simplified energy balance model developed by New-
man and coworkers that proved to be valid for insertion materials [15, 
16]: 



[12]. In addition to the two characteristic redox peaks for Na3V2(-
PO4)2F3, there is no current increase up to 4.6 V vs Na+/Na in the car-
bonate electrolyte, while it reaches 0.1 mA cm 2 at ~4.55 V in 1 M 
NaPF6-DGME electrolyte. This indicates a lower anodic stability window 
for ether electrolytes compared with that for carbonate electrolyte, in 
good agreement with the result by Westman et al. [13]. However, it is 
noteworthy that the electrochemical stability windows of both electro-
lytes are well above 4.3 V vs Na+/Na, i.e. the most often used upper 
cut-off voltage of Na3V2(PO4)2F3 electrodes [17–21]. Therefore, both 
electrolytes are, in principle, fully suited for the electrochemical oper-
ation of Na3V2(PO4)2F3 electrodes. Moreover, the initial 
charge-discharge capacity of Na//Na3V2(PO4)2F3 cells is 147 mAh g 1 

and 128 mAh g 1, respectively, corresponding to an initial Coulombic 
efficiency of 87.1% (Fig. 1(e)), which is higher than the value of 75.4% 
obtained by Wang et al. in a 0.5 M NaPF6-DGME electrolyte [11] and 
84.7% obtained in 1 M NaPF6-PC/FEC electrolyte (Fig. 1(f)). 

The Na//Na3V2(PO4)2F3 cell performance in different electrolytes 
was evaluated in 2032-type coin cells. As shown in Fig. 2 (a, b) and 
Fig. S2, a high capacity retention of 96.2% was obtained after 300 cycles 
at 0.5C (from 129 to 124 mAh g 1, 1C = 128 mA g 1) when using the 1 
M NaPF6-DGME electrolyte, much higher than that obtained in 1 M 
NaPF6-PC/FEC electrolyte (77.5%, from 127 to 98 mAh g 1). The 
average Coulombic efficiency (CE) of 99.5% in the ether electrolyte also 

Fig. 2. (a) Comparison of the cycling stability of Na//Na3V2(PO4)2F3 cells at 0.5C with different electrolytes. (b) Cycling performance of Na//Na3V2(PO4)2F3 cells at 
20C in 1 M NaPF6-DGME electrolyte. (c) Comparison of the rate capability of Na//Na3V2(PO4)2F3 cells in different electrolytes. Representative energy efficiency 
determination of Na//Na3V2(PO4)2F3 cells at 5C in (d) 1 M NaPF6-DGME and (e) 1 M NaPF6-PC/FEC electrolyte via the integration of voltage-specific capacity 
profiles. (f) Energy efficiency comparison of various cell systems. 

et al. [12] (see detailed synthesis process in the Experimental section). 
The X-ray diffraction pattern of Na3V2(PO4)2F3 sample can be success-
fully refined with the Rietveld method (Fig. 1 (a) and Table S1) in the 
orthorhombic Amam space group with lattice parameters a = 9.03911 
(44) Å, b = 9.05273 (39) Å, and c = 10.76542 (9) Å, which is in good 
agreement with a previous report by Croguennec et al. [12] Scanning 
electron microscopy (SEM) shows that the particle size is in the sub-
micron range (0.1–1.0 μm) (Fig. 1 (b)). Elemental mapping, according to 
energy dispersive spectroscopy (EDS), reveals a uniform distribution of 
sodium, vanadium, phosphorus and carbon within the Na3V2(PO4)2F3 
powder sample (Fig. S1), indicating that a carbon interpenetrated 
Na3V2(PO4)2F3 powder sample was successfully obtained. The carbon 
content in the powder sample is about 10.8 wt%, as determined by 
thermal gravimetric analysis (TGA) (Fig. 1 (c)). To gain information on 
the electrochemical response of the Na3V2(PO4)2F3 positive electrode in 
different electrolytes, we performed cyclic voltammetry (CV) measure-
ments (for experimental details see the supporting information file); the 
results are shown in Fig. 1 (d). Two pairs of redox peaks located at ~3.7 
and 4.1 V vs Na+/Na are clearly resolved both in 1 M NaPF6-DGME 
electrolyte and a typical carbonate electrolyte (1 M NaPF6 in propylene 
carbonate with 5 wt% fluoroethylene carbonate additive, abbreviated as 
1 M NaPF6-PC/FEC). These are characteristic for Na3V2(PO4)2F3 elec-
trodes and correspond to the extraction/insertion of two sodium ions



99.3%) and the substantially smaller cell voltage hysteresis (Fig. 1 (e, f)), 
Na//Na3V2(PO4)2F3 cells display a higher EE in ether electrolytes at 
0.5C than in carbonate electrolytes (99% vs 96.7%, Fig. S6). While this 
difference appears small, the deviation is much more significant at 
higher C-rates. Taking 5C (~600 mA g 1) for example, the EE obtained 
in ether electrolyte is as high as 98.1% and far better than the 80.7% 
obtained for the carbonate electrolytes (Fig. 2 (d, e)). Since 
Na//Na3V2(PO4)2F3 cells exhibit high CEs close to unity in both elec-
trolytes, the higher EE in ether electrolytes mainly derives from the 
smaller cell polarization. This conclusion is supported by the much 
smaller Na//Na3V2(PO4)2F3 cell impedance after cycling in 1 M 
NaPF6-DGME electrolyte compared to that obtained in 1 M 
NaPF6-PC/FEC electrolyte (Fig. S7). In fact, high EEs of over 90% can 
always be achieved in Na//Na3V2(PO4)2F3 cells with ether electrolytes 
at different current rates, outperforming those of commercial Graph-
ite//LiFePO4 LIBs [26] and sodium-based cells using NASICON elec-
trodes (e.g., NaTi2(PO4)3//Na3V2(PO4)3 cells [27]) (Fig. 2 (f)). 

3.2. Electrode surface chemistry characterization 

Post-mortem analysis was conducted on the cycled electrodes to 
understand the distinct performance differences in the different elec-
trolytes. Since the surface chemistry, interfacial gas evolution and ionic 
transport properties of sodium metal electrodes in 1 M NaPF6-DGME 
electrolyte have been studied in detail elsewhere [7,13,28], we here 
mainly focus on the characterization of the positive electrode. We first 
performed an XRD analysis of the Na3V2(PO4)2F3 electrodes, both in the 
pristine state and after cycling for 300 cycles. However, no change in 
crystal structure was observed (Fig. S8). The electrode surface 

Fig. 3. Typical atomic force microscopy (AFM) images of Na3V2(PO4)2F3 electrodes after 50 cycles in (a) 1 M NaPF6-PC/FEC electrolyte and (b) 1 M NaPF6-DGME 
electrolyte, respectively. Typical scanning electron microscopy (SEM) images of Na3V2(PO4)2F3 morphologies after 300 cycles in (c) 1 M NaPF6-PC/FEC electrolyte 
and (d) 1 M NaPF6-DGME electrolyte, and (e) the corresponding elemental composition according to energy dispersive spectroscopy (EDS) mapping. 3-D view of C− , 
O− , F− and PO4

− species according to time-of-flight secondary-ion mass spectrometry (TOF-SIMS) analysis with sputtering from top to bottom in the selected area of 
Na3V2(PO4)2F3 electrodes after 50 cycles in 1 M NaPF6-PC/FEC electrolyte (f) and 1 M NaPF6-DGME electrolyte (g), respectively. 

outperforms the 99.3% obtained in the carbonate electrolyte. More 
important, the excellent cycling stability could be maintained also at 
higher C-rates of 1C (95.0% capacity retention after 500 cycles, Fig. S3), 
20C (98.8% after 1000 cycles, see Fig. 2 (b)), and even high areal 
loading (94.8% after 250 cycles, see Fig. S4), which is among the best for 
Na3V2(PO4)2F3 electrodes ever reported (see detailed comparison in 
Table S2). Although certain improvement is still needed for commercial 
applications, the excellent electrochemical performance clearly dem-
onstrates that high voltage Na3V2(PO4)2F3 electrodes are well compat-
ible with ether electrolytes, in contrast to the previous understanding 
that they are not suitable for high-voltage batteries [22]. 

In addition to the excellent cyclic stability, outstanding rate capa-
bility is also demonstrated in 1 M NaPF6-DGME electrolyte. As shown in 
Fig. 2 (c) and Fig. S5, the cells using the ether electrolyte exhibit specific 
discharge capacities of 126.7, 128, 128, 127 and 127 mAh g 1 at 0.1C, 
0.2C, 0.5C, 1C and 2C, respectively, comparable to the corresponding 
values of 130, 129, 129, 129 and 123 mAh g 1 in the carbonate elec-
trolyte. Furthermore, at higher C-rates of 5C and 10C, the ether elec-
trolyte still enables high specific capacities of 124 and 120 mAh g 1, 
which by far outperform the 57 and 22 mAh g 1 obtained in carbonate. 
Even at extreme rates of 20C (~2.5 A g 1) and 50C (~6 A g 1), high 
specific capacities of 112 and 85 mAh g 1 can still be obtained in ether 
electrolyte, while the carbonate electrolyte fails to provide any capacity 
agreeing with most previous studies [17,19,21,23,24]. 

The energy efficiency (EE), i.e., the energy utilization ratio, is 
another key parameter for electrochemical energy storage devices. The 
energy efficiency is linked with the Coulombic efficiency and the voltage 
efficiency (i.e. EE = CE⋅VE, VE: average discharge voltage/average 
charge voltage) [25]. Benefiting from the slightly higher CE (99.5% vs 



Obviously, the decomposition of ether solvent results in a higher carbon 
content of the electrode surface layer. Second, both cycled electrodes 
exhibit much lower vanadium and phosphorous contents, but a higher 
sodium content compared with the pristine electrodes (increase from 
4.0 at.% to 7.5 at.% for both electrolytes), evidencing the formation of a 
CEI layer covering the Na3V2(PO4)2F3 particles. The formation of the CEI 
on the cycled electrodes is firmly supported by TOF-SIMS measurements 
(Fig. 3 (f, g)). They show that the surface in the sputtered range contains 
significant amounts of C, O and F, while there is little PO4, which is 
characteristic for Na3V2(PO4)2F3. Third, the amount of fluorine in-
creases from 8.9 at.% in pristine electrodes to 12.9 at.% on the electrode 
cycled in 1 M NaPF6-PC/FEC electrolyte, while it remains about constant 
(7.9 at.%) upon cycling in ether electrolytes. This underlines the pro-
nounced contribution of FEC decomposition on the CEI formation pro-
cess in 1 M NaPF6-PC/FEC electrolyte. 

X-ray photoelectron spectroscopy (XPS) measurements, in

Fig. 4. XPS spectra of the C 1s and F 1s regions collected from the surfaces of Na3V2(PO4)2F3 electrodes after 300 cycles at 0.5C in (a, b) 1 M NaPF6-PC/FEC 
electrolyte and (c, d) 1 M NaPF6-DGME electrolyte. (e, f) Variation of the elemental composition of pristine electrodes (grey) and of electrodes cycled in different 
electrolytes (orange for carbonate and dark blue for ether) after increasing sputter removal of the surface near region. (g) Differential electrochemical mass spec-
trometry (DEMS) results. (h) Schematic illustration of the SEI composition and ionic transport in ether electrolytes. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article.) 

morphology was then characterized by atomic force microscopy (AFM) 
and scanning electron microscopy (SEM). As shown in Fig. 3 (a, b) and 
(c, d), the electrodes cycled in 1 M NaPF6-PC/FEC electrolyte revealed 
large agglomerates of particles, while individual and smaller particles 
are captured for those cycled in ether electrolytes. Obviously, the elec-
trolyte has a pronounced influence on the surface evolution during 
cycling. 

The elemental composition of the electrode surface before and after 
cycling was analyzed by EDS mapping; the results are illustrated in Fig. 3 
(e) and Fig. S9. First, for all the electrode samples, carbon contributes 
most, accounting for over 50 at.%. This can be explained by the large 
amount of Super C65 in the electrode (10 wt%) and by carbon con-
taining products arising from solvent decomposition. The carbon con-
tent on Na3V2(PO4)2F3 electrodes cycled in 1 M NaPF6-DGME electrolyte 
(61.5 at.%) is higher than that on the pristine electrode (56.9 at.%) and 
on electrodes cycled in 1 M NaPF6-PC/FEC electrolyte (55.5 at.%).



–COOR species related peaks disappear and the peak intensity of the
–C-O-C related peak decreases, while peaks in the range of -C-H / C-C-
(~284.8 eV) and –C=C- (284.4 eV) species increase in intensity.
Apparently, the absence of Na2CO3 in the CEI in the ether electrolyte is
beneficial for stabilizing the CEI thus contributing to improved
cyclability.

In the F1s region, NaxPFy and/or NaxPOyFz (~687.1 eV) species, 
deriving from residues and/or decomposition products of the NaPF6 salt, 
are dominant in carbonate electrolytes, accompanied by a small amount 
of NaF (Fig. 4 (c)). Interestingly, the contribution of NaF, resulting from 
the decomposition of NaPF6/FEC and the dehydrofluorination of PVDF 
[30,32], is more pronounced in the CEI range close to the electrode 
(after longer sputtering time) than in the range close to the electrolyte 
(no sputtering). For the electrode cycled in ether electrolyte (Fig. 4 (d)), 
there is a significant signal of NaF already before sputtering and its 
relative contribution increases with increasing sputtering time. In 
addition, there is a small signal related to NaxPFy and/or NaxPOyFz as 
well as –CF2- species related to PVDF binder. To summarize, for 
Na3V2(PO4)2F3 electrodes cycled in ether electrolytes the CEI is mainly 
composed of polymeric species and inorganic NaF species (a 
polymer-inorganic CEI), while after cycling in carbonate electrolytes it is 
mainly composed of highly soluble Na2CO3 species and NaPF6 decom-
position products. 

To gain a better understanding of the elemental composition of the 
CEI, the depth profile for the quantitative elemental analysis of the 
pristine electrode (its detailed chemical information is not provided in 
this manuscript, and will be characterized in our future work) and 
cycled electrodes after different sputtering times were plotted and 
compared in Fig. 4 (e, f). Overall, the elements that originate from 
Na3V2(PO4)2F3, for example V and P, are present in a sizable amount at 
any sputtering depth of the pristine electrodes, while their amounts are 
negligible on cycled Na3V2(PO4)2F3 electrodes. This results from and 
undoubtedly demonstrate again the formation of a CEI layer on the 
cycled electrodes, covering the original Na3V2(PO4)2F3 electrodes. As 

for the two cycled electrodes, we find more C, O and Na, but less F on the 
Na3V2(PO4)2F3 electrodes cycled in ether electrolyte than that cycled in 
carbonate-based electrolyte. This is in agreement with the EDS mapping 
results, further demonstrating that the CEI formed in ether electrolytes is 
mainly composed of ether solvent decomposition products, while the 
CEI formed on the electrodes cycled in carbonate-based electrolytes 
exhibit a larger amount of F, highlighting again the important contri-
bution of FEC decomposition. 

3.3. Cathode-electrolyte interfacial gassing analysis 

DEMS measurements were performed to identify the gaseous prod-
ucts evolving at the interface between Na3V2(PO4)2F3 and ether elec-
trolyte, with the aim to understand the CEI formation process during cell 
operation; the results are shown in Fig. 4 (g). In the selected ion current 
signals monitored, only the signals at m/z = 2 and m/z = 44 show a 
repetitive potential dependence, while the other mass signals are rather 
featureless (e.g., m/z = 28; see the mass signals representative for other 
gases in Fig. S10). Quantitatively, the ion current intensity of m/z = 44 is 
much smaller than that of H2 and always maximizes at relatively high 
potentials, presumably related to the mild oxidative decomposition of 
the ether solvents (see also Figs. S10 and S11). As for the m/z = 2 signal, 
i.e., H2 gas, its evolution is highly periodic, however, rather complex.
High H2 evolution rates are obtained close to the open-circuit potential
(ca. 2.3 V vs. Na+/Na). Upon charging, the H2 formation rate first
gradually decays up to ca. 3.5 V (vs. Na+/Na). Upon further increase in
potential, the H2 formation rate increases only slightly, reaching a local
maximum, which corresponds to the pronounced current peaks for va-
nadium oxidation and de-sodiation. Upon discharge, the H2 ion current
decreases to a minimum value close to zero, and then steeply increases
when passing the second vanadium reduction peak to complete re- 
sodiation. Here it reaches a broad high ion current plateau of ~8 pA,
which extends until the lower cut-off potential of 2.3 V. According to a
work by Gasteiger et al., the generation of H2 is largely related to the
reduction of protic electrolyte oxidation species (R-H+) formed at the
positive electrode. Moreover, the higher is the upper cut-off voltage, the
more R-H+ and H2 is generated [39]. This argument is firmly supported
by potential-step DEMS measurements (Fig. S11), showing that (i) a
higher H2 generation plateau is observed when a 4.5 V potential step is
applied compared to that of 4.0 V (ii) the m/z = 2 ion current did not
decay when returning to the open circuit potential (OCP), but rather
increased, indicating the H2 generation mostly derives from the reduc-
tion of species in the electrolyte. Of note, in our specific case here, the H2 
generation plateau starts from a relatively high potential of ~3.6 V vs
Na+/Na, corresponding to the insertion of the second sodium ion, which
is most likely due to the catalytic effect of Na2+xV2(PO4)2F3. Although it
is still challenging to decipher the detailed electrochemical processes
behind the periodic evolution of H2, it is not related to H2O reduction
generated at the sodium counter electrode, which is generally consid-
ered as an irreversible process and present mainly in the initial cycle. H2 
evolution at the negative electrode can also be ruled out as origin of the
H2 ion current signal in view of our specific DEMS cell configuration
[40]. Considering that the ether solvent is the only available species
containing hydrogen, and the fact that polymeric species are evidenced
in the CEI (Fig. 4(b), (d)), the dehydrogenation process is most probably
related to polymerization/oligomerization reactions of ether [40].
Moreover, such CEI species, mainly composed of a polymer matrix filled
with inorganic NaF particles (see the schematic illustration in Fig. 4 (h))
could be highly impermeable for electrolytes, thus alleviating side re-
actions at the positive electrode-electrolyte interface, which supports
the ultrastable cycling of Na3V2(PO4)2F3 electrodes (Fig. 2 (a, b)). Also,
the CEI must be highly ion conductive to facilitate rapid ionic transport
at the positive electrode-electrolyte interface, as indicated by the
excellent rate capability of Na//Na3V2(PO4)2F3 cells in ether electro-
lytes and their extremely small impedance after 300 cycles (Fig. S7).

combination with Ar+ sputtering (~1 nm per minute) for depth 
profiling, were performed to further quantify the elemental composition 
and chemical species of the CEI formed on the Na3V2(PO4)2F3 electrodes 
in the different electrolytes. Spectra obtained in the C 1s and F 1s 
photoemission lines after different sputtering times are shown in Fig. 4 
(a–d). In the C1s region of the carbonate electrolyte case (Fig. 4 (a)), in 
addition to C-H and C-C species, the outermost surface layer (0 min Ar+ 

sputtering) consists mainly of carbon species where carbon is bound to 
one (-C-O-C-, ~286.1 eV), two (–CO2–, 288 eV) and three (–CO3–, 290 
eV) oxygen atoms, corresponding to ether, ester and carbonate species 
[29], respectively. These are the common species observed in the CEI 
formed in carbonate-based media [30–34]. Upon sputtering for 5, 10 
and 20 min, the –CO2- and –CO3- related peaks disappear and the peak 
intensity of the –C-O-C related peak decreases, while peaks character-
istic of -C-H / C-C- (~284.8 eV) and –C=C- (284.4 eV) species evolve. 
Apparently, the CEI formed in carbonate electrolyte is composed mainly 
of Na2CO3 in the outermost region, while polymeric –C-O-C- species 
dominate the carbon contribution in the inner part of the electrodes. Of 
note: Na2CO3 does not stabilize the positive electrode-electrolyte 
interface because of its high solubility [31,35–38], which may be 
responsible for the inferior electrochemical performance observed in 1 
M NaPF6-PC/FEC electrolyte. For the C 1s spectra in the ether electrolyte 
case (Fig. 4 (b)), the outermost surface layer (0 min Ar+ sputtering) 
shows –C=C- (conductive carbon, 284.4 V), -C-H/-C-C- (hydrocarbons, 
284.8 eV) and -C-O-C- (ether, 286 eV) type carbon species in relatively 
low binding energy region. These species were also found on electrodes 
after cycling in carbonate electrolyte, although the contribution of the 
-C-H/–C-C- peak 284.4 eV is much lower here. Additionally, there are 
two additional peaks located at binding energies (BEs) of 287 eV and 
289 eV, which are different from the carbonate electrolyte case (290 eV 
for –CO3-) and we attribute to polymeric R–COONa and –COOR 
(NaCO3R) species, respectively. Upon sputtering, the R–COONa and



Q̇tot = Q̇polarization + Q̇parasitic + Q̇rev (2)  

where Q̇polarization is the irreversible heat flow originating from ohmic 
losses, charge transfer as well as mass transfer limitations, Q̇parasitic the 
heat flow generated by secondary reactions and Q̇rev being the reversible 
heat flow originating from changes in entropy. The total heat exchanged 
with the environment per half cycle was determined by integration of 
the heat generation rate (Fig. 5 (b, c)). 

Starting from the 2nd cycle, the heat generation rate profiles of the 
charge and discharge steps became reproducible. Here, we used the 5th 
cycle, where the heat generation has completely stabilized, for quanti-
tative analysis (Fig. 5 (d, e)). Specifically, during discharge, the heat 
generation rate in the ether electrolyte-containing cell is only about one 

fourth of that in the carbonate electrolyte containing cell (Fig. 5 (e)). 
More notably, it even bore a negative sign during charge in ether 
electrolyte implying absorption of heat by the cell during sodium 
extraction from Na3V2(PO4)2F3. The take-up of heat must be caused by 
changes in entropy during de-sodiation, since the first two terms of the 
energy balance model (equation (1)) will by definition always result in 
positive values. Therefore, it is concluded that Q̇rev provides the domi-
nant contribution to Q̇tot while the heat dissipation, in the form of 
Q̇polarization and Q̇parasitic, is rather small in the ether electrolyte-containing 
cell, corresponding to the high energy efficiencies (Fig. 2 (d, f)). Since 
the same faradaic reaction occurs independently from the electrolyte 
used, the same or at least comparable course of the entropic heat flow 
rate is expected in different electrolytes. In fact, the heat flow rate 
profiles of ether and carbonate electrolyte-containing cell match quite 
well, except an additional feature at approx. 0.075 mAh in the former 
case (labelled with “⋄” in Fig. 5 (d)). Yet, the nature of this feature is 
unknown at present. More importantly, we could indeed well “simulate” 
the heat flow signal of the sample with carbonate electrolyte by simply 
adding a constant value to the heat flow of the DGME electrolyte cell 
(see the dotted line in Fig. 5 (d, e)). This illustrates that there is an 
additional heat flow source that provides a nearly constant contribution 
to Q̇tot in the carbonate electrolyte containing cell over the whole SOC 
range, which is correlated with the lower energy efficiency (Fig. S6, 
Fig. 2 (e, f)). Since parasitic reactions are typically voltage dependent, 
cells with carbonate electrolytes must exhibit a larger cell polarization, 
responsible for constant surplus heat generation. Interestingly, the 

Fig. 5. (a) Overall heat flow and charge-discharge profiles obtained by operando IMC measurements for Na//Na3V2(PO4)2F3 cells with different electrolytes. The heat 
generation rate was integrated for each half cycle in (b) 1 M NaPF6-DGME electrolyte and (c) 1 M NaPF6-PC/FEC electrolyte, respectively. Combined plots of the heat 
flow and the respective voltage curve of Na//Na3V2(PO4)2F3 cells during (d) charge and (e) discharge process in the 5th cycle. (Cyan lines represent ether electrolytes 
and orange lines carbonate electrolytes while the dotted lines are the simulated heat flow by simply adding a constant value to the heat flow of the DGME electrolyte 
cell). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

3.4. Heat generation in Na//Na3V2(PO4)2F3 sodium metal cells 

Operando isothermal microcalorimetry (operando IMC) has been 
demonstrated to be an effective tool in determining the heat generated 
and for deconvolution of the different contributions to the heat flow 
[40–44]. It is used here to differentiate the heat generation, especially 
the heat dissipation (i.e., polarization heat + parasitic heat), during 
Na//Na3V2(PO4)2F3 cell operation in different electrolytes with an aim 
to understand their interfacial compatibility (Fig. 5 (a)). Positive values 
of the heat generation rate indicate heat flow that is released by the cell 
and negative values indicate that taken up by the cell. The measured 
heat generation rate is considered to be constituted by three different 
sources [45,46]: 



4. Conclusion

We performed a comprehensive study on the use of ether electrolytes 
for high-voltage Na3V2(PO4)2F3 electrodes. It is demonstrated that the 
use of this specific ether electrolyte (1 M NaPF6-Diglyme) allows the 
formation of an effective polymer-inorganic CEI on the Na3V2(PO4)2F3 
electrodes, enabling stable cycling and fast charge-transfer for Na3V2(-
PO4)2F3 cathodes. Overall, the paramount performance of Na3V2(-
PO4)2F3 electrodes achieved is in contrast to previous understanding 
that ether electrolytes are not suitable for high voltage batteries. 
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polarization is less during charge and larger during discharge. This could 
be partly explained by the polarization of sodium metal electrodes in 
carbonate electrolytes, showing smaller and larger over-potentials in the 
charge and discharge processes, respectively. In contrast, in ether elec-
trolyte the over-potentials of sodium metal electrodes are negligible 
(Fig. S12). In summary, IMC results show that utilization of ether elec-
trolytes tremendously lowers the heat generation and dissipation for 
Na//Na3V2(PO4)2F3 cells compared to the commonly used carbonate- 
based electrolytes, indicating minimized interfacial parasitic reactions 
and fast charge-transfer kinetics, which is highly promising for building 
safe and energy-efficient batteries. 
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