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Cost-efficient, high-voltage, stable sodium-based cathodes are needed to develop commercial-scale

sodium batteries. In this work, a Na3V2(PO4)3/carbon (NVP@C) composite sodium cathode material is

synthesized by a novel, facile, two-step, solid state method. This material delivered a discharge capacity

of 115 mA h g�1 at 0.5C rate with a conventional organic electrolyte. Improvements in stable cycling

were found when NVP@C was paired with a “hybrid” electrolyte comprising a [50 : 50] v/v mixture of 1 M

sodium bis(fluorosulfonyl)amide (NaFSI) in an organic electrolyte and an ionic liquid, N-methyl-N-propyl

pyrrolidinium bis(trifluoromethanesulfonyl)amide (C3mpyrTFSI). Sodium batteries based on the NVP@C

cathode retained 95% of their initial capacity after 100 cycles at 0.5C rate. We show that the hybrid

electrolyte enhanced the electrochemical performance of the NVP@C cathode material by forming

a stable SEI (solid-electrolyte interphase) layer on the surface. Electron microscopy and X-ray

photoelectron spectroscopy were used to study the SEI layers on electrodes that had been subjected to

100 cycles with hybrid or conventional organic electrolytes. The hybrid electrolyte produced a less

resistive, highly Na+ ion permeable SEI layer, explaining its superior sodium battery performance,

compared to that found with the conventional organic electrolyte.
1. Introduction

Lithium ion batteries are undoubtedly the most successful
energy storage devices to date, and are used for portable elec-
tronics, electric vehicle propulsion and stationary storage.
However, lithium reserves are considered to be limited, or in
politically unstable environs,1 meaning that extensive use of
lithium-ion batteries in stationary applications could exhaust
lithium resources and thereby further increase the cost of
lithium.1,2 New battery chemistries that are based on cheaper,
more sustainable materials must therefore be developed as
fossil fuels are phased out while renewable forms of energy
generation require stable and inexpensive energy storage to
overcome their variability of supply. An obvious alternative to
lithium is sodium, which, like lithium, shows intercalation
chemistry suitable for use in energy-storage devices.3 Sodium is
also abundant, cheap, and relatively easy to recycle.1 In the
sodium ion battery, the negative current collector can consist of
ry, Department of Energy Science and

dia. E-mail: sagar.mitra@iitb.ac.in; Tel:

, Mumbai-400076, India

, Victoria, Australia. E-mail: douglas.

540

versity, Burwood, Victoria, Australia

tion (ESI) available. See DOI:

, 566–576
inexpensive, lighter and more abundant Al instead of Cu.
Together, this makes sodium ion batteries a potential tech-
nology to compete with lithium-ion batteries.4

Commercialized sodium technologies include high temper-
ature Na/S cells for MW energy storage and Na–NiCl2 ZEBRA-
type cells for electric vehicles.2 Both cells employ a highly con-
ducting beta-alumina ceramic electrolyte, and operate above
300 �C.2 Room-temperature sodium-ion batteries are sought-
aer because they are expected to be more efficient, safer and
more reliable than high-temperature batteries.3,5,6

Sodium ions are larger, and diffuse more slowly, than
lithium ions.7 This presents a tremendous challenge for the
development of reversible intercalation electrodes that can
deliver charge quickly. A variety of host materials, including
transition-metal oxides, phosphates, and ferrocyanides, have
been explored as potential cathodes for sodium-ion
batteries.7–17 Although these materials have relatively high
operating potential windows, they display multi-step charge–
discharge processes which may lead to poor cycling stability in
battery applications.18

In contrast, materials based on NASICON-type sodium
vanadium phosphate (Na3V2(PO4)3) combined with carbon are
promising cathodes for sodium-ion batteries, displaying high
operating potential (3.4 V), high rate capability, and excellent
cycling stability.19–23 In 2010, the rst report of a Na3V2(PO4)3
material by Yamaki et al. displayed poor cycling stability, which
was associated with the low electronic conductivity of the
This journal is © The Royal Society of Chemistry 2018
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phosphate framework.24 However, Jian et al.made in situ carbon
coated Na3V2(PO4)3 composite cathodes, which showed vastly
improved cycling performance in a sodium-ion battery.25 Work
has continued on different synthesis methods for in situ carbon
coating to provide a conductive matrix for the cathode and
improve the insertion of Na+ ions into Na3V2(PO4)3.26–29 The
target of the present studies is a simple synthesis of the cathode
and increased electronic conductivity with excellent stability.

In batteries, electrolyte selection is also critical—electrolytes
must have high ionic conductivity, a wide electrochemical
stability and high thermal stability. Commercial lithium-ion
battery electrolytes comprise a lithium salt dissolved in
organic solvents. These display excellent ionic conductivity, but
are volatile, toxic and ammable.30–33 Ionic liquid (IL) based
electrolytes have been proposed to enhance battery safety, and
have been extensively studied for lithium-ion batteries over the
past few years.34–38 This work suggests that ILs may also be
suitable electrolytes for sodium-ion batteries.39–44 In particular,
pyrrolidinium-based ILs display a large electrochemical window
and good cycling stability with sodium.40,41,43 For example,
1-methyl-1-propyl pyrrolidinium bis(uorosulfonyl)imide (C3-
mpyrFSI) has been used as an electrolyte with hard carbon and
NaCrO2 electrode systems, and was cycled more than 500 times
in a sodium-ion battery.42 Imidazolium based ILs have also been
used as electrolytes for different sodium-ion battery systems,
but the acidic proton on the imidazolium ring causes decom-
position of the electrolyte at relatively modest voltages.45–49

ILs generally display higher viscosity and lower ionic
conductivity than conventional organic electrolytes at room
temperature. Therefore in order to reduce their viscosity,
“hybrid electrolytes”—mixtures of ILs and organic electro-
lytes—were developed, and provided improved electrochemical
Fig. 1 Schematic representation of NVP@C synthesis.

This journal is © The Royal Society of Chemistry 2018
performance and safety in lithium-ion batteries.50–54 Palaćın
et al. reported hybrid electrolyte formulations and studied their
physical properties, electrolyte thermal stability, solvation
ability and electrochemical performance with hard carbon as
a sodium-ion battery anode.55 However, the electrochemical
stability of this hybrid electrolyte was found to be only 3 V versus
sodium, which is too low for most sodium cathode materials.

Here we seek improved sodium batteries that can operate at
room temperature. We have developed a simple synthesis of
a composite cathode of carbon and Na3V2(PO4)3, NVP@C and
characterized its performance in detail with hybrid electrolytes
comprising 1 M NaFSI in a mixture of ethylene carbonate (EC)/
propylene carbonate (PC) organic electrolyte and an ionic
liquid, (C3mpyrTFSI). The surface layers formed on the cathode
are examined by XPS, TEM and SEM.
2. Experimental section
2.1. Preparation of Na3V2(PO4)3/C

The NVP@C composite material was synthesized by a two-step,
glucose-assisted solid-state reaction, as shown in Fig. 1. The key
to this facile synthesis is the use of oxalic acid to form vanadium
oxalate as a precursor. Firstly, 0.3 mol oxalic acid dihydrate was
dissolved in 50 ml distilled water, and 0.1 mol vanadium oxide
powder was added. The solution was stirred at 120 �C for 5 h to
form a sticky blue gel, which was then dried overnight under
vacuum at 80 �C. The obtained powder was ground and heated
at 100 �C in air for 1 h to form vanadium oxalate. In the second
step, sodium nitrate, as-prepared vanadium oxalate and dia-
mmonium hydrogen phosphate (to give a mole ratio of
Na : V : P of 3 : 2 : 3) and 17 wt% of glucose were dispersed in
alcohol and ball milled at 300 rpm for 8 h. The obtained
Sustainable Energy Fuels, 2018, 2, 566–576 | 567
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Table 1 Organic and hybrid electrolyte compositions

Electrolyte name Electrolyte compositions

Organic 1 M NaFSI in EC : PC (1 : 1) v/v
Hybrid-1 1 M NaFSI in OG(EC : PC) : IL (75 : 25) v/v
Hybrid-2 1 M NaFSI in OG(EC : PC) : IL (50 : 50) v/v
Hybrid-3 1 M NaFSI in OG(EC : PC) : IL (25 : 75) v/v
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solution was dried overnight under vacuum at 80 �C. The ob-
tained powder was ground for 1 h in a mortar and pestle, and
subjected to a two-stage calcination, at 350 �C for 5 h and 850 �C
for 8 h in a 5% H2–95% N2 atmosphere to obtain well-
crystallized Na3V2(PO4)3/C.
2.2. Preparation of hybrid electrolytes based on C3mpyrTFSI

1.0 M NaFSI (99%, Solvionic, France) was dissolved in C3-
mpyrTFSI (99%, Solvionic, France) (a) and ethylene carbonate/
propylene carbonate (EC/PC) (Sigma Aldrich, India) (1 � a),
(where a ¼ volume fraction C3mpyrTFSI ¼ 0, 0.25, 0.5, 0.75, 1).
The volume ratio of EC and PC was xed at 1 : 1. All electrolyte
preparation was carried out inside an argon-lled glove box. All
hybrid electrolyte formulations are listed in Table 1.
Fig. 2 Characterization of NVP@C: (a) powder XRD pattern (the red spe
Raman spectrum; (c) FE-SEM image; and (d) HR-TEM images.

568 | Sustainable Energy Fuels, 2018, 2, 566–576
2.3. Material characterization

A powder X-ray diffractometer with Cu Ka radiation at 40 kV and
40 mA (Rigaku, Japan), measuring across a 2q range of 5–60� at
a scan rate of 0.5 �C min�1 was used to identify the crystalline
phases within the NVP@C. The carbon content was determined
from carbon hydrogen nitrogen analysis (CHN).

For ex situ measurements, electrodes were removed
from their cells in an argon-lled glovebox, washed with
dimethyl carbonate (DMC) and thoroughly dried. X-ray
photoelectron spectroscopy (XPS) data were collected with
a Thermo Scientic MultiLab spectrometer using a concen-
tric hemispherical analyzer and a micro focused, mono-
chromatic Al Ka X-ray source. Field emission gun scanning
electron microscopy (FEG-SEM, JSM-7600F, and Carl-Zeiss,
Ultra-55) combined with energy dispersive X-ray spectros-
copy (EDX) and high-resolution transmission electron
microscopy (HR-TEM, Jeol-2100F) was employed to study the
microstructure and passivation layers on the electrode
surfaces.

2.4. Electrochemical performance

Electrochemical performance testing was carried out using
a Swagelok-type half-cell conguration with NVP@C as the
ctrum is the experimental, and the black spectrum is the literature); (b)

This journal is © The Royal Society of Chemistry 2018
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working electrode and one piece of sodium foil as the counter/
reference electrode separated by a borosilicate glass ber
separator (GF/D, Whatman), soaked in electrolyte. To prepare
the working electrode, 80% active material, 10% carbon (carbon
black, C-65, Timcal), and 10% PVDF (Sigma-Aldrich) binder
were blended with N-methyl-2-pyrrolidone solvent and cast onto
aluminum foil. The solvent was removed under vacuum in an
oven at 120 �C overnight, and the electrode was cut into circular
discs (10 mm or 12 mm diameter, loading mass � 1.12 mg)
for further use. Charge–discharge tests, electrochemical
impedance spectroscopy (EIS) and cyclic voltammetry (CV) tests
on NVP@C were performed using a Biologic VMP-3 battery
testing unit at 20 � 2 �C. The scan rate for CV was 0.05 mV s�1.
Electrochemical stability window tests were performed in
a three-electrode Swagelok cell using Na as the counter and
reference electrodes and aluminium foil as the working
electrodes.

Ionic conductivity was measured with AC impedance spec-
troscopy, as discussed in references cited herein.56,57 Viscosities
were measured using a rolling ball viscometer (Anton paar Lovis
2000ME) from 20 �C to 90 �C using 10 �C interval steps, a 10 mm
long capillary with a diameter of 2.5 mm and a tilting angle
of 60�.
Fig. 3 Electrochemical performance of NVP@C: (a) CV curve measure
electrolyte (b) cycling performance at various C-rates (c) cycling perform
NaClO4 in an EC : PC electrolyte.

This journal is © The Royal Society of Chemistry 2018
3. Results and discussion
3.1. Synthesis and characterization of NVP@C electrodes

Our novel approach to the synthesis of NVP–carbon composites is
described in detail in the Experimental section and summarised
in Fig. 1. This process is facile and could be readily scaled up. The
XRD pattern of as-prepared NVP@C is displayed in Fig. 2a. The
NVP@C diffraction patterns match with ICSDS data (card no-
248410) and show the formation of a crystalline NASICON-type
framework with an R�3C space group.19 NASICON-type
Na3V2(PO4)3 has a 3-dimensional framework of VO6 octahedra
sharing all corners with PO4; two different sodium-ion sites occur:
M1 sites, where Na1 ions are 6-fold coordinated, and M2 sites,
where Na2 ions are 8-fold coordinated. Because of strong binding
of the Na+ ions at M1 sites by the surrounding oxygen atoms, Na+

ions are extracted from and inserted intoM2 sites during charging
and discharging, respectively. Thus, a theoretical capacity of
117mA h g�1 is obtained for this structure based on the reversible
insertion/extraction of the two Na+ ions at M2 sites.

The surface of NVP@C was investigated with Raman spec-
troscopy (Fig. 2b). NVP@C displayed a vibration band around
1000 cm�1, which corresponds to the weak stretching vibrations
of PO4

3�. The stronger peaks at 1316 cm�1 and 1605 cm�1 are
d from 2.5 to 3.8 V vs. Na/Na+, scan rate 0.05 mV s�1 in the organic
ance at 0.5C rate; potential range from 2.5 to 3.8 V vs. Na/Na+ with 1 M

Sustainable Energy Fuels, 2018, 2, 566–576 | 569

https://doi.org/10.1039/c7se00537g


Sustainable Energy & Fuels Paper

Pu
bl

is
he

d 
on

 1
0 

Ja
nu

ar
y 

20
18

. D
ow

nl
oa

de
d 

on
 6

/1
0/

20
19

 6
:4

6:
20

 A
M

. 
View Article Online
related to the D and G bands intrinsic to residual carbon,
conrming the presence of amorphous carbon in NVP@C. This
is consistent with the elemental analysis, which found that
NVP@C contains 4.2 wt% carbon.

Fig. 2c is an SEM image of the as-prepared NVP@C powder,
showing micron-sized particles. The TEM image in Fig. 2d
shows agglomerates of NVP@C particles partly coated with
amorphous carbon.

The CV for NVP@C, measured with a conventional electrolyte
(1 M NaClO4 in EC : PC (1 : 1) v/v) at a scan rate of 0.05 mV s�1,
showed two redox peaks at 3.54 and 3.15 V vs. Na+/Na, which
correspond to the oxidation/reduction of V4+/V3+ (Fig. 3a). The
charge–discharge cycling performance of NVP@C at different
current densities is presented in Fig. 3b; NVP@C showed initial
discharge capacity values of 114, 112, 104, 102 and 100 mA h g�1

at discharge rates of 0.2, 0.5, 1, 2 and 5C, respectively. This result
indicates lower polarization loss and high reversible capacity of
our NVP@C composite material as compared to previously re-
ported versions of similar materials.19,20,25,28,29,58,59 As shown in
Fig. 3c, NVP@C retains 89% of its capacity when charged and
discharged at 0.5C for 100 cycles. This material was further
investigated with the hybrid electrolytes as discussed below.
3.2. Characterization of hybrid electrolytes

The ionic conductivity of the organic and hybrid electrolytes as a
function of C3mpyrTFSI concentration at various temperatures
Fig. 4 (a) Ionic conductivity (b) viscosity and (c) TGA measurements for

570 | Sustainable Energy Fuels, 2018, 2, 566–576
is shown in Fig. 4a. At 25 �C, the conductivity value of the
organic electrolyte was 5.5 mS cm�1, which is consistent with
a previously reported value.60 The conductivities of the hybrid
electrolytes decreased with increasing IL concentration (4.2, 3.2,
and 2.9 mS cm�1 for hybrid-1, hybrid-2 and hybrid-3, respec-
tively); this is expected because of the increased viscosity and
enhanced ion–ion interactions at higher IL concentrations.61,62

The viscosities of organic and hybrid electrolytes are shown in
Fig. 4b; the hybrid electrolyte viscosities increase at higher IL
concentrations.

The thermogravimetric analysis (TGA) data for the organic
and hybrid electrolytes are shown in Fig. 4c. The organic elec-
trolyte showed a signicant mass loss of >75% when the
temperature reached 250 �C, corresponding to the evaporation
of organic solvents (EC and PC). In contrast, the hybrid elec-
trolytes showed lower mass losses: 55%, 27% and 12% for
hybrid-1, hybrid-2 and hybrid-3, respectively at 250 �C, indi-
cating their increased thermal stability. Furthermore, the
addition of C3mpyrTFSI to the electrolytes shied the EC/PC
evaporation temperature to higher values.

CV was used to evaluate the electrochemical oxidative
stability for the electrolytes in contact with sodium metal
(Fig. 5). Hybrid electrolytes showed higher oxidative stability
than the organic electrolyte; the oxidative stability trend fol-
lowed the IL concentration with hybrid-3 (5.1 V vs. Na+/Na) >
hybrid-2 (5 V vs. Na+/Na) > hybrid-1 (4.2 V vs. Na+/Na) > organic
electrolyte (4 V vs. Na+/Na).
organic and hybrid electrolytes.

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Electrochemical oxidative stability tests (by cyclic voltammetry)
in three electrode Swagelok cells at 10 mV s�1 scan rate.
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3.3. NVP@C combined with hybrid electrolytes

The CVs of NVP@C with organic (1 M NaFSI in EC : PC(1 : 1)
(v/v)) and our new hybrid electrolytes are shown in Fig. 6a.
Fig. 6 (a) CVs for NVP@C, at a scan rate of 0.05mV s�1, (b) cycling perfor
with the organic electrolyte and hybrid electrolytes at 0.5C; (d) coulom
potential range from 2.5 to 3.8 V vs. Na/Na+.

This journal is © The Royal Society of Chemistry 2018
NVP@C clearly shows the oxidation/reduction reaction,
Na3V2(PO4)3 4 NaV2(PO4)3, in both organic (at 3.44 � 0.02 V vs.
Na/Na+) and hybrid (at 3.22 � 0.02 V vs. Na/Na+) electrolytes.
The hybrid-2 electrolyte shows a sharp peak with the NVP@C
material compared to organic, hybrid-1 and hybrid-3 electro-
lytes (Fig. 6a). This may be attributed to the formation of a more
stable passivation lm on the cathode, as discussed further
below under SEI characterization. Fig. 6b shows the charge–
discharge cycling performance of NVP@C with organic, hybrid-
1, hybrid-2 and hybrid-3 electrolytes at various current rates
from 0.2 to 5C for 5 cycles. NVP@C with the hybrid-2 electrolyte
delivered discharge capacities of 115, 112, 108, 104 and
100 mA h g�1 at 0.2, 0.5, 1, 2 and 5C, respectively. Aer this
cycling, the discharge capacity of the same NVP@Cmaterial was
measured again at 0.2C, and yielded the original value of
115 mA h g�1. This shows the stable cycling performance of this
combination of the hybrid electrolyte and NVP@C. The behav-
iour of NVP@C with the organic electrolyte was similar to that
with the hybrid electrolyte at lower discharge rates (115 and
112 mA h g�1 at 0.2 and 0.5C, respectively). However, at higher
discharge rates (1, 2 and 5C) in the organic electrolyte, the
capacity decreased to 95 mA h g�1. There is no capacity loss
observed for hybrid electrolytes even at the 5C rate.
mance of NVP@C at various C-rates (c) cycling performance of NVP@C
bic efficiency of NVP@C with organic and hybrid electrolytes at 0.5C;

Sustainable Energy Fuels, 2018, 2, 566–576 | 571
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The charge–discharge cycling performance of NVP@C was
examined at 0.5C rate with both organic and hybrid electrolytes
for 100 cycles (Fig. 6c). NVP@C retained its discharge capacity of
112 � 3 mA h g�1 at 0.5C rate for 100 cycles with hybrid-2 and
hybrid-3 electrolytes. NVP@C with the organic electrolyte gave
the 1st and 100th discharge capacities of 112 � 3 mA h g�1 and
105� 2mA h g�1, respectively, at 0.5C rate – a capacity retention
of 87% over 100 cycles. NVP@C in the hybrid electrolytes with
higher concentrations of IL delivered both slightly higher
discharge capacities and stable cycling performance compared
to those obtained in the organic and hybrid-1 electrolytes.

The coulombic efficiency data for 100 cycles are shown in
Fig. 6d. NVP@C in hybrid-2 and hybrid-3 electrolytes displayed
coulombic efficiencies of approximately 99%, respectively, over
100 cycles while NVP@C with organic and hybrid-1 electrolytes
gave coulombic efficiencies of 98% and 96%, respectively. In
summary, the hybrid electrolytes offer more stable cycling than
the organic electrolyte.

3.3.1. Characterization of Na metal and NVP@C SEI layers.
Fig. 7 shows the Nyquist impedance plots for sodium symmet-
rical cells aer the charge–discharge cycling with organic and
hybrid electrolytes at 0.1 mA cm�2. At OCV, the organic and
Fig. 7 Electrochemical impedance measurements for Na//Na symmetr
organic and hybrid electrolytes.

572 | Sustainable Energy Fuels, 2018, 2, 566–576
hybrid-1 electrolytes displayed high charge transfer resistances,
as compared to those found with hybrid-2 and hybrid-3 elec-
trolytes (Fig. 7a); this is related to sodium diffusion kinetics at
the electrode/electrolyte interface. Aer the 50th and 100th

cycles, hybrid-2 and hybrid-3 electrolytes showed an additional
feature (see inset) at high frequency in the Nyquist plots; this is
related to the resistance of the SEI layers formed on the surface
of the Na metal.63 (Fig. 7b and c). In contrast, Nyquist plots of
cells containing organic and hybrid-1 electrolytes do not exhibit
depressed semicircles at high-frequency, and this behaviour is
known to be associated with capacity fade behaviour in some of
other systems with organic electrolytes.12,60,64 It appears that
hybrid-2 and hybrid-3 electrolytes form stable SEI layers on the
surface of Na metal, thus controlling the electrolyte decompo-
sition reaction, and enhancing the electrolyte stability while
avoiding dendrite formation in sodium cells. There were no
changes of SEI layer resistance observed for hybrid-2 and
hybrid-3 electrolytes at the 50th and 100th cycles – implying that
the SEI layer is stable.

Electrochemical impedance spectroscopy (EIS) studies were
also performed for organic and hybrid electrolytes with sodium
foil as the anode material and the NVP@C electrode as the
ical cells at (a) OCV, (b) after 50 cycles, and (c) after 100 cycles with

This journal is © The Royal Society of Chemistry 2018
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Fig. 8 Electrochemical impedancemeasurements for NVP@C at (a) OCV, (b) after 1 cycle, (c) after 50 cycles, (d) after 100 cycles with organic and
hybrid electrolytes.
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cathode material in 2032 coin cells. The EIS spectra are shown
in Fig. 8. These experiments were performed at the OCV, 1st

cycle, 50th cycle and 100th cycle, while cycling at 0.5C rate. The
differences observed here are more dramatic than those
observed for the Na/Na symmetric cells and suggest that the
different electrolytes have a much larger impact on the cathode
performance. At the OCV and 1st cycle, hybrid electrolytes
showed lower charge transfer resistances in the EIS, as
compared to that obtained with the organic electrolyte (Fig. 8a
and b). Aer the 50th cycle, we can see a depressed semicircle at
high frequency. The magnitude of the depressed semicircle is
too large to be related to the sodium anode SEI layer and
therefore we hypothesise that this is related to the SEI layer
resistance on the NVP@C electrode material (Table S1†). A
second depressed semicircle occurs in the low frequency region,
which is related to charge transfer resistance, for hybrid-2 and
hybrid-3 electrolytes. The values of charge-transfer resistance
and SEI layer resistance obtained with the hybrid electrolytes
are lower than those obtained with the organic electrolyte. Aer
the 100th cycle, the EIS spectra of the hybrid electrolytes still
displayed lower SEI layer resistances at high frequency and
smaller charge transference resistances (Fig. 8d) than the
organic electrolyte.

Thus, EIS data demonstrate that hybrid-2 and hybrid-3
electrolytes provide signicantly more stable and low
This journal is © The Royal Society of Chemistry 2018
resistance SEI layers on the working surface of the NVP@C
electrode material. This is consistent with the improved cell
cycling behaviour demonstrated in Fig. 6. In the case of the
organic electrolyte, a depressed semicircle in the high frequency
region and Warburg diffusion impedance in the low frequency
region were not observed. This EIS spectrum indicates that the
organic electrolyte generates an unstable passivation layer and
poor Na+ ion diffusion between the electrode and electrolyte
interface while cycling with the NVP@C electrode. This unstable
passivation layer formation has been observed in other studies
on cycling with organic electrolytes in sodium ion batteries. The
hybrid-1 electrolyte showed less SEI resistance and charge
transfer resistance as compared to the organic electrolyte but
still greater than hybrid 2 or 3.

The FEG-SEM images (Fig. S1†) of the NVP@C electrode
before and aer 100 cycles show that the pristine electrode has
a rough surface with many pores; aer 100 cycles, the electrode
has become rather smooth, because of the formation of an SEI
layer on the surface during cycling. In both cases, no structural
damage is seen on the NVP@C electrode. The data suggest that
increasing the IL concentration in the hybrid electrolytes
prevents the decomposition of organic solvents (EC and PC)
that has been observed in other systems.51,65,66

EDX analyses were used to identify elements on the NVP@C
electrode aer 100 cycles (Fig. S2†). Sulphur traces were present
Sustainable Energy Fuels, 2018, 2, 566–576 | 573
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Fig. 9 HR-TEM images of NVP@C electrodes after cycling with the (a) organic, and (b) hybrid-2 electrolyte.
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on the surface of the NVP@C electrode, probably from retained
anions. HR-TEM images were obtained, as shown in Fig. 9 and
S3,† and show clear differences between the passivation layer
formation on the surface of the NVP@C electrode with organic
and hybrid electrolytes. Fig. 9a shows that a uniform passiv-
ation layer has been formed on the surface of the NVP@C
electrode in the organic electrolyte (�3.9 � 0.3 nm), as expected
from the evidence of the impedance spectrum (Fig. 7 and 8).
Fig. 9b shows a thinner SEI layer (�2.5� 0.3 nm) on the cathode
(as compared to that in Fig. 9a) formed in the hybrid-2 elec-
trolyte, as also observed in the impedance spectra in Fig. 7 and
8. It is proposed that in hybrid electrolytes the presence of ionic
liquid may suppress the NaFSI-induced reaction on the surface
of the cathode material (Fig. S3†) and prevent the electrolyte
decomposition on the cathode surface (Table S1†). In lithium
and sodium-ion batteries, hybrid electrolytes have previously
shown good cycling performance, and thermal stability (Table
S2†). Furthermore a stable SEI layer on the surface of both the
cathode and anode is shown in these systems.51,55,65,66 In our
case the hybrid-2 and hybrid-3 electrolytes have shown a lower
interfacial resistance, and a more stable SEI. In addition,
a higher thermal and electrochemical stability is observed here
in comparison to the literature.51,64–67

XPS studies were used to identify the surface traces on the
surface of NVP@C electrodes aer 100 cycles with organic and
hybrid electrolytes (Fig. S4†). In the C1s spectrum, 284 eV, 286 eV
and 290 eV peaks are assigned to carbonates, sodium carbonates
and alkyl carbonate, which are known to be the major compo-
nents of the passivation lm on the surface of NVP@C.64,65 In the
F1s spectrum, a peak at 687.4 eV is assigned to S–FSI�, NaxPOyFz,
P–F and NaF components, which arise from the organic electro-
lyte decomposition.64 In the case of hybrid electrolytes, SO2F and
NaxPOyTFSI peaks are assigned at the same peak position. These
may come from the ionic liquid (C3mpyrTFSI) and the phosphate
framework to form a passivation layer as observed in other
systems.54,64,65 In the S2p spectrum, 169.4 eV and 168.5 eV peaks
are assigned to Na–TFSI, Na–FSI and SO2F compositions as
a passivation lm on the surface of the electrode with hybrid
electrolytes. In organic electrolytes, an Na–FSI peak is observed as
574 | Sustainable Energy Fuels, 2018, 2, 566–576
a passivation lm composition in other sodium electrolytes.64,65

In the hybrid electrolytes, separated Na–FSI and Na–TFSI peaks
are not observed in the XPS spectrum. In the O1s spectrum, peak
positions at 530.5 eV, 531.3 eV and 532.8 eV are assigned to Na2O,
Na–O, sodium bicarbonates, CH3CH2OCO2Na3, and sodium
carbonate, as observed in other sodium cathodes with organic
electrolytes.64 But in the case of hybrid electrolytes, an additional
Na–TFSI peak is observed on the surface of the cathode which
most likely arises from the anion in the ionic liquid (C3mpyrTFSI)
present in the hybrid electrolytes. This peak is overlapped with
the Na–FSI peak position in the XPS spectrum. In the case of
hybrid electrolytes, these peaks show a higher intensity than in
the organic electrolyte.

4. Conclusions

In this work, we have successfully synthesised a cathode mate-
rial, a NVP@C composite, for sodium-ion batteries, by an
inexpensive synthesis route. This material displayed good
cycling performance and high rate cycling stability with the
conventional organic electrolyte. Further studies with hybrid
electrolytes (mixtures of ionic liquid and organic–solvent-based
electrolytes) showed good electrochemical performance with
the NVP@C composite material, and suppressed electrolyte
decomposition on the surfaces of both the cathodematerial and
the sodium metal. The hybrid-2 and hybrid-3 electrolytes also
showed greater thermal stability, wider oxidative stability,
higher specic capacity and more stable passivation layers,
compared to the organic electrolyte, making them excellent
candidates as potential electrolytes for sodium-ion batteries.
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Phys. Chem. Chem. Phys., 2014, 16, 1987–1998.
This journal is © The Royal Society of Chemistry 2018

https://doi.org/10.1039/c7se00537g

	Stability enhancing ionic liquid hybrid electrolyte for NVP@C cathode based sodium batteriesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7se00537g
	Stability enhancing ionic liquid hybrid electrolyte for NVP@C cathode based sodium batteriesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7se00537g
	Stability enhancing ionic liquid hybrid electrolyte for NVP@C cathode based sodium batteriesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7se00537g
	Stability enhancing ionic liquid hybrid electrolyte for NVP@C cathode based sodium batteriesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7se00537g
	Stability enhancing ionic liquid hybrid electrolyte for NVP@C cathode based sodium batteriesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7se00537g
	Stability enhancing ionic liquid hybrid electrolyte for NVP@C cathode based sodium batteriesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7se00537g
	Stability enhancing ionic liquid hybrid electrolyte for NVP@C cathode based sodium batteriesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7se00537g

	Stability enhancing ionic liquid hybrid electrolyte for NVP@C cathode based sodium batteriesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7se00537g
	Stability enhancing ionic liquid hybrid electrolyte for NVP@C cathode based sodium batteriesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7se00537g
	Stability enhancing ionic liquid hybrid electrolyte for NVP@C cathode based sodium batteriesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7se00537g
	Stability enhancing ionic liquid hybrid electrolyte for NVP@C cathode based sodium batteriesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7se00537g
	Stability enhancing ionic liquid hybrid electrolyte for NVP@C cathode based sodium batteriesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7se00537g

	Stability enhancing ionic liquid hybrid electrolyte for NVP@C cathode based sodium batteriesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7se00537g
	Stability enhancing ionic liquid hybrid electrolyte for NVP@C cathode based sodium batteriesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7se00537g
	Stability enhancing ionic liquid hybrid electrolyte for NVP@C cathode based sodium batteriesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7se00537g




