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ABSTRACT: As an alternative system of rechargeable lithium
ion batteries, sodium ion batteries revitalize researchers’
interest due to the low cost, abundant sodium resources, and
similar storage mechanism to lithium ion batteries. VS, has
emerged as a promising anode material for SIBs due to low
cost and its unique linear chains structure that can offer
potential sites for sodium storage. Herein, we present the
growth of VS, on reduced graphene oxide (rGO) as SIBs
anode for the first time. The VS,/rGO anode exhibits
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promising performance in SIBs. It delivers a reversible capacity of 362 mAh g~' at 100 mA g ' and a good rate performance.
We also investigate the sodium storage behavior of the VS,/rGO. Different than most transition metal sulfides, the VS,/rGO
composite experiences a three-step separation mechanism during the sodiation process (VS, to metallic V and Na,$S, then the
electrochemical mechanism is akin to Na—S). The VS,/rGO composite proves to be a promising material for rechargeable SIBs.

KEYWORDS: sodium ion battery, VS,, reduced graphene oxide, anode, energy storage

B INTRODUCTION

Rechargeable lithium ion batteries (LIBs) have been developed
rapidly in the past decades and applied in portable electric
devices and electric vehicles because of their high energy
density and long cycling stability.'~* The main concern about
LIBs lies in the limited resources of lithium and the rising
price.s_8 As an alternative element, sodium is the fifth most
abundant element in earth’s crust and the second-lightest metal
compared to lithium. Room temperature sodium ion batteries
(SIBs) attract much attention and show potential ap{)lications
in large-scale energy storage systems (ESSs).””"* Many
investigations on SIBs mainly focused on cathode materials,
such as Na;V,(PO,);," """ Na,,V;0,"° NaCrO,,'® P2-type
Nax[Fel/ZMnl/2]02J17 Li1+x(Mn1/3Nil/3Fe1/3)02)18
Na,MnO,,"” and so on. For the anode of SIBs, the commercial
graphite is not thermodynamically favorable for SIBs (a
capacity of 372 mAh g~' in LIBs, but less than 35 mAh g™
in SIBs).” In addition, most intercalation/deintercalation type
anodes often display low capacity.”' Thus, developing proper
anode materials with high capacity remains a desperate urgency
for SIBs.

Recently, transition metal sulfides with S,* dimers have
received much attention owing to their unique physical and
chemical properties. A variety of their practical applications
appear, including catalysis,”* light harvesting,”® energy stor-
age,”**” etc. For instance, iron pyrite FeS, is widely studied in
energy-related applications about batteries.”**” Chen and co-
workers employed pyrite FeS, as anode both for LIBs and SIBs,
which exhibited excellent electrochemical performance.””*"
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VS,, one of these transition metal sulfides, was found first in
nature in 1906°” and its crystal structure was established in
1964. The VS, can be described as V*(S,>7),. It is a linear-
chain compound, comprising S,*~ dimer connecting with the
adjacent two V atoms (Figure 1). VS, has unique structure with
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Figure 1. Structure of VS, (a) Repeating unit of the 1D chain
structure of VS, (top) and (b) side-view image of monoclinic VS,. The
green balls are V atoms, and the yellow-green balls are S atoms.

weak interchain van der Waals force, which provides a loosely
stacked framework. The interchain distance of VS, is 0.583 nm,
which is much larger than the ionic diameter of Na* (0.196
nm). The large open channels between and in the chains offer
potential sites for alkali metals diffusion and storage. In addition
to being cheap and source abundant, vanadium sulfide has great
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Figure 2. (a) Schematic illustration of the formation of VS,/rGO composite. (b) XRD pattern of VS,/rGO composite. (c) Raman spectrum of the
VS,/rGO composite and corresponding Raman spectra of the GO and VS,/rGO (inset), respectively.

superiority for practical energy storage applications. However,
there are only a few reports about this material, owing to the
complex nature of the vanadium—sulfide system and the
difficult synthesis of the pure VS, phase. Recently, Chandra et
al. successfully synthesized VS,.>* When applied as LIBs anode,
the composite exhibited excellent electrochemical perform-
ance.”** It is assumed that the VS, is also a promising anode
for SIBs. However, to the best of our knowledge, there are rare
reports of applying this material as an anode for SIBs.
Therefore, it is challenging but desirable to investigate this
low cost material as an anode for the large-scale rechargeable
SIBs.

Herein, we report VS,/rGO composite as a new anode for
SIBs. It shows superior electrochemical performance with little
capacity fading over SO cycles (~241 mAh g™ at 100 mA g™
after 50 cycles). The discharge capacity of 286 mAh g can be
obtained even at the high rate of S00 mA g~'. Furthermore,
based on the ex situ X-ray diffraction (XRD) analysis, energy
dispersive spectroscopy (EDS) and transmission electron
microscopy (TEM) analysis, the proper sodium storage
mechanism is also explored.

B EXPERIMENTAL SECTION

Synthesis of GO. A total of 1 g of graphite flakes were mixed with
23 mL of concentrated sulfuric acid in a 250 mL conical flask and
stirred at room temperature for 24 h. Then the conical flask was placed
in 40 °C water bath and 0.1 g of NaNOj; was added to the suspension
to be fully dissolved. After that, 1.5 g of KMnO, was slowly added to
the suspension while the temperature was kept constant at about 45
°C for 30 min. Then 5 mL of deionized (DI) water was slowly added
to the suspension and stirred for S min. Then, 40 mL of water was
added to the suspension for another 1S min. After that, the conical
flask was removed from water bath. The suspension was diluted by 140
mL of DI water, and then 10 mL of 30% H,0, was added to reduce
the unreacted KMnO,. Finally, the resulting suspension was
centrifuged several times to remove the unreacted acids and salts.
The purified GO was dispersed in DI water by sonication for 1 h.
Then the GO dispersion was subjected to another centrifugation to
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remove the unexfoliated GO and a brown homogeneous solution was
obtained.

VS,/rGO Preparation. A VS,/rGO composite was prepared using
a similar synthesis procedure as reported in previous paper.’* To
synthesize the VS,/rGO composite, 3 mmol sodium metavandate
(NaVO;) and 6 mmol sodium hydroxide (NaOH) were dissolved in
30 mL of GO (1.5 mg/mL). Meanwhile, 15 mmol thiacetamide
(TAA) was dissolved in 10 mL of GO. The as-obtained suspensions
were mixed sequentially with continuous stirring. The final suspension
stirred for 1 h to become homogeneous and then transferred to a S0
mL Teflon-lined autoclave, tightly sealed, and heated at 160 °C for 24
h. After cooling to room temperature, the black product was
centrifugated and washed with DI water several times and dried in a
vacuum oven at 60 °C for 10 h.

Material Characterizations. XRD pattern for the sample was
collected by using a D8 Advance X-ray diffractometer with Cu Ka X-
ray source at room temperature. Field-emission scanning electron
microscopy (FESEM) images were collected with a JEOL-7100F
microscope. TEM and high-resolution TEM (HRTEM) images were
recorded using a JEM-2100F STEM/EDS microscope. Raman spectra
were obtained using a Renishaw INVIA micro-Raman spectroscopy
system. The carbon content was measured by elemental analysis
(CHNS).

Electrochemical Measurements. The electrochemical properties
were measured by assembling 2016 coin cells in an argon-filled
glovebox. Sodium disks were used as the counter and reference
electrodes. The working electrodes were fabricated on Cu foil current
collectors, the slurry was obtained by mixing the as-synthesized
materials, acetylene black and carboxyl methyl cellulose (CMC) binder
in a weight ratio of 7:2:1. The mass loading of the electrode was 1.2—
1.5 mg cm™>. The electrolyte was composed of 1 M NaClO, dissolved
in dimethyl carbonate (DMC)/ethylene carbon (EC) with a volume
ratio of 1:1. Galvanostatic charge—discharge measurements were
performed over a potential range of 0.01—2.2 V vs Na"/Na by using a
multichannel battery testing system (LAND CT2001A). Cyclic
voltammetry (CV) was tested by an electrochemical workstation
(CHI 760D). Electrochemical impedance spectroscopy (EIS) was
tested with Autolab Potentiostat Galvanostat (PGSTAT302N). All of
the measurements were carried out at room temperature.
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B RESULTS AND DISCUSSION

Figure 2a illustrates the schematical synthesis process. As a
reactant, C,H;NS (TAA) not only plays the role of a reducing
agent but a sulfur donor. During the hydrothermal process,
hydrolysis of C,H;NS releases S*~ under alkaline conditions.
The connection between V and O in solution can be expressed
as V,CO},”'.36 The reaction between the reactants results in the
conversion of V,0,” to VS, while the GO is partially reduced
to rGO, as shown in Figure 2a. XRD measurement is
performed to identify the crystallographic structure and
crystallinity (Figure 2b). XRD pattern of the product shows
the formation of the body-centered monoclinic VS, phase
(space group: 12/c) with lattice constants a = 6.77 A, b = 10.42
A, ¢ =12.11 A (JCPDS No. 87—0603). No peaks of any other
phases are detected, indicating the high phase purity. Raman
spectrum (Figure 2¢) of VS,/rGO composite is obtained, bands
located at 190 and 279 cm™" correspond to the stretching (A,)
and bending (B;) modes of V=S, respectively.”> To investigate
the nature of graphene in the sample, Raman spectra (inset of
Figure 2c) of both GO and the VS,/rGO composite are
recorded. Typical peaks located at around 1330 and 1590 cm™
are attributed to the D and G bands of the graphene,
respectively. The D band is associated with the defect sites and
disorders, while the G band originates from bond stretching of
all C sp” atom pairs. The I,/I; ratio indicates the defect degree
of graphitic carbon materials.”> Compared with GO, the I,/I
ratio in VS,/rGO composite is a little higher than the former.
The ratio changes from 1.11 to 1.16, indicating that the GO is
partially reduced to rGO after the hydrothermal process. More
local defects and disorders are formed, mainly arising from
deoxygenation of GO.”**

SEM (Figure 3a, S1, Supporting Information) and TEM
images (Figure 3b,c) show that the VS, nanoparticles grow on
crumpled rGO matrix. The rGO sheets provide a structure for

Figure 3. SEM (a) and TEM (b) images of the VS,/rGO composite.
(c) HRTEM image of VS,/rGO composite. (d) HRTEM image of
VS,, showing the d-spacing of 0.56 and 0.59 nm in the (110) and
(002) plane, respectively. Inset: FFT image of VS,.

improvement of electrical conductivity as well as the substrate
for nucleation and growth of VS, The particle sizes are
between 100 and 200 nm. As shown in TEM (Figure 3b,c), the
thin crumpled graphene sheets can be clearly observed, which
effectively hamper aggregation of VS, nanoparticles. The
HRTEM image further identifies the adhesion of thin crumpled
rGO and VS, nanoparticles (Figure 3c). The Figure 3d shows
lattice spaces of around 0.56 and 0.59 nm, which are in
agreement with the (110) and (002) planes of VS,, respectively.
The fast-Fourier transform (FFT) (inset of Figure 3d)
corresponds to the monoclinic VS, phase. Elemental analysis
(CHNS) method was applied to precisely determine the carbon
contents of the VS,/rGO compounds. The amount of carbon
content in the composite is around 9.8% (Table S1, Supporting
Information).

Electrochemical performance was investigated using coin
cells (2016) with metallic sodium as a counter electrode. Cells
were measured between 0.01 and 2.2 V vs Na*/Na. Figure 4a
shows the discharge—charge curves of the VS,/rGO composite
at the initial three cycles. The initial discharge and charge
capacities are 4504 and 338.4 mAh g', respectively. The
Coulombic efficiency (CE) of the first cycle is 75.1%. This low
efficiency might attribute to inevitable electrolyte decom-
position and the formation of solid electrolyte interface (SEI).”*

Figure 4b shows the CV curve of the VS,/rGO composite at
a scan rate of 0.1 mV s™". The profile during the first cycle is
different from subsequent cycles. A strong reduction peak
appears at 1.6 V and disappears in the following cycles,
suggesting that there is an irreversible reaction during the first
discharge process. This behavior is similar to the other
transition metal sulfides, such as MoS,,*”* FeS,,*' SnS,,">*
SnS,** etc. During the second and subsequent cycles, VS,/rGO
electrodes show reduction peaks around 0.65, 1.10, and 1.30 V
versus Na"/Na and oxidation peak around 1.50 and 1.95 V
versus Na“/Na. Two reduction peaks at 0.65 and 1.10 V
represent the conversion reaction with Na. However, only one
sharp oxidation peak appears at 1.50 V in the reverse oxidation
process. The potential pair at 1.30/1.95 V is attributed to
conversion reaction with sulfur atoms in the composite.*” The
typical peaks in the CV curves correspond well to the plateaus
positions in the discharge—charge curves.

Figure 4c shows the cycling performance and CE of the
composite at a current density of 100 mA g~'. During the
second cycle, the CE improves to 91.8%. After a few cycles, the
CE of the electrode approaches 100%. The capacity of the
electrode slightly decays to 287.5 mAh g™ in the 15th cycle and
becomes relatively stable in the further cycles. After 50 cycles,
the discharge and charge capacity of VS,/rGO are found to be
240.8 and 237.1 mAh g, respectively. Moreover, the cycling
performance of this material at high rate of 500 mA g™' (Figure
S2, Supporting Information) is shown; the initial discharge
capacity is 285.7 mAh g™, and the capacity fades slowly. The
rGO shows negligibly small contributions to the total capacity
(Figure S3, Supporting Information). The main capacity is
attributed to VS, in this composite.

Figure 4d shows the rate performance of the VS,/rGO
composite. As the current density increases from 100 to 300,
500, and 800 mA g, the discharge capacity decreases gradually
from 341.5 to 267.2, 219.9, and 192.1 mAh g_l, respectively.
Even suffering from rapid current density changes, the VS,/
rGO composite electrode keeps relatively stable capacity at
each rate. After the high rate measurement, the current density
is reduced back to 300 mA g~!, and there is little capacity loss
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Figure 4. (a) Discharge—charge curves of the VS,/rGO composite at the current density of 100 mA g™". (b) Cyclic voltammetry curves of VS,/rGO
composite electrode at scanning rate of 0.1 mV s™". (c) Cycling performance of VS,/rGO composite at a current density of 100 mA g~". (d) Rate

performance of VS,/RGO composite.
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Figure S. Ex situ XRD patterns of the VS,/rGO composite collected at various voltage states as indicated in the corresponding voltage profile. (a)
Pristine VS,/rGO composite, (b—f) first discharging to 1.75, 1.55, 1.4S, 0.55, and 0.01 V, respectively, and (g) first charging to 2.2 V.

with capacity retention of 93.9%, demonstrating excellent rate
reversibility and stability of this VS,/rGO composite electrode.
Such an impressive electrochemical performance is attributed to
the rGO dispersed between the VS, nanoparticles which
maintains the electrical conductivity and restricts the
aggregation of the nanoparticles,”* as well as fast sodium ion
diffusion from the small nanoparticles.

In order to investigate the sodium storage behavior of the
VS,/rGO composite, ex situ XRD analysis was carried out. XRD
patterns after charging and discharging to different voltage
states are shown in Figure S. The original electrode (Figure Sa)
shows a pure phase of VS, (JCPDS No. 87-0603) with two
main peaks at 15.8° and 17.0°. When discharged to 1.75 V,
there is no obvious change of the main peaks corresponding to
VS, (Figure Sb), demonstrating no structure change at this
state. The main peaks of VS, decrease when discharged to 1.55

20905

\% (Figure 5¢), suggesting that Na insertion reaction occurs
(VS, + x Na* + x e~ = Na,VS,).* The two main peaks
disappear after discharged to 145 V (Figure Sc). When
continuing to discharge to 0.55 V (Figure 5d), the main peaks
of VS, disappear thoroughly. Meanwhile, a new peak at 48.0°
corresponding to the (200) peak of metallic V (JCPDS No. 01-
088-2322) appears, implying that VS, phase has transformed to
metallic V and Na,$ at this discharge stage (Na, VS, + (8 — x)
Na* + (8 — x) e — 4Na,S + V). The intensities of the
emerging peaks increase after being fully discharged to 0.01 V
(Figure Se). When fully charged to 2.2 V (Figure 5f), the main
peaks of VS, do not appear again, indicating an irreversible
conversion reaction occurs during the first cycle. But the peak
of V still exists. The following reaction can be summarized as
the reaction between S and Na,S (Na,S — S + 2Na* + 2¢7).%
Although no obvious peaks of S are found in the XRD pattern,
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Figure 6. TEM and HRTEM images of (a,b) the fully discharged electrode (inset: enlarged HRTEM image of the V region) and (c,d) the fully
charged electrode (inset: EDS spectrum, showing elemental composition of S) of VS,/rGO at 100 mA g~".

this attributes to an amorphous S phase is formed during the
charge process. The broad peak between 16—21° comes from
the sample holder. (Figure S4, Supporting Information).

To further understand the mechanism of sodium storage,
TEM and EDS spectra were employed to analyze the
composition of the fully discharged and charged VS,/rGO
electrode. Figure 6a shows the TEM image of VS, after fully
discharged to 0.01 V. The HRTEM image (Figure 6b) shows d-
spacing of 0.190 nm corresponding to the (200) plane of
metallic V and d-spacing of 0.309 nm to the Na,S. After
charged to 2.2 V, the reformation of VS, does not occur.
HRTEM image (Figure 6d) shows d-spacing of 0.190 and 0.219
nm corresponding to the (200) and (111) plane of V,
respectively, demonstrating that vanadium still exists in the
electrode and it is inert during the charging process. The TEM
(Figure 6¢) and EDS spectra (inset of Figure 6¢) show an S-
rich region, which is in good agreement with reaction
mechanism concluded from ex situ XRD.

Repeated generation of V during cycling is believed to
improve the intrinsic electronic conductivity of the composite.
To confirm this point, the electrochemical impedance (EIS)

was measured for the VS,/rGO electrode before and after
cycling (Figure SS, Supporting Information). The Nyquist plots
show two semicircles that are not clearly separated with a large
diameter at high frequencies before cycling, indicating high
interface resistance. After cycling, the depressed semicircle
becomes one with a reduced diameter at high frequencies,
suggesting a decreased impedance. The presence of metal
vanadium after the first discharge process significantly improves
the electronic conductivity of the electrode. Similar findings
have been reported in MoS, based electrode”” and Ag,V,0y,
medical cathode material.*’

In consequence, by combining ex situ XRD (Figure S) study,
TEM, and EDS spectrum (Figure 6), we propose a mechanism
to illustrate the discharge process of VS, The VS,/rGO
composite experiences a three-step separation mechanism
during the sodiation process. During discharging, Na insertion
reaction occurs first in the initial discharge process, follow by a
conversion reaction that Na, VS, decomposes to new phases of
V and Na,S. The subsequent electrochemical reaction may be
attributed to the reversible conversion reaction between Na,S
and S, while metal vanadium remains inert but it improves

DOI: 10.1021/acsami.5b06385
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conductivity of the electrode during cycling. The mechanism of
conversion materials is still needed to explain in more detail.

Bl CONCLUSIONS

In summary, we present the growth of VS, nanoparticles on
rGO as the new anode material for SIBs. Notably, their
electrochemical performance as anode for SIBs and the
mechanism of sodium storage behavior during discharging
and charging process are investigated systematically. The VS,
nanoparticle and rGO in the composite are believed to function
synergistically, so as to significantly stabilize electrochemical
properties of the anode material. VS,/rGO exhibits a good
cycling stability and impressive high-rate capability of sodium
storage. This study provides the first experimental evidence of
VS,/rGO composite electrodes as anode for electrochemical
sodium storage at room temperature, and these results establish
a good basis for the later research.
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