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A novel in situ vanadium-modified NiCo2S4 wrapped with graphene sheets was synthesized using a simple

solvothermal technique. The vanadium-modified sample (VNCS) demonstrated superior electrochemical

performance over graphene-wrapped NiCo2S4 (GNCS) and pure NiCo2S4 (NCS) samples, with a specific

capacitance of 1340 F g�1 at a current density of 2 A g�1. The VNCS sample also showed outstanding

capacitance retention at 50 A g�1 (1024 F g�1), which is 430% higher than that of the NCS sample. The

cycling stability of VNCS was significantly improved by more than 140% compared to the NCS sample

with less than 10�3 F per cycle loss in capacitance after 10 000 cycles. We also report the fabrication of

hybrid supercapacitors (HSCs) using three different materials for the faradaic electrode. The VNCS-HSCs

showed significant improvements in all electrochemical performance measurements compared to NCS-

HSCs. The capacitance retention at 50 A g�1 was improved by more than 260% and the long cycling

stability was improved by more than 180% after 10 000 cycles. The VNCS-HSC delivered an energy

density of 45.9 W h kg�1 at 0.87 kW kg�1 and maintained a superior energy density of 33.6 W h kg�1 at 9

kW kg�1 indicating the excellent potential of this material in hybrid super capacitor applications.
Introduction

The development of reliable and effective energy storage solu-
tions is of paramount importance in today's renewable energy
landscape.1 Specically, devices with high energy and power
densities that can retain high capacities over many cycles are
sought aer in order to provide stable energy storage for
consumer and grid-scale applications.2–4 Supercapacitors are
a class of devices that are able to provide relatively good energy
densities at high power densities over the course of many
cycles.5–7 However, one of the main shortcomings of super-
capacitors is their low energy densities relative to current
lithium ion battery technology. Therefore, the majority of recent
research has been dedicated to fabricating supercapacitors with
enhanced energy densities while still operating at higher power
densities.

Supercapacitors are typically fabricated by introducing high
surface-area materials (in order to induce electrochemical
double-layer capacitance (EDLC)-based storage) or pseudoca-
pacitive materials including conducting polymers and metal
oxides (in order to induce charge transfer-based storage).6 In
general, pseudocapacitive materials provide higher energy
rsity of Waterloo, 200 University Ave,
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densities due to their ability to provide redox-based charge
transfer.

Various metal oxides and conducting polymers have been
used as pseudocapacitive materials, including RuO2, MnO2,
NiO, Co2O3, polyaniline, and polypyrrole; however, these
materials are oen limited by their low conductivity and elec-
trochemical stability when compared to carbon materials.
Transition metal suldes are relatively recent electrode mate-
rials that have shown promising pseudocapacitive performance
in supercapacitors.8 NiCo2S4 is one such metal sulde that has
shown great promise in supercapacitors.9–11 Binary metal
suldes like NiCo2S4 (NCS) have been shown to provide higher
electron conductivity than their oxide variants, and show
further improvement over single component suldes due to the
increased capacity for redox reactions.12,13 For example, Xiao
et al. showed that the conversion of NiCo2O4 to NCS nanotube
arrays produced an increase in the areal capacitance from 0.52 F
cm�2 to 0.87 F cm�2 at 4 mA cm�2.12 Chen et al. found a similar
phenomenon with NCS urchin-like nanostructures, achieving
a gravimetric capacitance of 761 F g�1 at 50 A g�1.13 Yet, NiCo2S4
still suffers from low structural stability and cyclability.14

These issues can be solved using the following strategies: (1)
improving NCS structural stability using a conductive substrate
such as graphene.15,16 In situ growth of NiCo2S4 on graphene can
also increase the overall surface area of the metal sulde and (2)
improving NCS overall conductivity via doping, which can
greatly improve electrode stability and capacitance.8,17–19 To the
J. Mater. Chem. A, 2017, 5, 7523–7532 | 7523

http://crossmark.crossref.org/dialog/?doi=10.1039/c7ta00897j&domain=pdf&date_stamp=2017-04-13
http://dx.doi.org/10.1039/C7TA00897J
http://pubs.rsc.org/en/journals/journal/TA
http://pubs.rsc.org/en/journals/journal/TA?issueid=TA005016


Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 0
2 

M
ar

ch
 2

01
7.

 D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

W
at

er
lo

o 
on

 2
4/

01
/2

01
8 

21
:2

9:
13

. 
View Article Online
best of our knowledge, metal doping of NCS has yet to be
accomplished in the literature but can be used to greatly
improve its electrochemical properties.

Graphene-based materials are widely investigated for
supercapacitor applications due to their superior electrical and
mechanical characteristics and high surface areas. On the other
hand, vanadium compounds have been widely used in super-
capacitors due to their remarkable specic capacitance, supe-
rior conductivity, excellent long cyclability, and high ability of
charge transfer reversibility which are all favorable for achieving
high energy densities at high power densities in next-generation
energy devices.15,20–22

Herein, we report for the rst time a novel in situ vanadium
modied NCS rooted on graphene sheets with superior elec-
trochemical performance synthesized using a facile sol-
vothermal process (Fig. 1A). Three types of material were
synthesized and tested: pure NCS, graphene wrapped NCS
(GNCS), and vanadium-doped graphene wrapped NCS (VNCS).
The combination of excellent distribution of NCS on the
graphene surface and vanadium modication (doping) leads
to the formation of an ordered crystal structure of NCS
nanosheets, highly improved performance at high power
rates, and stability over long cycling periods with high
capacitance retention. We also fabricated hybrid super-
capacitors (HSCs) using the three materials to further inves-
tigate the improvements on electrochemical performance.
The VNCS showed superior energy density at high power
densities making it an excellent candidate for hybrid super-
capacitor devices and opening the door for more investigation
on this material.
Fig. 1 (A) Experimental setup, (B) XRD pattern of all samples, (C) magnifi
materials showing a negative peak for the VNCS, and (D–F) SEM images

7524 | J. Mater. Chem. A, 2017, 5, 7523–7532
Results and discussion
Characterization

Fig. 1B shows the XRD pattern of the NCS, GNCS and VNCS
samples. All samples showed similar diffraction peaks around
26.75�, 31.50�, 38.10�, 50.35�, and 55.30� corresponding to the
(220), (311), (400), (511) and (440) planes of the cubic NiCo2S4
phase (JCPDS card no. 43-1477) with no sign of impurities. No
diffraction peaks can be observed for graphene which can be
attributed to its low diffraction intensity.23 The similarity of the
three XRD patterns reveals that vanadium doping did not cause
any noticeable changes to the crystal structure of the cubic NCS.
To further investigate this, the peak corresponding to the (311)
plane was magnied as shown in Fig. 1C, where a clear shi in
the VNCS to a lower angle and higher intensity when compared
to GNCS and PNCS samples can be seen. This can be attributed
to the successful insertion of vanadium into the lattice of
NCS.24,25 This nding is in agreement with the TEM results
discussed below which very clearly show that the dislocation in
the (311) plane in VNCS resulted from vanadium insertion into
the NCS lattice. Another shi is noticed in the (511) plane as
seen in Fig. S1 (ESI†). The other planes showed almost identical
peaks. The TGA analysis under air is shown in Fig. S1B (ESI†)
and reveals that the vanadium-modied chalcogen is 85.3 wt%
and rGO is 14.7 wt%.

The SEM images of NCS, GNCS and VNCS can be seen in
Fig. 1D–F. Fig. 1D shows that the nanoparticles of NCS have
the tendency to aggregate together forming larger size nano-
particles, while Fig. 1E shows how the graphene nanosheets
wrap around the nanoparticles (an average size of 100 nm) and
cation of the XRD peak corresponding to the (311) plane of the three
of NCS, GNCS and VNCS, respectively.

This journal is © The Royal Society of Chemistry 2017
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hinder particle agglomeration in the GNCS sample. The
morphology in Fig. 1F reveals VNCS nanosheets are wrapped
with, and laminated on, graphene nanosheets. This helps in
hindering particle aggregation, enhancing electron transfer
kinetics during charge–discharge operations due to graphe-
ne's high conductivity, and allowing for faster ion diffusion
due to the increased contact area and uniform adhesion of
VNCS on the graphene surface.23,26,27 More SEM images
showing graphene wrapping the NCS in GNCS can be seen
in Fig. S2 (ESI†). For more investigation on the effect of
V-doping on the chemical composition of the NCS, X-ray
photoelectron spectroscopy (XPS) was used to analyze the
elemental species and chemical composition changes (Fig. 2).
Fig. 2A–E show the XPS spectra of the VNCS sample. The C 1s
spectra shown in Fig. 2A reveal the peak at 284.62 eV due to
the sp2 carbon–carbon double bond of graphite (C]C). The
peak at 286.1 eV is indexed to the carbon–oxygen double bond
(C]O) and the weak peak at 288.2 eV is indexed to the car-
bon–oxygen single bond (C–O).14,28 Fig. 2B shows the Ni
2p spectra, where the low energy band peak at 854.05 eV
and the high energy band peak at 871.75 eV can be indexed
to Ni2+, whereas the low and high energy band peaks at 856.1
and 873.78 eV, respectively are indexed to Ni3+. In the Co 2p
spectra (Fig. 2C), the peaks at 779.45 and 795.6 are indexed
to Co3+, whereas the peaks at 781.68 eV and 797.10 eV are
indexed to Co2+. Fig. 2D shows the S 2p spectra where two
peaks at 162.05 eV and 163.30 eV are found with one shake up
satellite at 169.20 eV. The peak at 162.05 eV is indexed to the
sulfur ions in low coordination on the surface and the peak
located at 163.30 eV is indexed to the standard metal–sulfur
bond.13,14,29 The XPS spectrum of V 2p is shown in Fig. 2E with
two distinguished main peaks at 516.40 eV and 524.10 eV.
Both peaks are indexed to pentavalent vanadium.15,30–32 The
Fig. 2 XPS spectra measurements (A–E) XPS of VNCS showing C 1s, Ni 2p
of all samples for Ni 2p, Co 2p, and S 2p, respectively, showing shift in t

This journal is © The Royal Society of Chemistry 2017
XPS spectra of NCS and GNCS samples are shown in Fig. S3
(ESI†).

Fig. 2F–H show comparison of binding energies between NCS,
GNCS, and VNCS for Ni 2p, Co 2p, and S 2p, respectively. The
results show similar peaks for NCS and GNCS samples whereas
VNCS shows shi in the binding energy of Ni 2p, Co 2p, and S 2p
to lower values, suggesting a change in the electron cloud density
around these elements due to the insertion of pentavalent
vanadium.33–35 The XPS atomic ratio analysis of the three samples
shows the following stoichiometric ratios: Ni0.98Co1.99S4.03,
NiCo2.01S3.99, and Ni0.98Co1.98V0.04S4.03 for NCS, GNCS, and VNCS
samples, respectively. These results suggest that the atomic
ratios between Ni, Co, and S very closelymatch the stoichiometric
formula (NiCo2S4) and that vanadium is successfully inserted
into the lattice of NCS without substituting any element. This
further explains the crystal dislocation shown in the TEM images
and the plane shi shown in the XRD results. More information
about the peaks including binding energies, FWHM and atomic
ratios can be seen in Table S1 (ESI†).

Fig. 3 shows the TEM images of VNCS. The low magnication
TEM image seen in Fig. 3A reveals the homogenous distribution
of NCS nanosheets on the surface of the graphene nanosheets.
Fig. 3B shows the TEM image of GNCS with graphene wrapping
the NCS nanoparticles. Fig. 3C shows a higher magnication
TEM image of the VNCS nanosheets laying on graphene sheets
while Fig. 3D shows the selected area diffraction pattern (SAD)
which reveals the polycrystalline structure of the VNCS with the
different planes identied. Fig. 3E shows anHRTEM image of the
(311) plane and the lattice dislocation. This nding is very clear
evidence of the successful insertion of vanadium into the lattice
of NCS which agrees with the XRD and XPS results and explains
the reason for the improved electrochemical performance as
discussed in the next section. Fig. 3F is obtained by high angle
, Co 2p, S 2p and V 2p, respectively, and (F–H) XPS spectra comparison
he binding energy of the VNCS sample.

J. Mater. Chem. A, 2017, 5, 7523–7532 | 7525
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Fig. 3 (A) TEM image of VNCS showing the sheet-on sheet structure, (B) TEM image of GNCS showing graphenewrapped nanoparticles, (C) TEM
image showing VNCS laying on the graphene surface, (D) SAD with the different planes identified, (E) HRTEM showing the dislocation in the
crystal, (F) HAAD-STEM image showing the EDS investigation area, (G) EDS mapping of image (F) showing Ni, Co, S, and V, (H) EELS investigation
area, and (I) EELS mapping of the selected area in image (H) showing the Ni, Co, S, and V with each pixel equivalent to 3.6 � 3.6 nm.
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dark-eld scanning transmission electron microscopy (HAADF-
STEM) and shows the selected area for elemental mapping. The
elemental mapping is shown in Fig. 3G. The images reveal the
homogenous distribution of all elements in the structure of
VNCS that is also uniformly distributed onto the graphene
surface, as shown in Fig. 3A and C. For deeper analysis of the
atomic distribution within the VNCS structure, electron energy
loss spectroscopy (EELS) was used. Fig. 3H shows the EELS
investigation area, while Fig. 3I shows the EELS results of Ni, Co,
S, and V elements. The results reveal the excellent distribution of
all elements on the atomic level (one pixel in these images is
equivalent to 3.6 � 3.6 nm).
Electrochemical performance

The electrochemical behavior of half-cell electrodes was analyzed
in a three electrode setup using a platinum sheet (1.5 cm � 1.5
cm) as a counter electrode, a saturated calomel electrode (SCE) as
the reference electrode, and the synthesized material as the
working electrode. The tests were carried out in 2 M KOH elec-
trolyte. The working electrodes were fabricated using the active
material (80 wt%), super P carbon (10 wt%), and polyvinylidene-
uoride (10 wt%), with N-methyl-pyrrolidone (NMP) solvent to
7526 | J. Mater. Chem. A, 2017, 5, 7523–7532
prepare a slurry. The slurry was deposited on a pre-cleaned nickel
foam (1.5� 1.5 cm) using a drop casting method before drying at
60 �C for 2 hours in a convection oven and 12 hours in a vacuum
oven at 80 �C. The electrodes were then pressed under 10 MPa.
Themass loadings of the three electrodes were 2.25, 2.03 and 2.18
mg cm�2 for NCS, GNCS and VNCS, respectively. This range of
mass loadings was selected to give the highest areal capacitance
as can be seen in Fig. S4D (ESI†). The cyclic voltammetry (CV) of
all samples at 20 mV s�1 and a voltage range of (�0.2 V to +0.6 V)
can be seen in Fig. 4A, while Fig. 4B shows the CVmeasurements
of VNCS at various scan rates. All measurements show two peaks
revealing the pseudo-capacitive characteristics resulting from the
reversible faradic redox reactions of Co2+/Co3+ and Ni2+/Ni3+ as
per the following equations:10,11

CoS + OH� 4 CoSOH + e� (1)

CoSOH + OH� 4 CoSO + H2O + e� (2)

NiS + OH� 4 NiSOH + e� (3)

The results shown in Fig. 4A reveal that GNCS and VNCS
have larger CV curve areas compared to the NCS sample,
This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Electrochemical measurements: (A) CV of the three samples at 20 mV s�1, (B) CV curves of VNCS at different scan rates, (C) galvanostatic
charge–discharge of all samples at 10 A g�1, and (D) galvanostatic charge–discharge of VNCS at different current rates.
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indicating higher specic capacitance in these samples which is
attributed to the additional capacitance added by graphene and
vanadium.21,36 The CV test for the nickel foam alone can be seen
in Fig. S4A,† indicating the negligible effect of the nickel foam
and conrms that the pseudocapacitive characteristics in the
CV measurement are mainly from the active material. Fig. S4B
and C (ESI†) show the CV data of the CNS and GNCS samples at
various scan rates. Fig. 4C shows the galvanostatic charge–
discharge measurements of all materials at 10 A g�1, while
Fig. 4D shows the charge–discharge measurements of the VNCS
sample at multiple current rates. The results show symmetric
charge–discharge processes for all samples and reveal stable
pseudocapacitive performance of the synthesized materials.

Fig. 5A shows the specic capacitance of all samples at
various current rates. The specic capacitance is obtained using
the equation below:36

CS ¼ I/(mDV/Dt) (4)

where CS is the specic capacitance (F g�1), I is the discharge
current (A), m is the mass of the active material (g) and DV/Dt is
the discharge curve slope (V s�1) obtained aer the voltage drop.
This journal is © The Royal Society of Chemistry 2017
It can be seen from the curves that the GNCS shows higher
initial capacitance and much better capacitance retention at
higher power rates when compared to NCS. This improvement
can be attributed to the effect of graphene in reducing particle
aggregation, providing a larger surface area with more electro-
active sites for ion diffusion, enhancing the charge/discharge
kinetics, and allowing for faster electron transport.15,23,26,37 It is
also shown that both GNCS and VNCS show almost a similar
initial capacitance at 2 A g�1. However, a distinction in perfor-
mance arose as the current density increased. GNCS retains
75.7% of its capacitance from 2 to 20 A g�1; while, VNCS retains
90.2% of its capacitance from 2 to 20 A g�1. The distinguished
performance of the VNCS continued as the current rate
increased from 20 A g�1 to 50 A g�1 with only 6.5% capacitance
loss compared to 9.1% for the GNCS. Moreover, the capacitance
of the VNCS remained higher than 1000 F g�1 (1024 F g�1) even
at 50 A g�1 compared to 810 F g�1 and 237.76 F g�1 for GNCS
and NCS, respectively. These values represent 23.5%, 61%, and
76.4% capacitance retention compared to the capacitance of
each sample at 2 A g�1. A comparison between the capacitance
values of NCS and VNCS at low and high current densities can
J. Mater. Chem. A, 2017, 5, 7523–7532 | 7527
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Fig. 5 (A) Specific capacitance of all samples at different current densities, (B) performance comparison between NCS and VNCS at low and high
current densities and, (C) long cycling performance of the three samples for 10 000 cycles.
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be seen in Fig. 5B. The results clearly reveal the outstanding
improvement in capacitance at high current density for the
VNCS sample with a 430% increase compared to the NCS
sample. The charge–discharge data of NCS and GNCS at various
current rates can be seen at Fig. S5 (ESI†). The summary of
specic capacitance values of all materials at various current
rates is shown in Fig. S6A (ESI†). The capacitance retention at
various current rates compared to capacitance at 2 A g�1 is
shown in Fig. S6B (ESI†). The results reveal that VNCS showed
superior performance at all current rates compared to NCS and
GNCS. The cycling stability of all samples was examined at 10 A
g�1 (Fig. 5C). The capacitance retention values aer 10 000
cycles are 64.7%, 80.8%, and 90.5% for NCS, GNCS, and VNCS,
respectively. The VNCS showed around 140% higher capaci-
tance retention than NCS and remarkably higher than the GNCS
sample, losing only �10�3 F per cycle. All samples showed high
coulombic efficiency throughout the cycling test as can be seen
in Fig. S7 (ESI†) indicating high material stability. VNCS and
GNCS showed higher coulombic efficiency compared to NCS
which can be attributed to the graphene and vanadium doping
effect, providing improved reversible charge and discharge
kinetics.
7528 | J. Mater. Chem. A, 2017, 5, 7523–7532
The charge–discharge and long cycling results clearly
demonstrate the impact of graphene and vanadium doping in
enhancing the electrochemical performance of the device. We
believe that the improved sheet-on-sheet interaction is behind
the high stability and performance presented by VNCS, which
results in the following: (1) allows for faster ion diffusion due to
the increased number of electroactive sites which resulted from
the increased contact area between the VNCS sheets and gra-
phene sheets in addition to the uniform distribution of all
elements of VNCS;23 (2) generating a strong covalent interaction
of the transition metal chalcogens onto the graphene surface,
which explains the long cycling stability;38,39 and, (3) improving
the overall conductivity, pseudocapacitance, and stability
through vanadium doping.21,25,36 A comparison with recent
reports is shown in Table S2 (ESI†); our work is the rst report of
its kind to report V-doped graphene wrapped NCS. The obtained
performance is one of the best reported so far.

To further investigate the effect of graphene wrapping and V-
doping on the electrochemical performance of NCS, we fabri-
cated asymmetric hybrid supercapacitors (HSCs). The positive
electrode in each one of these HSCs was made from one of the
three synthesized materials, while the negative electrode for all
This journal is © The Royal Society of Chemistry 2017
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HSC devices was made from a composite of activated carbon
and graphene (AC/G) in a mass ratio of 9 : 1. The AC/G material
was also coated on nickel foam using a drop casting method.
The mass ratio of the active material in the cathode to the active
material in the anode was controlled to balance the charge on
both electrodes (q+ ¼ q�) because of the difference in the charge
storage mechanism in each electrode (faradic and EDLS) using
the following well known charge balance equations:

q ¼ CDVm (5)

m+/m� ¼ C�DV�/(C+DV+) (6)

where q is the charge,m is themass, C is the capacitance andDV
is the voltage window. The capacitance of AC/G is 173 F g�1

obtained from the charge–discharge test that can be seen in
Fig. S8B (ESI†).

The electrochemical measurements were conducted using
a similar electrolyte medium (2 M KOH) but in a higher voltage
window (0–1.6) V. The voltage range was increased aer the AC/
G electrode showed excellent electrochemical reversibility in
Fig. 6 Electrochemical measurements of HSC devices, (A) CV of all dev
galvanostatic charge–discharge of all devices at 10 A g�1, and (D) galvano
densities.

This journal is © The Royal Society of Chemistry 2017
a voltage window (�1.0 to 0) V for both CV and CD tests (Fig. S8
(ESI†)). The CV results of the three HSCs at 20 mV s�1 can be
seen in Fig. 6A. All curves show hybrid capacitance from both
EDLC and faradic redox reactions where the two redox peaks are
still present. Fig. 6B shows the CV results of the VNCS-HSC
device at various scan rates. It is noticed that the behavior of the
curves do not change with increasing scan rates suggesting
excellent reversible charge–discharge operations and stable
hybridization between the two reaction mechanisms at the
cathode and anode.11,40 Fig. S9 (ESI†) shows the CV test of CNS-
HSC and GNCS-HSC devices at various scan rates. The charge–
discharge measurements of all HSCs at 10 A g�1 are shown in
Fig. 6C, while Fig. 6D shows the charge–discharge measure-
ments of the VNCS-HSC at various current rates. Both gures
demonstrate that all devices have symmetric charge–discharge
proles at all current rates, revealing stable and well balanced
reaction kinetics between the pseudocapacitive and EDLC parts
of the HSC.

The calculated specic capacitance is shown in Fig. 7A using
eqn (5) and (6) above using the total mass of the active material
ices at 20 mV s�1, (B) CV of the VNCS-HSC at different scan rates, (C)
static charge–discharge of the VNSC-HSC sample at different current

J. Mater. Chem. A, 2017, 5, 7523–7532 | 7529
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Fig. 7 (A) Specific capacitance of all HSC devices at different current densities, (B) performance comparison between NCS-HSC and VNCS-HSC
devices at low and high current densities and, (C) long cycling performance of the three devices for 10 000 cycles.
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in both the cathode and anode. The results show that the VNCS-
HSC exhibited higher initial capacitance and remarkable
capacitance retention at higher current densities compared to
the other two devices. This signicant improvement can be
attributed to the crucial effect of vanadium's high specic
capacitance and higher conductivity.15 The results also show the
effect of graphene wrapping in improving the initial capaci-
tance and capacitance retention in the GNCS-HSC compared to
the NCS-HSC. Fig. 7B shows a comparison between the capac-
itance of NCS-HSC and VNCS-HSC devices at 2 A g�1 and 50 A
g�1. It is noticed that the VNCS-HSC shows around 260% higher
specic capacitance at a high current rate of 50 A g�1 compared
to the NCS-HSC, which further demonstrates the important
effect of vanadium doping on electrochemical performance at
high power rates.

The charge–discharge curves of the NCS-HSC and GNCS-HSC
at various current rates are shown in Fig. S10A and B (ESI†).
Fig. S11A (ESI†) shows the specic capacitance values of all HSC
devices at various current rates, while Fig. S11B (ESI†) shows the
capacitance retention of all HSC devices at different current
densities compared to the capacitance of each device at a low
current rate of 2 A g�1. All of these results further demonstrate
the superior performance of the VNSC-HSC device at all current
densities.
7530 | J. Mater. Chem. A, 2017, 5, 7523–7532
Fig. 7C shows the long-term cycling stability of all devices at
10 A g�1. The NCS-HSC shows 46.4% capacitance retention aer
10 000 cycles while the GNCS-HSC shows 65.9% retention. The
VNCS-HSC continued to show impressive improvements in
electrochemical performance with 85.1% capacitance retention
aer 10 000 cycles which is not only higher than those of the
NCS-HSC and GNCS-HSC, but also among the highest results
reported in the literature.10,11,13,15,23,40–44

Fig. 8 shows the Ragone plot of all HSC devices. The calcu-
lations are based on the discharge curves using the following
equations:

ED ¼ 0.5CDV2 (7)

PD ¼ ED/dt (8)

where ED represents the energy density, C is the specic cell
capacitance calculated according to eqn (4) using the total mass
of both electrodes, DV is the voltage window, PD is the power
density, and dt is the discharge time.

The energy densities of 33 W h kg�1, 41.7 W h kg�1, and 44.9
W h kg�1 were obtained for NCS-HSC, GNCS-HSC, and VNCS-
HSC devices, respectively, at an average power density of 0.87
kW kg�1. The VNCS-HSC still exhibits outstanding performance
with an energy density of 33.6 W h kg�1 at a high power density
This journal is © The Royal Society of Chemistry 2017
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Fig. 8 Ragone plot showing the relationship between the power
density and energy density of all HSC devices.
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of 9 kW kg�1. This remarkable result is 8 times higher than that
of the NCS-HSC (4.2 W h kg�1) and signicantly higher than
that of the GNCS-HSC (21/7 W h kg�1). These results clearly
demonstrate that the VNCS-HSC device can provide high power
density while maintaining excellent energy density. This excel-
lent performance makes VNCS a superior candidate for
commercial applications of hybrid supercapacitors.

Conclusion

In conclusion, vanadium-modied NiCo2S4 nanosheets attached
to the surface of graphene sheets were synthesized using a facile
solvothermal method, resulting in a homogenous distribution of
vanadium even at the atomic level. The V-doped sample showed
outstanding electrochemical performance with a specic capaci-
tance of 1340 F g�1 at a low current density of 2 A g�1 and 1024 F
g�1 at 50 A g�1. The vanadium-modication of NiCo2S4 signi-
cantly improved the long cycling performance with less than 10�3

F per cycle capacitance loss aer 10 000 cycles. The material
was also tested in a full cell hybrid supercapacitor and showed
outstanding electrochemical performance and harmonized
synchronization between the EDLC and faradic charge storage
kinetics. The resulting hybrid supercapacitor showed improved
electrochemical performance during charge–discharge operations,
remarkable improvement in cycling stability and high energy
density at high power densities, making it a superior material for
hybrid supercapacitors and a potential candidate to bridge the
energy/power gap between batteries and supercapacitors.

Experimental section
Materials

All materials were sourced from Sigma Aldrich and used as-
received.

Synthesis of NCS

1 mmol of Ni(NO3)2$6H2O dissolved in 1 ml deionized distilled
water (DDI) water and 2 mmol of Co(NO3)2$6H2O dissolved in 1
This journal is © The Royal Society of Chemistry 2017
ml DDI were added to 4 mmol of thiourea (TU) dissolved in 2 ml
DDI aer being heated for few minutes on a hot plate at 60 �C.
The mixture was mixed by vortexing and then sonicated for 10
minutes before being added to 25 ml ethylene glycol (EG). This
precursor solution was sonicated for 1 hour before being placed
in a 50 ml Teon-lined autoclave. The material was heated to 160
�C for 12 hours followed by 220 �C for 12 hours. The solution was
then ltered andwashed with ethanol andDDI several times. The
collected material was dried at 60 �C for 3 hours in a convection
oven before drying under vacuum at 80 �C for 12 hours. Finally,
the material was calcined in a tube furnace at 300 �C for 3 hours
under an argon atmosphere to improve crystallinity.

Synthesis of GNCS and VNCS

For the GNCS synthesis, 43.6 mg graphene oxide (GO) synthe-
sized using a modied Hummers' method was added to the
previously described precursor solution before sonicating for 1
h. The rest of the steps were similar to the above procedure. For
VNCS, 43.6 mg GO and 0.2 mmol VCl4 were added to the
precursor solution described in pure NiCo2S4 before sonicating
for 1 h. The rest of the steps did not change. The selection of the
synthesis regime is based on the fact that TU is stable below 120
�C. TU acts as a reducing and allocating agent. TU molecules
have a high dipole moment which helps the precursor mole-
cules self-assemble onto the GO nanosheets where they anchor
to the oxygenated groups. Around 190 �C, TU starts to decom-
pose along with the precursor and the reduction of GO is
accelerated. As a result, nickel, cobalt and vanadium combine
with sulfur to form the active material on the surface of rGO.45–48

The reaction medium and conditions help accelerate the
reduction of GO.49–51

Morphology and structure characterization

Sample microstructure and morphology were analyzed using an
X-ray diffractometer (Rigaku Miniex 600 X-ray Diffractometer)
located at the Clean Energy and Applied Material Laboratory-
University of Waterloo. TGA was performed using a TGA Q500
located at the analytical lab at the University of Waterloo. The X-
ray photoelectron spectroscopy (XPS) analysis was done at the
Ontario Center for Characterization of Advanced Materials
using a PHI Quantera XPS spectrometer located at the Ontario
Center for Characterization of AdvancedMaterials (University of
Toronto). Scanning electron microscopy was conducted using
a ZEISS ULTRA PLUS SEM located at Waterloo Advanced
Technology Laboratory (University of Waterloo). Transmission
electron microscopy was performed using a JEOL 2010F TEM/
STEM eld emission microscope located at the Canadian
Center for Electron Microscopy (CCEM) located at McMaster
University, Ontario-Canada.
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L. Tapasztó, Sci. Rep., 2015, 5, 14714.
39 D. Peyrot and F. Silly, ACS Nano, 2016, 10, 5490–5498.
40 W. Chen, C. Xia and H. N. Alshareef, ACS Nano, 2014, 8,

9531–9541.
41 J. Pu, F. Cui, S. Chu, T. Wang, E. Sheng and Z. Wang, ACS

Sustainable Chem. Eng., 2014, 2, 809–815.
42 J. Pu, T. Wang, H. Wang, Y. Tong, C. Lu, W. Kong and

Z. Wang, ChemPlusChem, 2014, 79, 577–583.
43 G. Li and C. Xu, Carbon, 2015, 90, 44–52.
44 L. Yu, L. Zhang, H. B. Wu and X. W. Lou, Angew. Chem., Int.

Ed., 2014, 53, 3711–3714.
45 D. C. Higgins, F. M. Hassan, M. H. Seo, J. Y. Choi,

M. A. Hoque, D. U. Lee and Z. Chen, J. Mater. Chem. A,
2015, 3, 6340–6350.

46 Y. Liang, Y. Li, H. Wang and H. Dai, J. Am. Chem. Soc., 2013,
135, 2013–2036.

47 Z. D. Wang, M. Yoshida and B. George, Comput. Theor.
Chem., 2013, 1017, 91–98.

48 J. Madarász and G. Pokol, J. Therm. Anal. Calorim., 2007, 88,
329–336.

49 S. Pei and H.-M. Cheng, Carbon, 2012, 50, 3210–3228.
50 Y. Liu, Y. Li, Y. Yang, Y. Wen and M. Wang, J. Nanosci.

Nanotechnol., 2011, 11, 10082–10086.
51 S. Dubin, S. Gilje, K. Wang, V. C. Tung, K. Cha, A. S. Hall,

J. Farrar, R. Varshneya, Y. Yang and R. B. Kaner, ACS Nano,
2010, 4, 3845–3852.
This journal is © The Royal Society of Chemistry 2017

http://dx.doi.org/10.1039/C7TA00897J

	Modified chalcogens with a tuned nano-architecture for high energy density and long life hybrid super capacitorsElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta00897j
	Modified chalcogens with a tuned nano-architecture for high energy density and long life hybrid super capacitorsElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta00897j
	Modified chalcogens with a tuned nano-architecture for high energy density and long life hybrid super capacitorsElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta00897j
	Modified chalcogens with a tuned nano-architecture for high energy density and long life hybrid super capacitorsElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta00897j
	Modified chalcogens with a tuned nano-architecture for high energy density and long life hybrid super capacitorsElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta00897j

	Modified chalcogens with a tuned nano-architecture for high energy density and long life hybrid super capacitorsElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta00897j
	Modified chalcogens with a tuned nano-architecture for high energy density and long life hybrid super capacitorsElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta00897j
	Modified chalcogens with a tuned nano-architecture for high energy density and long life hybrid super capacitorsElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta00897j
	Modified chalcogens with a tuned nano-architecture for high energy density and long life hybrid super capacitorsElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta00897j
	Modified chalcogens with a tuned nano-architecture for high energy density and long life hybrid super capacitorsElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta00897j
	Modified chalcogens with a tuned nano-architecture for high energy density and long life hybrid super capacitorsElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta00897j

	Modified chalcogens with a tuned nano-architecture for high energy density and long life hybrid super capacitorsElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ta00897j


