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ffects of annealing temperature
on optimal tuning of functionalized carbon–V2O5

hybrid nanobelts for targeted dual applications in
electrochromic and supercapacitor devices†

Remya Narayanan, *a Anweshi Dewana and Debanjan Chakrabortyb

Herein, carbon nanosphere-decorated vanadium pentoxide (C@V2O5) hybrid nanobelts were grown via

a single step hydrothermal route with improved electronic conductivity as compared to that of pristine

oxide. This hybrid nanomaterial exhibits different complimentary ranges of optimum post-growth

annealing temperatures, which are suitable for dual applications either in electro-chromic smart

windows or in supercapacitors. C@V2O5 nanobelts annealed at 350 �C appear to favor electro-chromic

applications. They exhibit maximum dynamic optical transmission modulation as they switch from yellow

to dark green, fast switching response, and high visible transmittance. In contrast, C@V2O5nanobelts

annealed at 250 �C have been found to be most suitable for supercapacitor applications. They display

a high specific capacity and an enhanced diffusion coefficient. Moreover, they exhibit long lifetimes with

a capacity retention of �94% even after 5000 cycles of operation. Therefore, the obtained results clearly

indicate that optimization of the post-growth annealing temperatures is very important and rather

complementary in nature in terms of determining the most favorable device functionalities. It enables us

to optimally tune these hybrid nanomaterials for targeted, device-specific, energy applications in either

electrochromic or supercapacitor technologies simply based on the annealing temperature alone.
1. Introduction

Electroactive lms can intercalate guest species, such as
lithium, sodium, and potassium ions, and these can be used for
energy storage devices, fuel cells, and electrochromic
displays.1–3 Among various transition metal oxides, V2O5 is
considered as one of the most important transition metal oxide
and an active lithium-ion intercalation host. It has been
exhaustively studied as an electrochromic material and also as
an electrode material for battery and supercapacitor applica-
tions4–7 owing to its layered crystal structure, high energy
density, multivalent oxidation states, and low cost. V2O5

changes its optical transmittance between coloured and
bleached states upon charge insertion and extraction;8 thus, it is
also recommended for use in electrochromic lms to control
sunlight through windows for building-integrated energy saving
applications.9,10 However, practical applications of V2O5-based
electrode materials for supercapacitor and electrochromic
devices are hampered by the low electrical and ionic
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conductivity, slow lithium ion diffusion, and poor structural
stability of V2O5.11–13

To improve the Li-ion intercalation kinetics in V2O5 layers,
the most common approach is forming hybrids using various
carbon nanostructures or electronically conductive poly-
mers.14–16 A combination of carbon allotropes and their deriva-
tives with different nanostructures of V2O5 can signicantly
improve the surface area as well as the conductivity of the
composite. The hybrid can reduce volume changes due to ion
intercalation/de-intercalation. Thus, it ensures better cycling
stability and prevents agglomeration of the metal oxide nano-
particles.17–19 Activated carbon, carbon nanotubes, and gra-
phene have been widely investigated to improve the
conductivity of V2O5. Recently, enhanced electrochemical
energy storage achieved using nanostructures of the V2O5/gra-
phene composite due to the combined effects of pseudocapa-
citance and double layer capacitance has been reported.20,21 The
V2O5/f-MWCNT hybrid nanocomposite provides an excellent
energy density of 57 W h kg�1 and better rate capability.22

V2O5/graphene nanocomposite lms have been found to
expand the optical modulatory range in the visible region by
exploiting the enhanced intercalation properties of Li+ ions.23 A
Mg-doped V2O5 lm exhibited superior transmittance modula-
tion over pristine V2O5.24 Silver vanadium oxide-based electro-
chromic devices show 60% transmittance contrast, whereas the
This journal is © The Royal Society of Chemistry 2018
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V2O5 nanowires exhibit only 25% transmittance contrast.25 In
another study, a V2O5–poly(aniline) or PANI hybrid was
synthesized using a layer-by-layer assembly method, and the
authors obtained superior performances in terms of electro-
chromic contrast and charge storage capacity for the hybrid.26

Chemical composition, crystallinity, and morphology have
been found to have a signicant effect on the lithium ion
intercalation/de-intercalation capacities.27,28 A larger interlayer
spacing facilitates Li+ diffusion within the V2O5 matrix.29,30 It
has been found that V2O5 lms can possess signicantly
different lithium ion intercalation properties and cyclic stability
when annealed under different conditions. A N2-annealed V2O5

sample possesses better lithium ion storage capacity in contrast
to air-annealed lms.31

In the present study, we have synthesized single-step C-
nanosphere-decorated V2O5 nanobelts (C@V2O5) by a facile
low-temperature hydrothermal process. The presence of carbon
nanospheres on the surface of V2O5 nanobelts signicantly
improves the electrical conductivity of the hybrid. We have
demonstrated that the C@V2O5nano-hybrid exhibits dual
characteristics suitable for both supercapacitor and electro-
chromic window applications. Interestingly, this device-specic
optimization depends crucially on the nal ex situ annealing
temperature of the nanohybrid material. C@V2O5 that was
annealed at 350 �C appeared to favour electrochromic applica-
tions rather than supercapacitor applications. This
C@V2O5@350 exhibits a transmission modulation of 25% and
30% at 620 and 790 nm, respectively, which is superior to the
devices based on pristine V2O5 and C@V2O5 annealed at other
temperatures. However, C@V2O5 annealed at 250 �C has been
found to be an excellent candidate for supercapacitor applica-
tions. The cumulative effect of the conductive carbon nanodots
and V2O5 nanobelts with a large surface area actually delivers
a specic capacitance of 260 F g�1 at 1 A g�1, which is �78%
higher than that of similar devices based on pristine V2O5 and
�40% higher than that of the unannealed C@V2O5.

These results clearly indicate that the post-growth annealing
temperature can be a powerful tool in nanotechnology. This can
allow us to adequately functionalize these nanohybrids for two
different energy applications. Thus, we can easily tune the
specic characteristics of the same nanomaterial suitable for
use either in electrochromic lm-based windows in building-
integrated devices or as supercapacitor electrodes with
a comparatively higher specic capacitance.
2. Experimental
2.1 Materials and chemicals

Vanadium pentoxide (V2O5), glucose, propylene carbonate (PC),
and acetone were obtained from Merck. Lithium perchlorate
(LiClO4, purity > 98%) was procured from Sigma-Aldrich.
Deionized water (DI) was obtained from the Millipore Direct-
Q3 system. Transparent SnO2:F (FTO)-coated glass substrates
with a sheet resistance of about 15 U sq�1 were purchased from
Sigma-Aldrich, washed with a soap solution, ushed with
This journal is © The Royal Society of Chemistry 2018
a copious amount of water, and nally rinsed with acetone
before use.

2.2 Synthesis of C@V2O5 nanoakes

Carbon-coated V2O5 nanobelts were synthesized using a simple
procedure previously reported in literature.32 The molar ratios of
V2O5 and glucose were xed as 0.75 : 1, and V2O5 and glucose were
dispersed in 40 mL of DI water and then stirred vigorously for 1 h
at room temperature. The resulting yellow coloured suspension
was transferred into a 50 mL Teon lined autoclave and main-
tained at 140 �C for 5 h in a vacuum oven. The obtained products
were centrifuged, washed, and dried at 60 �C for 12 h. The nal
precipitates were dark green in colour and labelled as C@V2O5.

The V2O5 lms were prepared by spin coating over FTO
substrates. The resulting lms were dried in air at room
temperature. The as-deposited C@V2O5 was annealed in air at
different temperatures, i.e. 250, 300, 350, and 400 �C, for 3
hours to improve the crystallinity of the material and then
cooled down naturally. The lms annealed at $300 �C appear
yellow in color.

2.3 Material characterization

The surface morphology and structure of all the lms were
investigated by eld emission scanning electron microscopy
(FESEM, Zeiss Ultra Plus), transmission electron microscopy
(TEM) (FEI Tecnai T20 with an FEG source operating at 220 kV),
X-ray diffraction (XRD, Bruker D8 Advance X-ray diffractometer
with Cu Ka radiation (1.54�A)). XPS was conducted using a PHI
5000 VersaProbe II equipped with a monochromatic Al Ka
(1486.6 eV), an X-ray source, and a hemi-spherical analyser.
Appropriate electrical charge compensation was employed, and
Raman spectroscopy (LabRAM HR 800 (HORIBA Jobin Yvon))
and vibrational spectroscopic studies for all the lms were
carried out using a Thermo Scientic system; moreover, ther-
mogravimetric analysis (TGA) data were obtained using the
thermal analysis instrument NETZSCH STA 449F1 at the heat-
ing rate of 10 �C min�1 from room temperature to 800 �C. The
optical transmission spectra were obtained using the Shimadzu
UV-3600 Plus UV-Vis-NIR spectrophotometer. Switching time
characteristics for the lms between coloured and bleached
states were determined using an automated, home built setup
consisting of a quartz-tungsten-halogen lamp from Newport,
monochromator (Princeton Instruments SP2500), a Si photo-
detector (FDS 1010), and custom-made microprocessor-
controlled versatile units (Lock-in-Amplier SR850, Low Noise
Current Preamplier SR570) hooked with a computer. The
electrochemical properties of all the lms were investigated
using a standard three-electrode system with a large surface
area platinum (Pt) mesh as the counter electrode, Ag/AgCl as the
reference electrode, and pristine and C@V2O5 at different
annealing temperatures deposited over FTO as the working
electrode. LiClO4 in PC (1 M) acted as an electrolyte during all
the measurements. Cyclic voltammetry (CV), galvanostatic
charge discharge characteristics (GCD), and electrochemical
impedance spectroscopy (EIS) measurements were performed
using a PAR potentiostat/galvanostat (model PARSTAT 2273).
RSC Adv., 2018, 8, 8596–8606 | 8597
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Fig. 1 FE-SEM images showmorphological changes of C@V2O5 nanobelts at different annealing temperatures (a, b, c, d, & e) and EDX plots of (f)
C@V2O5@250 and (g) C@V2O5@350.
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3. Result and discussion
3.1 Morphological and structural characterization

The FESEM images clearly show that the morphology of
C@V2O5 is greatly affected by the annealing temperature and
the presence of carbon nanospheres. Pristine V2O5 is well
crystallized with short grains and appears as a rod with a size of
�1 mm, whereas the carbon nanosphere-coated V2O5 has
8598 | RSC Adv., 2018, 8, 8596–8606
a predominant nanobelt like morphology (Fig. 1a). As has been
discussed earlier, the presence of glucose leads to the formation
of these belts.32 However, it was observed that there was
a signicant change in morphology with the increasing
annealing temperature. All these annealed lms with
a randomly aligned nanobelt kind of morphology have widths
in the range of 40–100 nm, whereas their lengths extend over
few micrometers. These nanostructures are organized in an
This journal is © The Royal Society of Chemistry 2018
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Fig. 2 TEM and lattice scale images of C@V2O5@250 and C@V2O5@350 (a and b) and (c and d), respectively.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Fe

br
ua

ry
 2

01
8.

 D
ow

nl
oa

de
d 

on
 6

/1
3/

20
26

 1
:5

5:
41

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
overlapping assembly of each other and therefore are capable of
exhibiting a higher surface area, which in turn can enhance the
Li ion intake. The thickness of the nanobelts of the sample
annealed at 350 �C decreased signicantly to �40–50 nm. The
presence of a carbon nanosphere is expected to improve the
electronic conductivity of the hybrid material. The FESEM
images of the as-prepared C-dot shows that it appears to be
fairly uniform andmonodisperse with diameters in the range of
200–220 nm under similar experimental conditions (Fig. s1†).
Material specic energy dispersive X-ray spectroscopy (EDS)
analyses were conducted by obtaining multiple spectra over
different regions of the samples (Fig. 1f and g). The spectra
show dominant patches of vanadium, oxygen, and carbon
within C@V2O5. For the lms annealed at $300 �C, the esti-
mated atomic ratio of V and O is �1 : 5, whereas for
C@V2O5@250, the ratio is 1 : 3.3. Annealing at higher temper-
atures under an ambient atmosphere can actually supply ample
amounts of oxygen, which in turn leads to the formation of the
pure V2O5 crystalline phase. The high resolution TEM images
evidence the presence of a thin layer of carbon, which covers the
surface of the V2O5 nanobelts (Fig. 2). The lattice scale images of
C@V2O5@250 show an inter-fringe spacing of 0.58 nm, and this
This journal is © The Royal Society of Chemistry 2018
matches with the (200) plane of V2O5, whereas the inter-fringe
spacing of 0.43 of C@V2O5@350 matches with the (001) plane
of V2O5.

The crystallinity and purity of the lms were analysed using
X-ray diffraction (XRD); Fig. 3 presents the respective XRD
patterns of the lms annealed at different temperatures ranging
from 250 �C to 400 �C. The diffraction peaks of pristine V2O5

match well with the orthorhombic crystal structure of layered
V2O5, in concurrence with the JCPDS le no. 41-1426. The
unannealed C@V2O5 samples exhibit mixed +4 and +5 oxidation
states of vanadium. In the presence of glucose, V5+ underwent
partial reduction to form V4+. Since there is no other external
reducing agent, glucose is speculated to be responsible for the
reduction step. Moreover, glucose is polymerized into poly-
saccharides by intermolecular dehydration and nally carbon-
ized into carbon dots under hydrothermal conditions.
Nucleation starts when the solution reaches a critical super-
saturation, and these C-dot nuclei grow uniformly until the nal
size is obtained. Dehydration and aromatization normally
reduce the functional group, but still some functional groups
remain attached to the carbon dots.32–35
RSC Adv., 2018, 8, 8596–8606 | 8599
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Fig. 3 XRD pattern of pristine V2O5 and C@V2O5 at different annealing
temperatures. Unannealed and C@V2O5@250 films show the mixed
oxidation states.
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The diffraction peaks at 25.2� (102) and 33.73� (212)
correspond to the tetragonal crystal structure of VO2 (JCPDS
le no. 42-0876). On the other hand, the other diffraction
peaks at d ¼ 3.4 (110), 2.8 (400), 2.18 (400), 1.99 (411), 1.83
(112), 1.56 (412), and 1.34 (013)�A agree with the orthorhombic
crystal structure of V2O5. Moreover, for the lm annealed at
250 �C, the tetragonal phase of VO2 decreases signicantly,
and majority of the peaks originate from the orthorhombic
crystal structure of V2O5. The lm appears dark green in color,
which is an indirect evidence of the presence of V4+ ions.36 The
characteristics peaks of pristine V2O5 in the low 2q regions
15.3� (200), 20.26� (001), and 21.7� (110) do not appear for
C@V2O5@250. This suggests incomplete formation of a-V2O5.
An increase in the annealing temperature increases the crys-
talline nature with the preferred orientation along the (001)
plane of a-V2O5. The XRD pattern of the as-grown nanobelts at
the annealed temperatures of 300 and 350 �C closely matched
that of the standard orthorhombic V2O5 (JCPDS No. 41-1426
with the lattice constants a ¼ 1.151 �A, b ¼ 0.3565 �A, and c ¼
0.4372 �A). The lms annealed at a temperature $ 300 �C
appear yellow in color; this indicates the purity of the sample.
It has already been reported that 300 �C is the necessary
annealing temperature to induce phase transition in vana-
dium oxide.37
Fig. 4 XPS spectra of (a) C@V2O5@250 and deconvoluted core-level sp

8600 | RSC Adv., 2018, 8, 8596–8606
The XPS scan illustrating the presence of various elements,
i.e. C, O, and V, is shown in Fig. 4a. The core levels of the valence
state of vanadium (V) were also investigated by XPS measure-
ments, as shown in Fig. 4b. The V 2p3/2 peak spectra of C@V2O5

demonstrate two peaks at 516.3 and 517.7 eV, which are
attributed to the V4+ and V5+ components of the sample,
respectively. The line width of V 2p1/2 is much broader than that
of V 2p3/2 due to the Coster–Kronig Auger transitions.38 More-
over, two V 2p1/2 peaks observed at 523.5 and 525.1 eV are due to
V4+ and V5+, respectively, conrming the presence of the V4+

state, which originates by the reduction of V5+.
The respective Raman spectra of all the lms are presented

in Fig. 5a. The well-resolved Raman lines indicate the good
crystallinity of the sample. Moreover, two lower frequency peaks
located at 280 and 406 cm�1 are assigned to the bending
vibrations of the V]O bonds. The band located at 306 cm�1

corresponds to the triply coordinated oxygen (V3–O) bonds, and
this peak is fully formed for the C@V2O5 lms annealed at 300,
350, and 400 �C, whereas for C@V2O5@250 �C, it is just slightly
visible. The peak corresponding to 470 cm�1 is due to the
bending vibrations of the doubly coordinated oxygen (V–O–V).39

On the other hand, the band at 530 cm�1 appearing for C@V2O5

at 300 �C, 350 �C, and 400 �C corresponds to the triply coordi-
nated oxygen (V3–O) stretching mode, which results from edge-
shared oxygen common to three pyramids. The band at
690 cm�1 can be assigned to the doubly coordinated oxygen (V2–

O) stretchingmode, which arises from the corner-shared oxygen
common to two pyramids. The high frequency peak at 997 cm�1

is due to the (V5+]O) terminal oxygen stretching mode, which
results from an unshared oxygen.40 The C@V2O5 unannealed
sample shows an additional peak at 880 cm�1, which is due to
the stretching vibration of the V4+]O bond, indicating the
presence of V4+; moreover, this peak is absent in the annealed
samples.

Fig. 5b shows the FTIR spectra of the C@V2O5@ lm at the
annealing temperatures of 250, 300, and 350 �C. All these lms
exhibit bands at 656 cm�1 and 820 cm�1 corresponding to the
symmetric and asymmetric stretching modes of the V–O–V
bridges, respectively.41,42 C@V2O5@350 shows a characteristic
line at 1020 cm�1 originating in the shortest V]O bond (1.58�A)
of V2O5. This signal gradually shis to a lower wavelength for
ectra of (b) V2p.

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 (a) Raman and (b) infra-red spectra of C@V2O5 at different annealing temperatures.
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C@V2O5@250; this indicates the presence of V4+ on the
surface.42 The absorption bands appearing at 1657 cm�1 are due
to the bending mode of the O–H vibrations, and the intensity of
this peak decreases with the increasing temperature and
vanishes at 350 �C due to the decomposition of organic phases
and bound water. The broad absorption band at 3100–
3600 cm�1, which appears up to 250 �C, is assigned to the O–H
stretching vibrations arising from the hydroxyl group of the
nanoparticles, originating from glucose. TGA analysis was
carried out to evaluate the water content and chemical
composition of C@V2O5. The hybrid material was heated to
800 �C under a nitrogen atmosphere. The rst weight loss
between 25 �C and 200 �C should be ascribed to the dehydration
of the samples due to the loss of surface adsorbed water and
crystal water. The subsequent weight loss between 300 and
450 �C is due to the burning of the carbon sketch of the carbon
nanosphere (Fig. s2†).43,44
Fig. 6 Images depicting reversible color change from yellow to green
of C@V2O5@350. (a) bleached (+1 V) and (b) colored state (�1.5 V).
3.2 Electrochromic performance

As the annealing temperature increases, the organic component
burns out. This is accompanied by the formation of an oxide
network and certain changes in the electrochromic behaviour.
The optical transmittance of the pristine V2O5 and C@V2O5

lms at different annealing temperatures (60, 250, 300, 350, and
400 �C) was measured over the visible region from 300 to
800 nm and also over the near infrared (NIR) wavelength range
of 900–1900 nm (Fig. 7). Among all, C@V2O5@350 �C shows the
highest transmittance value of 74% at 620 nm and �80% at
790 nm, which is followed by C@V2O5@300 �C. However, the
unannealed C@V2O5 and C@V2O5@250 �C lms show a blue
shi and maximum transmittance values of 38% and 40%,
respectively, at a wavelength of 540 nm as the sample appears
green in color due to the presence of V4+ ions along with V5+.
Since these lms have nearly identical thicknesses, this signif-
icant enhancement in transmittance is exclusively attributed to
the effect of the annealing temperature. The nanobelts formed
at 350 �C possess less thickness, which can considerably
decrease the scattering effect and enhancement in trans-
mittance. Pristine V2O5 and the lms annealed ($300 �C)
undergo a colour change from yellow to green. This happens by
applying a constant voltage of �1.5 V for 20 seconds. Over this
This journal is © The Royal Society of Chemistry 2018
potential range, V2O5 electrodes are expected to undergo Li+ ion
insertion, accompanied by colour change, which occurs in two
consecutive steps as follows:45

V2O5 + 0.5 Li+ + 0.5 e� / Li0.5V2O5

Li0.5V2O5 + 0.5 Li+ + 0.5 e� / LiV2O5

The observed color change can be attributed to the
progressive reduction of V5+ ions. The lm gets bleached at
a potential of +1 V for 20 s (Fig. 8). The reversible colour change
is from yellow to green. As the temperature increases, the oxide
network formation proceeds, and V4+ ions formed during the
hydrothermal process get oxidized and convert completely into
the more stable V5+ state. The lm switches between yellow and
green for the pristine V2O5 and the lms annealed at tempera-
tures $300 �C. However, the lm annealed below 300 �C is
green in colour, which indicates a mixture of V4+ and V5+ ions.

The transmission modulation factor (DT) is an important
parameter for the evaluation of electrochromic materials. It can
be dened at a specic wavelength as DT% (l) ¼ Tb � Tc (%),
RSC Adv., 2018, 8, 8596–8606 | 8601
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Fig. 7 Transmittance spectra of the as-prepared and annealed
nanomaterial at different temperatures; (i) C@V2O5 unannealed, (ii)
C@V2O5@250, (iii) pristine V2O5, (iv) C@V2O5@400, (v) C@V2O5@300,
and (vi) C@V2O5@350.
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where Tb and Tc are the transmittance in the bleached and
coloured states, respectively. The maximum DT value is
observed for C@V2O5@350 �C: 26% at 620 nm and 35% at
810 nm (Fig. 6). At the near-infrared wavelength of 1240 nm,
a transmittance contrast of 44% is obtained. Table 1 shows the
transmittance modulations of all the lms. Previously reported
DT% values are also comparable with these values. In previous
studies, Mg-doped V2O5 (15% Mg) exhibited a maximum
transmittance value of 34.4% at 560 nm,24 whereas the V2O5/
graphene composite showed a maximum transmittance
modulation of 30.8% at a wavelength of 664 nm.23

However, another important parameter for electrochromic
materials is the temporal spectral response under alternating
potentials. Intercalation/de-intercalation of Li+ ions at alter-
nating potentials results in coloration/bleaching switching.
Switching time is dened as the time required for reaching
a 90% full transmittance change in a material. The switching
characteristics of C@V2O5 were examined by monitoring the
transmittance at 620 nm and 790 nm as a function of time by
applying a square wave voltage between +1 V and�1.5 V (Fig. 9).
It is observed that coloration kinetics is slower than the
bleaching kinetics for all the lm regardless of their annealing
Fig. 8 Transmittance spectra of the colored and bleached state of films

8602 | RSC Adv., 2018, 8, 8596–8606
temperatures like the case of other transition metal oxide, such
as MoO3 and WO3, lms because in the bleaching cycle, the
back emf (electromotive force) acts in the same direction as the
applied emf. Thus, a larger magnitude of driving force is
available for electron ejection from the oxide layer.46
3.3 Electrochemical analysis for supercapacitor applications

The effect of the annealing temperature and the presence of
carbon on electrochemical performance was rst investigated
by cyclic voltammetry (CV). Fig. 10a shows the CV scan in the
potential window from �1.5 to +1 V versus Ag/AgCl at the scan
rate of 10 mV s�1. The CV prole of V2O5 shows well-dened
cathodic peaks at +0.26, 0.01, and �0.8 and a less distinct
peak at �1.35 V, indicating the multiple steps of Li+ intercala-
tion, corresponding to the formation of a, 3, d, and g phases,
respectively. Upon comparing the cyclic voltammograms of all
the lms, it has been found that C@V2O5@250 has the highest
current density followed by C@V2O5@300. C@V2O5@250 can
provide more access for Li+ ion insertion than its crystalline
counterpart and can exhibit improved capacity for Li+ ions. It
has been suggested that surface defects and low crystallinity
play a vital role in improving Li ion intercalation and cyclic
stability.47 In addition, the conductivity of the lm was proven
to be enhanced due to the presence of lower valence vanadium
ions and associated oxygen vacancies.48 This indicates that the
structure, chemical composition, and morphology have a great
impact over the electrochemical properties. Among all the lms,
pristine V2O5 possesses very low current density in the same
potential window as the carbon network is expected to improve
the conductivity, which in turn increases the Li ion insertion, as
has already been mentioned in our previous study.32 Zhu et al.
reported that a C dot-decorated RuO2 nanohybrid-based
supercapacitor exhibits excellent rate capability and excep-
tional cycling stability.43 The specic capacitance value of the
hybrid is greatly improved as compared to that of pristine RuO2.
The presence of the C-dot greatly decreases the resistance of
electron pathways and reduces the diffusion paths; this facili-
tates fast charge transport and ionic motion during the charge
discharge process and leads to a rapid redox reaction. Recently,
Xu et al. also reported a C-dot/nickel oxide (CD/NiO) nanorod-
of (a) C@V2O5@250 and (b) C@V2O5@350.

This journal is © The Royal Society of Chemistry 2018
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Table 1 Transmission modulation of pristine V2O5 and C@V2O5 at
different annealing temperatures

Sample

DT (%)

620 nm 790 nm 1280 nm

V2O5 11 14.3 16.4
C@V2O5@350 �C 26 35.1 44
C@V2O5@300 �C 22.1 30.2 39.3
C@V2O5 10.2 (545 nm) 13.2 (730 nm)
C@V2O5@250 �C 12.3 (545 nm) 16.1 (730 nm)

Fig. 9 Switching response curve of C@V2O5@350 at 620 and 790 nm
under the potentials of +1 and �1.5 V.
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based supercapacitor, where a high specic capacitance excep-
tional rate capability (84.6%, 75.7%, 65.3%, 56.1%, and 51.5%
capacity retention rates at 2, 3, 5, 7, and 10 A g�1, respectively)
and excellent cycling stability (93% of the initial capacity
retention over 1000 cycles at 2 A g�1) are observed due to the
coupled effect of faradaic pseudocapacitance from the NiO
nanorods and the excellent electrical conductivity of the C-dot
nanohybrid.45 In an another study, high performance carbon-
coated V2O5 nanorods were prepared by a hydrothermal route.
Fig. 10 (a) Cyclic voltammograms of (i) V2O5, (ii) C@V2O5, (iii) C@V2O5@2
versus square root of scan rate of C@V2O5, C@V2O5@250, and C@V2O5

This journal is © The Royal Society of Chemistry 2018
The carbon coating on V2O5 signicantly enhances the elec-
tronic conductivity and ion diffusion at the electrode/electrolyte
interface.49

In a previous study, it has been shown that as compared to
crystalline V2O5, amorphous V2O5 xerogel offers higher capaci-
tance due to its enhanced Li+ ion insertion, acting as a more
versatile host for Li ion intercalation and exhibiting improved
capacity for lithium.50

The dependence of peak current and square root of the scan
rate of pure V2O5 and C@V2O5 at different annealing tempera-
tures is displayed in Fig. 10b. The relationship between the peak
current and the scan rate can provide a better understanding of
various electrochemical mechanisms such as diffusion,
adsorption, charge transfer and transport etc. The linear rela-
tionship between the peak current and scan rate indicates
diffusion-controlled Li ion intercalation and de-intercalation in
the lms. The Li+ diffusion coefficient can be calculated using
this linear relationship by employing the Randles–Sevcik
equation.51

ip ¼ D1/2 � 2.72 � 105 � n3/2 � A � C0 � v1/2 (1)

where D is the diffusion coefficient of lithium ion, ip is the peak
current (A), n is the number of electrons, A is the area of the
electrode (cm2), C0 is the concentration of active ions in the
solution (mol cm�3), and v is the scan rate (V s�1/2). The diffu-
sion coefficient of Li ion in the C@V2O5@250 lm is estimated
to be 10.1 � 10�10 cm2 s�1. For the C@V2O5@350 and C@V2O5

lms, the Li ion diffusion coefficients are 6.8 � 10�10 and 2.8 �
10�10 cm2 s�1, respectively, according to the linear relation
shown in Fig. 10b. Xiong et al. reported a diffusion coefficient of
5.3 � 10�10 for the silver vanadium oxide thin lm.25 Seman
et al. reported a diffusion coefficient of �1 � 10�11 cm2 s�1 for
the V2O5 thin lm deposited by plasma-enhanced CVD.52

Furthermore, the charge–discharge characteristics of
C@V2O5 electrodes under galvanostatic conditions were studied
to evaluate the electrochemical specic capacitance at different
current densities. The charge–discharge prole of C@V2O5 at
different annealing temperatures at a xed current density of
50, (iv) C@V2O5@300, and (v) C@V2O5@350 and (b) anodic peak current
@350. C@V2O5@250 exhibits the highest diffusion coefficient.

RSC Adv., 2018, 8, 8596–8606 | 8603
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Table 2 Specific capacitance of pristine V2O5 and C@V2O5 at different
annealing temperatures at a current density of 1 A g�1

Sample
Specic capacitance,
F g�1 at 1 A g�1

V2O5 78
C@V2O5 211
C@V2O5@250 �C 260
C@V2O5@300 �C 225
C@V2O5@350 �C 181

Fig. 11 (a) Galvanostatic charge–discharge profile of the as-prepared C@V2O5 at different annealing temperatures: (i) unannealed, (ii) 250, and
(iii) 350 �C and (b) specific capacitance obtained at the current density of 5 A g�1 versus number of cycles for C@V2O5 unannealed and
C@V2O5@250.
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1 A g�1 over a voltage range from 1 V to �1 V is shown in
Fig. 11a. The prole shows a small transition in the linear
portion of the charge–discharge behaviour since the overall
capacitance is contributed from both EDLC and pseudocapa-
citance. During the charge–discharge process, reversible Li+ ion
intercalation into the V2O5 crystal structure takes place with
concurrent electron transport. The specic capacitances of the
electrodes are calculated using the following equation:

SC ¼ I � Dt/DV � m (2)

In eqn (2), SC is the specic capacitance, I is the current
applied for discharge, Dt is the time in seconds for discharge,
DV is the voltage window, and m is the mass of the active
material of the working electrode. Among all the lms,
C@V2O5@250 provides a higher specic capacitance value of
260 F g�1, which is �1.43 times lesser that of C@V2O5. The
specic capacitance values of C@V2O5 at different annealing
temperatures at a current density of 1 A g�1 are shown in
Table 2. The intercalated carbon provides high electrical
conductivity, which in turn enhances the electrochemical
double layer capacitance of the electrode material. Moreover,
the C@V2O5@250 nanobelts have a higher surface area and
a layered kind of crystal structure, which in turn can improve
the electron propagation property of the electrodes and hence
increase the specic capacitance. The presence of V4+ can
enhance the electronic conductivity. Annealing at a moderate
temperature, such as 250 �C, ensures the adherence of the active
material over FTO. As the annealing temperature increases,
more crystallization is observed, and the lm displays a cyclic
degradation.

The cyclic stability of the electrodes has been studied in
detail by measuring the variation in specic capacity at the
current density of 5 A g�1 as a function of charge discharge
cycles, as shown in Fig. 11b. Aer 5000 cycles, C@V2O5@250
retained �92% of its initial capacitance; this indicated the
excellent stability of the material as a capacitor. In compar-
ison, the as-prepared C@V2O5 retained �88% of its initial
capacitance. The carbon network prevents the dissolution of
8604 | RSC Adv., 2018, 8, 8596–8606
the active material in the electrolyte. It has already been
observed in earlier studies that poor crystallinity favours
cycling stability.41

To obtain better insights into the electrochemical perfor-
mance of the electrodes, electrochemical impedance
measurements (EIS) were performed to analyse the kinetic
behaviour in the frequency range from 10�2 to 106 Hz using an
ac rms of 10 mV. Fig. 12 shows the Nyquist plot of C-
dot@V2O5, C-dot@V2O5@250, and C-dot@V2O5@300. The
electrodes were held at an open circuit potential during the
analysis. The impedance data was tted to an equivalent
circuit model consisting of bulk solution resistance (Rs),
charge transfer resistance (Rct), double layer capacitance (Cdl),
and Warburg resistance (W). The resulting spectrum consists
of a semicircle in the high frequency region and a linear
portion in the low frequency regime. The semicircle represents
the resistive nature of the supercapacitor that is related to the
charge transfer resistance (Rct) associated with faradaic reac-
tions (inset of Fig. 10). The Rct values for C@V2O5@250,
C@V2O5@300, and C@V2O5 were found to be 11.4, 12.5, and
14 U, respectively. As shown in the gure, C@V2O5@250 shows
lower Rct values as compared to other lms. The lower Rct value
of the hybrid suggests higher specic capacitance, whereas the
inclined line in the low frequency region represents the War-
burg impedance (Ws) corresponding to ion diffusion into the
bulk of the electrodes through the pores. The perpendicular
slope in the low frequency region shows a better capacitive
behaviour.
This journal is © The Royal Society of Chemistry 2018
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Fig. 12 Nyquist plot for C@V2O5, C@V2O5@250, and C@V2O5@300
along with the equivalent circuit diagram.
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4. Conclusion

Herein, C@V2O5 lms were fabricated and annealed at different
temperatures, and their applicability in electrochromic smart
windows and supercapacitor was investigated. The structural,
optical, and electrochemical analysis of this hybrid material was
conducted in detail. The presence of a carbon network enhances
the electrical conductivity. The lm annealed at the temperature of
350 �C is more favourable for electrochromic applications. Post
annealing treatment of the lm at 350 �C results in a smooth
texture of the lm. It demonstrates a higher optical transmittance
(�80%) and higher transmission modulation of 26% at 620 nm,
35% at 810 nm, and 44% at 1200 nm. The enhanced electro-
chromic nature of the lm can be ascribed to the smooth texture of
the lm. The pure phase of V5+ in C@V2O5@350 facilitates faster
switching responses. On the other hand, the C@V2O5 lm
annealed at 250 �C exhibits a less crystalline phase, but is found to
be more suitable for supercapacitor applications. The presence of
a lower valence vanadium ion and associated oxygen vacancies
improves the lithium-ion intercalation capacity and cyclic stability.
The C@V2O5@250 lm exhibits a specic capacitance of 260 F g�1

at 1 A g�1, which is nearly 1.43 times higher than that of the as-
prepared C@V2O5. C@V2O5@250-based electrodes retained
�94% of the initial capacitance aer 5000 cycles.

To the best of our knowledge, it is for the rst time that this
hybrid material has been used for two different applications by
varying the annealing temperatures. These results clearly point
towards the critical and complimentary roles of post-growth
annealing temperatures to effectively optimize the same nano-
material for different device functionalities. Variation of post-
growth annealing temperature can effectively alter the func-
tional attributes of the carbon-containing V2O5 nanobelts and
make them more suitable for either electrochromic or super-
capacitor use. Therefore, this study opens up novel but simple
ways to optimally tune these hybrid nanomaterials for targeted,
device-specic applications of nanotechnology for sustainable
energy solutions.
This journal is © The Royal Society of Chemistry 2018
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14 J. Muster, G. T. Kim, V. Krstić, J. G. Park, Y. W. Park, S. Roth
and M. Burghard, Adv. Mater., 2000, 12, 420–424.

15 S. Mateti, M. M. Rahman, L. H. Li, Q. Cai and Y. Chen, RSC
Adv., 2016, 6, 35287–35294.

16 Y. Zhang, A. Pan, Y. Wang, W. Wei, Y. Su, J. Hu, G. Cao and
S. Liang, ACS Appl. Mater. Interfaces, 2016, 8, 17303–17311.

17 Y. Wang and G. Cao, Chem. Mater., 2006, 18, 2787–2804.
18 H. Zhao, L. Pan, S. Xing, J. Luo and J. Xu, J. Power Sources,

2013, 222, 21–31.
19 D. Kong, X. Li, Y. Zhang, X. Hai, B. Wang, X. Qiu, Q. Song,

Q.-H. Yang and L. Zhi, Energy Environ. Sci., 2016, 9, 906–911.
RSC Adv., 2018, 8, 8596–8606 | 8605

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra13357j


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
Fe

br
ua

ry
 2

01
8.

 D
ow

nl
oa

de
d 

on
 6

/1
3/

20
26

 1
:5

5:
41

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
20 S. D. Perera, A. D. Liyanage, N. Nijem, J. P. Ferraris,
Y. J. Chabal and K. J. Balkus, J. Power Sources, 2013, 230,
130–137.

21 M. Fu, C. Ge, Z. Hou, J. Cao, B. He, F. Zeng and Y. Kuang,
Phys. B, 2013, 421, 77–82.

22 B. Saravanakumar, K. K. Purushothaman and
G. Muralidharan, RSC Adv., 2014, 4, 37437–37445.

23 X. Zhang, H. Sun, Z. Li, J. Xu, S. Jiang, Q. Zhu, A. Jin and
G. S. Zakharova, J. Electrochem. Soc., 2013, 160, H587–H590.

24 M. Panagopoulou, D. Vernardou, E. Koudoumas,
N. Katsarakis, D. Tsoukalas and Y. S. Raptis, J. Phys. Chem.
C, 2017, 121, 70–79.

25 C. Xiong, A. E. Aliev, B. Gnade and K. J. Balkus, ACS Nano,
2008, 2, 293–301.

26 L. Shao, J.-W. Jeon and J. L. Lutkenhaus, Chem. Mater., 2012,
24, 181–189.

27 J. Wang, C. J. Curtis, D. L. Schulz and J.-G. Zhang, J.
Electrochem. Soc., 2004, 151, A1–A7.

28 R. Baddour-Hadjean, J. P. Pereira-Ramos, C. Navone and
M. Smirnov, Chem. Mater., 2008, 20, 1916–1923.

29 Q. Liu, Z.-F. Li, Y. Liu, H. Zhang, Y. Ren, C.-J. Sun, W. Lu,
Y. Zhou, L. Stanciu, E. A. Stach and J. Xie, Nat. Commun.,
2015, 6, 6127.

30 V. Petkov, P. N. Trikalitis, E. S. Bozin, S. J. L. Billinge, T. Vogt
and M. G. Kanatzidis, J. Am. Chem. Soc., 2002, 124, 10157–
10162.

31 D. Liu, Y. Liu, B. B. Garcia, Q. Zhang, A. Pan, Y.-H. Jeong and
G. Cao, J. Mater. Chem., 2009, 19, 8789–8795.

32 R. Narayanan, J. Solid State Chem., 2017, 253, 103–112.
33 X. Sun and Y. Li, Angew. Chem., Int. Ed., 2004, 43, 597–601.
34 G. C. A. Luijkx, F. van Rantwijk, H. van Bekkum and

M. J. Antal Jr, Carbohydr. Res., 1995, 272, 191–202.
35 Q. Wang, H. Li, L. Q. Chen and X. J. Huang, Solid State Ionics,

2002, 152–153, 43–50.
8606 | RSC Adv., 2018, 8, 8596–8606
36 D. Zhang, L. Su, H. Li, X. Qian and J. Xu, J. Cryst. Growth,
2006, 294, 437–441.

37 Y. Wang, H. Shang, T. Chou and G. Cao, J. Phys. Chem. B,
2005, 109, 11361–11366.

38 E. Antonides, E. C. Janse and G. A. Sawatzky, Phys. Rev. B:
Solid State, 1977, 15, 4596–4601.

39 R. Baddour-Hadjean, V. Golabkan, J. P. Pereira-Ramos,
A. Mantoux and D. Lincot, J. Raman Spectrosc., 2002, 33,
631–638.

40 C. Sanchez, J. Livage and G. Lucazeau, J. Raman Spectrosc.,
1982, 12, 68–72.
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