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Abstract

Copper vanadate nanorods were synthesized by simple chemical route and its electrochemical performances were investi-
gated. X-ray diffraction and Fourier transform infrared spectroscopy analyses showed that the copper vanadate nanorods
were composed of nano monoclinic crystalline structure having Cu;V,0; phase with metallic bond vibrations. Observations
from scanning electron microscopic and high-resolution transmission electron microscopic studies revealed the rod like mor-
phology of copper vanadate with ~200 nm size. Pseudocapacitive behaviour possessed by pristine Cu;V,04 nanorods was
investigated by electrochemical analyses such as cyclic voltammetry, chronopotentiometry and electrochemical impedance
spectroscopic techniques using aqueous alkaline electrolyte. Elemental composition with overall atomic distribution was
elucidated by energy dispersive spectroscopy combined with elemental mapping. Based on the results, Cu;V,0g4 nanorods was
proved to be a promising electrode material for pseudocapacitors, as it delivered eminent specific capacitances of 430 Fg™!
at the current density of 0.4 mAcm™2, and 497 Fg! at the scan rate of 5 mVs~!. It possesses reasonable cycling stability of

94.7% capacitance retention and superior coulombic efficiency after 5000 charge—discharge cycles at 4 Ag™".

1 Introduction

The ultimate progress in population rate has made energy
crisis all around the world which at the same time leads to
high energy demand. Now, energy production and storage
is major need along with the improvements in technologies
[1, 2]. In order to make some energy conversion/storage
devices with high power and energy densities, electrochemi-
cal devices have been fabricated and made commercial all
over the world. But unfortunately few existing conventional
energy conversion/storage devices available in market with
many drawbacks that surreptitiously affects and pollutes
the environment [3]. Electrochemical cells like batteries,
supercapacitors and fuel cells serve as an excellent alterna-
tive eco-friendly energy sources that paved way for present
generation of power production [4, 5]. Among this, superca-
pacitors are found to have high power density, long life span
with cyclic stability, etc. [6-8].
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The mechanism of charge storage in supercapacitor is
divided into two categories such as non-faradaic process
(electrochemical double layer capacitors, EDLCs) and fara-
daic process (pseudocapacitors, PCs) [9-11]. In non-faradaic
process, ions from electrolyte undergoes adsorption/desorp-
tion on the carbon material having high surface area for stor-
ing charge, whereas in faradaic process the electron from
conducting polymers or metal oxides store charge through
electron transfer process [12, 13]. However, the combination
of carbon materials with conducting polymers and metal
oxides can also have good charge storage mechanism and
hence named it as hybrid capacitors (HCs) [14, 15].

In recent years, comparing metal sulphides [16], hydrox-
ides [17], in-expensive transition metals oxides are attracting
more researchers for their lucrative applications in various
fields [18-23]. In connection with this, vanadium com-
pound has its unique physical and chemical properties that
makes it essential for diverse applications. Besides various
vanadate structures like BiVO, [24], Zn;(VO,), [25], the
copper vanadate is the fascinating inorganic material and
has most notable characteristics such as photocatalysis,
electrochemical sensing, water splitting, electrochemical as
well as photochemical storage and conversion abilities, etc.
[26-31]. Apart from this, it also has some special features
viz. ecologically harmless, viable etc. Cao et al. has prepared
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CuV,04 through sol gel method at different temperatures.
They examined its electrochemical property and showed its
highest discharge capacity of about 403 mAhg~! [32]. Sun
et al. has synthesized 3D flower like Cu;V,0,(0OH),-2H,0
compound via surfactant assisted hydrothermal method.
Also, Sun et al. had examined its electrochemical perfor-
mance in various temperatures and revealed better perfor-
mances of about 326 mAhg_1 at 37 °C [33].

Here, this work explores the electrochemical performance
elucidation of prepared copper vanadate as a modified elec-
trode material for efficient PCs. As far as we know, there
has been no work reported on Cu;V,0g nanorods (CVNRs)
as an electrode material for pseudocapacitors. CVNRs can
be synthesized via diverse techniques such as hydrother-
mal [34], solid state reaction [35], thermal decomposition
method [36], laser ablation [37] etc., Among those methods,
we have chosen easy, cost-effective chemical route method
to prepare CVNRs. At the same time, the structural, mor-
phological and optical studies have also been carried out to
prove the material characteristics possessed by the calcined
CVNRs.

2 Experimental and characterization
techniques

2.1 Materials for the synthesis of copper vanadate
nanorods (CVNRs)

Preparation of pristine copper vanadate nanorods (CVNRs)
was carried out with 99% pure analytical grade chemicals
purchased from Sisco Research Laboratories (SRL) Pvt.
Ltd., Mumbai, India. The precursors consists of copper(Il)
nitrate Cu(NOj;),, ammonium metavanadate (NH,VO;),
polyvinylpyrolidine ((C(HgNO),), PVP), sodium hydrox-
ide (NaOH) and ethanol. Without any further purifications,
deionized (DI) water was employed for whole chemical
reaction and used as the solvent for electrolyte preparations.
Besides this, for electrochemical analysis, potassium hydrox-
ide (KOH), N-methyl-2-pyrrolidinone (CsHo,NO, NMP) and
polyvinylidene fluoride ((—(C,H,F,),—), PVDF) were pur-
chased from Sigma-Aldrich, Mumbai India.

2.2 Material synthesis and characterization

The method employed to synthesis CVNRs was simple co-
precipitation method. The concentration of starting materials
taken were 0.05 M Cu(NOs;), and NH,VOj;. The nanorods
size, growth and pH of the reaction mixture were controlled
by adding trace amount (0.05 g) of PVP and 0.05 M of
NaOH, respectively under constant stirring. The pH was set
to 7. Inorganic reaction occurred in the reaction mixture was
given in Eq. (1).

3Cu(NO;), + 2NH,VO; + 3NaOH

The precipitate acquired after completion of reaction
was collected and washed more than five times to remove
the un-reactants using DI water and ethanol. Then the
dehydration of obtained nanomaterials was done in air
oven at 80 °C for 12 h and calcinated at 350 °C for 4 h.

Assisted by Powder X-ray diffraction analysis (PXRD)
made of Bruker (D8 advance ECO) which has an X-ray
wavelength of 1.5406 A with monochromatic Cu-K,
radiation, the crystalline structure of synthesized CVNRs
were confirmed. The valence and oxidation states of pre-
pared CVNRs were elucidated by X-ray photoelectron
spectroscopy (XPS, ULVAC-PHI, Inc; Model: PHIS000
Version Probe III) with the help of Al Ka as the X-ray
source. To evaluate the optical properties and functional
groups of prepared CVNRs, Shimadzu UV 1800 spectro-
photometer and Shimadzu (IR Tracer-100) spectrophotom-
eter combined with KBr pellet system was employed to
record UV-Visible (UV-Vis) absorption as well as Fourier
transform infrared (FTIR) spectra, respectively. Scanning
Electron Microscope (SEM) of ZEISS-EVO 18 Research,
Japan and JEOL JEM 2100 h-TEM High-Resolution Trans-
mission Electron Microscope (HR-TEM) was utilized to
record the surface and structural morphologies of CVNRs,
respectively. The elemental composition with uniform dis-
tribution was proved by Energy Dispersive X-ray analysis
(EDX) (EDAX-APEX) combined with elemental mapping.

2.2.1 CVNRs modified working electrode construction
and electrochemical measurements

Fabrication of CVNRs modified working electrode were
carried out by mixing 80% weight percentage of pre-
pared CVNRs and 15% acetylene black and 5% PVDF.
Using NMP as a solvent, the mixture was made into a
slurry and coated on nickel foil substrate that has an area
of about 1 cm?. The substrate with the slurry was dried
overnight in an air oven at a temperature of about 60 °C.
In order to analyse the pseudocapacitive nature of pre-
pared electrode, it was examined via electrochemical tech-
niques such as cyclic voltammetry (CV), galvanometric
charge—discharge (GCD) and electrochemical impedance
spectroscopy (EIS). This was done by an electrochemical
workstation (CH Instruments-CHI 6008e, USA) in three
electrode system. Fabricated electrode, a platinum (Pt)
wire and Ag/AgCl were used as the working electrode,
counter electrode, and reference electrode, respectively.
2 M aqueous potassium hydroxide solution was employed
as an electrolyte.

@ Springer
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Fig. 1 XRD pattern of CVNRs

3 Results and discussion
3.1 Material quality analyses of CVNRs

The PXRD pattern of calcinated CVNRs was depicted in
the Fig. 1. The 26 values were fixed between 10° and 80°.
Crystal structure examined from PXRD technique was found
to be monoclinic structure with Cu;V,0q phase. The space
group were observed to be P21/c(14) with cell parameters
a=6.249 A, b=7.993 A, c=6.377 A. The peaks show major
accordance with bulk copper vanadate (JCPDS File no.#:
74-1503) which was similar to the XRD pattern reported by
Arani et al. [38]. The 20 values that have maximum intense
peaks were well aligned to its hkl indices. The formation of
minor wider peaks suggests that the prepared CVNRs were
in nanometre range. No other supplementary peaks were
observed from other phases and it clearly declared that the
prepared CVNRs were extremely taintless. Using Scherrer
formula given in Eq. (2),

Dy = KA/pcos 6 2)

the grain size of the prepared CVNRs were estimated. D sug-
gest the average crystallite size; Scherrer constant was given
as K that has constant value of 0.9, 4 implies wavelength of
X-ray source, full width at half maximum (FWHM) value of
high intensity peaks was mentioned by f and finally 0, the
Bragg’s diffraction angle. Henceforth, the crystallite size of
the prepared CVNRs was aggregated to be ~ 25 nm.

FTIR spectrum recorded in the range between 4000 and
400 cm™" of calcinated CVNRs were shown in Fig. 2. In
accordance with the former report, peak at 414.70 cm™! was
attributed by stretching vibration of metallic Cu—O bond
[38]. The formation of bands near 877 cm™!, 696 cm™!,
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Fig.2 FTIR spectrum of CVNRs

and 565 cm™! were due to the bond vibrations of inorganic
V-O-V and VO,*~ interactions. The presence of peaks
between 931 and 414 cm™! confirmed the network vibrations
of tetrahedral positioned VO, and octahedral positioned
CuOyg. Appearance of peaks only in finger-print region
clearly proved that the prepared CVNRs do not contain any
organic and hydroxide materials. This further clarified the
purity of the sample and was found to be as same as earlier
report [38].

The surface elemental composition and oxidation state
binding energies of CVNRs were analysed with XPS spectra
depicted in Fig. 3a—e. The full survey spectrum confirmed
the presence of Cu2p, V2p, Ols and Cls elemental peaks
with their binding energies of 954.7, 934.7, 517 eV, 524.2,
530.1 and 517 eV, respectively, and no impurities could be
found on the surface of prepared CVNRs. All high-resolu-
tion (HR) spectra were corrected with reference carbon Cls
peak at 285 eV and closely fitted with Gaussian fitting. The
Cu2p peaks located with their binding energies at 934.7 and
954.7 eV correspond to Cu2ps,, and Cu2p,,, with the split-
ting energy of 20 eV and in connection two notable shakeups
were observed in between 941-943.6 eV, designated that
Cu?* was the dominant oxidation state [39, 40]. Moreover,
appearances of two minor peaks positioned at 943.6 and
941 eV were attributed to the satellite shakeup of Cu(II)
open 3d° shell [41]. Similarly, the HR spectrum of V2p band
traced at the binding energies of 517 eV and 524.2 eV due to
V2ps,, and V2p,, states, respectively, with spin orbit cou-
pling values of about 7.2 eV between them. The binding
energy of V2p states was ascribed by the elemental interac-
tion of vanadium with oxygen. The peak broadness of V2p;,
clearly indicated the combination of two different V4™ and
V>* jon oxidation states [42]. Eventually, the deconvoluted
Ols (oxygen) profile shown in Fig. 3e had two peaks at
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530.1 and 531.4 eV. The appearance of these peaks might
be due to the M—O (O* lattice oxygen) and defects (oxy-
gen defects, chemisorbed oxygen), respectively. This results
which was in accordance with EDS result (Fig. 6a) clearly
stated the purity of prepared CVNRs.

The UV-Vis absorption spectrum of calcinated CVNRs
was delineated in Fig. 4. Presence of binary metals in the
prepared CVNRs was confirmed through the appearance of
two broad absorption shoulder peaks at 262 and 325 nm.
Appearance of absorption peak at 262 nm was attributed
by the excitonic absorption of copper-oxygen interaction
whereas the absorption maximum at 325 nm was contrib-
uted by the presence of vanadium and oxygen interaction.

The wider peak implies that the prepared material size was
in nano range. This was in coherence with the XRD (Fig. 1)
and SEM (Fig. 5) results. It also proved that the CVNRs
has good optical characteristics with a photo response in
UV region.

The surface and structural morphologies of the prepared
CVNRs were examined using SEM and HR-TEM analyses,
respectively. Figure 5a, b illustrates the SEM images and
Fig. 5c, d shows the HR-TEM images of prepared CVNRs.
Mixture of rod- and sphere like morphologies with sizes
varying in diverse nano and micro ranges were observed
in SEM analyses and it was further confirmed by HR-
TEM images. The observation of sphere like morphology
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Fig.4 UV-Vis spectrum of CVNRs

in SEM images may be due to the aerial view of vertical
nanorods. Smaller sized particles were combined to form
nanorods and it was revealed by HR-TEM analyses. The
confirmation of elements in prepared CVNRs was identi-
fied by EDS spectrum. The lattice fringes and selective area

EHT=2000kV  Sigral A= SE1 Date 7 4ul 2018

WO=110mm  Mag= 50.00KX Time :15:3640

EHT=2000kV  Sigral A= SE1
WD=110mm  Mag= 50.00KX

electron diffraction (SAED) pattern of prepared CVNRs
were depicted in Fig. 5e, f. The single crystalline nature
was confirmed from the lattice fringes. The obtained SAED
pattern was in good agreement with XRD results and proved
the monoclinic structure of crystal.

Figure 6a reveals EDS spectrum of the prepared CVNRs
that contains only Cu, V and O elements with weight per-
centage in accordance with the XRD result (Fig. 1). In addi-
tion, the purity of prepared CVNRs was furthermore con-
firmed through the absence of additional elemental peaks.
From the Fig. 6b—e, the distribution of elements was con-
firmed to be in even through the mapping analysis.

3.2 Pseudocapacitive evaluation

The electrochemical behaviour and supercapacitive nature
of prepared CVNRs in aqueous medium were determined
by utilizing CV measurements, GCD analysis and EIS
technique.

3.21 Qv

The CV studies had been carried out to estimate the redox
property of prepared CVNRs modified electrode. Figure 7a
demonstrated the sequential CV curves of modified CVNRs

Date :7 Jul 2018
Time :16:3950

Fig.5 a, b SEM images of CVNRs and ¢, d HR-TEM images of CVNREs. e, f Fringes and SAED pattern revealing higher crystallinity
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Fig.6 a EDS spectrum, b—e Elemental mapping of CVNRs

electrode at diverse sweep rates. The current frame was
assigned between +0.04 and —0.04 Ag~" with respect to
potential window fixed between O and 0.6 V. The pair of
redox humps at anode, cathode area clearly denoted that the
prepared CVNRs modified electrode was electrochemically
active and had underwent reversible redox mechanism. By
the result of faradaic redox reaction between metal, metal
oxides and metal hydroxides, this peak had been emerged
[15]. At all sweep rates from 100 to 5 mVs~!, rather than
the minor shifts there had been no changes in shape of the
CV curve.

The comparison between Ist and 1500th curves of CV
cycle was depicted in Fig. 7b. Similar pattern with minor
changes were observed. This reconfirmed the prepared
modified CVNRs working electrode was electrochemically
stable. The minor changes in CV curve were due to the sud-
den agitation of ions during diffusion process after cycling
test. Because of internal resistance, the minor shift had been
entertained in both sides of curve. Under slow sweep rate,
the specific capacitance value was found to be higher and
vice versa which was depicted in the Fig. 7c. The specific

6.5 104

capacitance values were calculated from the Eq. (3) and
listed in Table 1. The square roots of scan rate and peak
currents were in the linear relationship which was showed
as randles plot in Fig. 7d.

1
vm(Va - VC)

C,y =

VC
J Vv (Fg™") 3)

where specific capacitance —C, v specified the scan rate, m
indicated the mass of the active material, I correspond to the
current, V denoted the potential window, V, and V, were the

voltage window of cathodic and anodic region, respectively.

3.2.2 GCD

The GCD curve of prepared CVNRs was shown in Fig. 8a
and the specific capacitance differences were given in
Fig. 8b. The charge—discharge curves were recorded for
different current densities ranging from 0.5 to 4 Ag™!
between the potential window 0 and 0.5 V. In general, the
linear charge—discharge curves suggest the pseudocapacitive
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Fig.7 a CV curve of CVNRs modified electrode at various scan rate, b

CV curves of 1st and 1500th cycle, ¢ Relation between specific capaci-

tance and scan rates, d Randles plot obtained for the CVNRs modified electrode in 2M KOH

Table 1 Evaluated specific
capacitance values for CVNRs
using different scan rate from
obtained CV curves

S.no Scanrate Specific
(mV s capacitance

(Fg™h
1 5 497
2 15 464
3 25 458
4 50 330
5 75 318
6 100 311

behaviour of the material. This particular nature was
observed in prepared CVNRs in which the adsorption and
desorption process were attributed by the charge storage
mechanism of CVNRs. Usually the charge—discharge curves
consist of three different parts occurred due to the internal
resistance, separation of ions between electrode/electrolyte
interface and redox property of the prepared CVNRs. The
specific capacitance values were calculated from Eq. (4) and

@ Springer

listed in Table 2. On increasing the current density values,
the discharge time decreased simultaneously which was
reflected through changes in the specific capacitance values.

(Fe™)

where [ referred the current, Atz indicated the discharge time,
m denoted the mass of active material, V specified the poten-
tial window or voltage window.

The cyclic stability of the prepared CVNRs were exam-
ined by subjecting continuous 5000 charge—discharge cycles
at current density of 4 Ag™'. Figure 9 shows the capacitive
retention and coulombic efficiency of the prepared CVNRs.
A gradual decrease in specific capacitive retention value
after 1600th cycle was noted from 100 to 94.7% via the
cyclic test which might be due to the minor degradation of
the active material. Also, at around 4200th cycle the interac-
tion of ions in active material with electrolyte were actively
participated that resulted in higher retention values. The cou-
lombic efficiency of about 99% was achieved at the end of

TAt

Cop = mAV
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Table 2 Specific capacitance values of CVNRs modified electrode for
various current densities

S. no Current densities (Ag‘l) Specific
capacitance
(Fg™)
1 0.5 430
2 1 412
3 2 392
4 3 354
5 4 274
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- 0
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Fig.9 Capacitive retention and coulombic efficiency comparison of
CVNRs modified electrode
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Fig. 10 Electrochemical impedance spectrum (EIS) of CVNRs modi-
fied electrode (Nyquist plot)

5000th cycle. It clearly confirmed the stability of prepared
electrode material.

3.23 EIS

Figure 10 shows the Nyquist plot for CVNRs recorded under
open circuit potential. The two major parts in Nyquist plot
consist of small semicircle in high frequency region and an
inclined slope in low frequency region. At higher frequen-
cies the inductance effects can be noted for semi-conducting
electrode materials. Here the appearance of inductance at
higher frequency region was due to the high ion conduction
in electrolyte with the electrode [43]. Usually the semicircle
was attributed by series resistance in interfacial layer and
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charge transfer resistance in surface of electrode, while the
slope was assigned by the diffusion of ions within the elec-
trodes. The series resistance value was found to be ~1.04
Q whereas the charge transfer resistance was observed
at~1.3 Q. The smaller diameter range of semicircle indi-
cates lower resistance of the CVNRs electrode which was
indicated in inset of Fig. 10. Also, the straight inclined slope
clearly specified the lower diffusion resistance along with
improved capacitive nature of the prepared CVNRs modi-
fied electrode.

4 Conclusion

In conclusion, simple chemical route technique had been
employed for synthesizing the CVNRs. The calcined
CVNRs possessed monoclinic structure with the crystal-
lite sizes of ~25 nm. The atomic bond interactions and
vibrations between Cu, V and O elements were confirmed
through FTIR analysis. Absence of additional organic, inor-
ganic compounds was proved from the FTIR spectrum which
was also in correspondence with the EDS spectrum. XPS
analysis confirmed the formation of CVNRs with its oxida-
tion states. The particles uniformity, purity and distribution
of elements were noticed from EDS and mapping analysis.
The nanorod morphology was observed through SEM and
HR-TEM images. The absorption maximum observed at
262 nm and 325 nm confirmed optical behaviour of pre-
pared CVNRs. Fast faradaic redox nature and charge—dis-
charge mechanism of prepared CVNRs were investigated
along with the cyclic stability test. EIS analysis confirmed
the better electrical conductivity and quick charge transfer
mechanism. The enhanced electrochemical behaviour sug-
gests that the prepared CVNRs have great potential as a
modified electrode material for supercapacitors and energy
storage devices.
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