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The unwavering focus on renewable energy generation has opened a
wider research scope towards the study of electrocatalytic water split-
ting. In this regard, the present work deals with a low-cost synthesis
strategy enabling large scale production of vanadium pentoxide (V,Os)
electrocatalysts for the oxygen evolution reaction (OER). Polycrystalline
V,0s5 nanostructures with a 2D flat nanorod-like morphology with a rod
length of about 1 pm were developed using a polymer-assisted solution
technique. Benefitting from their unique morphology, V,Os nanorods
showed commendable OER properties with a low Tafel slope value of
88 mV dec™* and overpotential WOER) of 310 mV at 10 mA cm™2 With a
stable catalytic performance for 12 h, the V,05 nanorods grown with
polymer assistance is proposed as a promising candidate for OER activity
in the present study.

Introduction

Demand for sustainable energy as a fossil fuel alternative to
tackle the global energy and environmental crisis has been
driving attention towards electrocatalytic research over the
past few decades. Among various evolution and reduction
mechanisms involved in water splitting, the anodic oxygen
evolution reaction is considered as a bottleneck in electro-
chemical water splitting applications.” To be an ideal
electrocatalyst suitable for large scale production, the mate-
rial must possess better catalytic activity, enhanced electro-
chemical surface area, cyclic stability, low toxicity and
abundant availability. To date, ruthenium oxide (RuO,)
and iridium oxide (IrO,) are widely studied for their OER
behaviour.® Considering their limitations with respect to
their cost and availability, it is believed that the transition
metal oxides will be a promising alternative. Owing to its
catalytic efficiency and activity at a wider pH range with
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technologically relevant factors in addition to availability,
cost effectiveness and low toxicity, vanadium oxide (VO,)
has been chosen as an electrocatalyst in this work. The
present work is focussed on a scalable synthesis strategy
suitable for real time employability. The OER studies of
transition metal oxides, specifically pure vanadium oxide
(V,0s5), a highly stable phase of vanadium oxide,* are very
limited in the literature. As complicated synthesis proce-
dures hamper scalability and repeatability, we believe that
this work will be a prelude in diminishing those limitations
and encourage further studies on OER behaviour of V,0;
nanostructures that can contribute much more to efficient
water splitting.

Materials and methods

With a view to overcome rigorous procedures involved in
developing metal oxide nanostructures, this work reports a
low-cost synthesis procedure to develop V,0s nanostruc-
tures using a polymer-assisted solution technique. This
technique is simple, cost-effective and avoids complex
procedures. In this work, 0.508 g of ammonium metavana-
date (NH,VO;) and 2 g of poly vinyl alcohol (PVA) were
dissolved in water at 80 °C and stirred (@500 rpm) for
72 hours. 3 drops of acetic acid were added to the above
solution to attain suitable pH conditions. On long-term
stirring, a highly viscous solution was formed. The solution
was then transferred to a Petri dish and dried at 80 °C for
24 h. After drying, to completely oxidize and remove the
polymer residues, the dried sample was annealed at 500 °C
for 3 h (Fig. 1). The obtained VO, samples were character-
ized by X-ray diffraction (XRD - Rigaku Ultima-III) with
CuKua radiation and X-ray photoelectron spectroscopy (XPS
- Quantum 2000, Physical Electronics, Inc., USA) for
structural and compositional analysis and field-emission
scanning electron microscopy (FESEM - JEOL, JCM 6000,
Japan) for morphological analysis. The working electrode
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Fig. 1 Schematic representation of the V,Os5 synthesis and its OER experiment.

was prepared by mixing V,05 into a slurry with carbon
black and PVDF in a 8:1:1 ratio and coated on nickel foam
(NF) having (1 x 1 cm?®) dimension and allowed to dry

@ 60 °C for 6 h. The studies were performed in 1 M KOH
electrolyte, where platinum mesh (Pt) and Hg/HgO were
used as counter and reference electrodes, respectively.
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Fig. 2 (a) XRD spectra and (b) XPS survey spectra before annealing and after annealing, high resolution XPS spectra of (c) VO, before annealing (inset:
low magnification image) and (d) V,Os after annealing, (e) Ols peaks, and FESEM image of (f) V,Os flat nanorods.
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Results and discussion

Fig. 2(a) shows the XRD spectra of VO, nanoparticles before and
after annealing. Before annealing, vanadium was not completely
oxidized and hence the wider peaks were observed in the XRD
spectrum. After annealing, well-defined peaks were observed. The
20 peaks at 20.3°, 21.7°, 26.2°, 30.9°, 32.3°, 34.3°, 39.8°, 41.4°,
45.9°, 50.7°%, 47.4°, 48.8°, 62.1° and 67.5° confirmed the presence
of polycrystalline orthorhombic V,05 (ICDD card no. 00-041-1426)
phase. From the XRD spectrum, it is seen that V,Os is completely
in the V,05 phase without any mixed phases. VO, is a highly
challenging material in determining its phase, as its oxidation
state is widely spread between V** and V. In spite of several oxide
phases of vanadium, V,Os is the stable phase of vanadium and
highly suitable for catalytic activities. Fig. 2(b) shows the survey
spectra of VO, before and after annealing. Due to the incomplete
phase formation before annealing, there are no vanadium peaks
in the narrow spectra (Fig. 2(c)). In the high resolution XPS narrow
spectrum shown in Fig. 2(d), related to the annealed sample, the
peaks at 516 and 523.5 eV corresponding to V2psz, and V2p;),
respectively and peak at 528.8 eV corresponding to the O1s peak
confirmed the V" oxidation state. The peak difference between
V2ps, and Ols (4 eV) is 12.8 eV, which also confirmed the V*°
oxidation state. Fig. 2(e) also reveals that there are chances of OH
adsorbed on vanadium (V) from its double peak corresponding to
oxygen.” The shift in oxygen peak as a result of annealing was also
noticed. With regard to the morphology of the synthesized V,05
nanostructures, from Fig. 2(f), flat nanorod-like 2D structures of
V,0s with fewer voids were noticed. As the synthesis procedure
involved the inclusion of PVA, during the annealing process at
high temperature for oxidation Ze., 500 °C for 3 h, the PVA was
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decomposed/removed making voids in the morphology as indi-
cated in ESIt S1. The nanorod-like structures with ~1 pm length
will be helpful in enhancing the electrochemical activity towards
OER studies due to their increased surface area and well-defined
morphology. The linear sweep voltammetry (LSV) polarization
curves recorded at 5 mV s~ for bare Ni foam (NF) and NF/V,0s
are presented in Fig. 3(a), where NF/V,05 shows a substantially
low overpotential () of 310 mV, when compared to bare NF with
410 mV at a current density of 10 mA cm™>. To comprehend the
intrinsic catalytic activity of the prepared catalyst, Tafel analysis
was carried out from LSV study and the plots are represented in
Fig. 3(b). It can be seen that NF shows a Tafel slope value of
268 mV s !, whereas NF/V,05; shows a lower Tafel slope of
88 mV dec ', which suggests that V,O; facilitates the exchange
of electrons in the intermediate steps of the OER mechanism,
thus catalysing the OER kinetics. Electrochemical impedance
spectroscopy (EIS) is an effective technique to analyse the reaction
properties of an electrode-electrolyte interface. The information
regarding the solution resistance (R) and charge transfer resis-
tance (R.), also known as Faraday resistance, at the electrode and
electrolyte interface was studied using EIS spectra in the fre-
quency range from 1 kHz to 1 mHz. The EIS spectra of the catalyst
were obtained at an OER overpotential of 310 mV and the Nyquist
plots of NF and NF/V,05 are shown in Fig. 3(c). The depressed
semi-circle indicates that the process follows Butler-Volmer
kinetics. NF and NF/V,05 showed charge transfer resistance (R
values of 1.86 and 0.53 Q, respectively, which denote the improved
kinetics of the reaction for NF/V,0s. To assess the electrochemical
surface area (ECSA), the cyclic voltammetry curves were recorded
at different scan rates viz., (15, 30, 45, 60, 75, 90, 105, 120, 135,
150, 165, 180 and 195 mV s~ ') at the non-faradaic region of 1.1 to
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Fig. 3 Electrochemical studies of Ni foam and Ni/V,Os nanorods: (a) LSV profile and (b) Tafel plots, (c) Nyquist plots (inset: cell equivalent circuit),
(d) CV plots of Ni/V,0s at different scan rates, (e) EDLC plots to determine Cq and (f) stability analysis of NF/V,Os using chronopotentiometry.
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Table 1 Comparison table of VO,-based materials and their OER performance
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Material Substrate Tafel slope (mV dec ") Over potential (mV) Ref.
VO(OH),/V,05/NiVO; Ni foam 50.1 232 6
VO,/Ni,S, Ni foam 82 358 7
MnVO,/N-rGO Carbon fibre paper 66.6 286 8
Ni;V,04/FeVO, GCE 52.8 290 9
Co;3V,0g Ni foam 20 194 10
CoOOH/Coy 5(Vo.5) GCE 56 282 11
CoVO, Ni foam 35 254 12
N/Co,V,0, Ni foam 88 244 13
CoV,06-V,05/N-doped rGO GCE 49.7 239 14
Co,VO, GCE 54.32 273 15
d-Tiz;C,MXene/V,05 Ni foam 49 240 16
Ir0,/V,05 GCE 56 266 17
MOF-V,05 Ni foam 50.3 430 18
VO, Ni foam 85 150 19
V,05 Ni foam 88 310 This work

1.2 V vs. RHE as shown in Fig. 3(d) to determine the double layer
capacitance value (Cq)). The Cyq; values obtained from the slopes of
the linear plots between scan rate and peak current difference
(Fig. 3(e)) yield values of 2.8 mF em ™~ for NF and 6 mF cm™> for
Ni/V,0s. Since Cgq is a direct indicator of ECSA (ECSA = Cq/Cg;
C, — specific capacitance, being a constant), it can be understood
that the nanorods of V,05 can offer more active sites for reaction
with an enhanced ECSA for better catalytic activity. The durability
of the NF/V,0s electrocatalyst was studied using chronopotentio-
metry for delivering a constant current of 5 mA cm > for 12 h.
From Fig. 3(f), it is evident that there is no significant change in
the potential for continuous catalysis of 12 h, showing stable
operation of V,05 nanorods and their suitability as an efficient
electrocatalyst for OER studies. The previous reports of VO,-based
materials used for OER activity studies compared with the present
work are shown in Table 1. From the comparison table, it is
understood that the present work is the first report on pure V,05
nanorods towards OER studies. Also, it exhibits a comparable
result with its counterparts that are doped with various other
materials.

Conclusions

A facile polymer-assisted synthesis technique has been adopted
in this work to develop polycrystalline V,05 nanorods. XRD and
XPS studies helped in analysing the temperature-dependent
structural characteristics of the V,05 nanostructures and their
oxidation state information. The flat nanorod-like morphology
of V,05 gains an advantage by providing more active sites for
the catalytic process. This work suggests that the pure V,05
electrocatalyst synthesized in this work provides challenging
results in terms of a lower overpotential (310 mV), Tafel slope
(88 mv dec ) and cycling stability over 12 h and can be a
promising material for water splitting applications.
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