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CoWO4 nanocubes for water redox reactions (OER/
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Prabhakarn Arunachalam,a Tokeer Ahmad b and Aslam Khanc

In this paper, we report the synthesis of cube shaped nanoparticles of CoWO4 (�30 nm) by molten salts and

their bifunctional electro-catalytic activities in water redox reactions for oxygen evolution and oxygen

reduction reactions (OER and ORR). Bifunctional performances of CoWO4 nano-cubes are explored for

water electrolysis in an alkaline medium (1.0 M KOH) vs. reversible hydrogen electrode (RHE) under

various atmospheres (N2, air and O2). Low overpotential (h10 ¼ 0.45 V) of CoWO4 nano-cubes is

accomplished at the current density of 10 mA cm�2. Tafel polarization curves (potential vs. log current

density) reveal relatively lower slope values for OER (�82 mV dec�1) and ORR (�68 mV dec�1) compared

to previous reports. Stability test of electrode materials has been performed using chrono-amperometry

(CA) at fixed potential for 500 seconds. Kinetics and mobility of electrons have also been studied during

the water redox reactions. Stable nature and enhanced bifunctional electro-catalytic performances of

earth abundant CoWO4 electrodes could be used as the replacement of expensive electroactive noble

electrode materials (Pt, Ir, Ru etc.) for water electrolysis (OER and ORR) in near future.
Introduction

Development of new renewable energy based technology is the
current challenge to the researcher due to high global energy
consumption and crisis of fossil fuel. Therefore, it encourages
us to build up reliable substitutes for non-sustainable energy
sources (e.g. oil, coal, natural gases etc.) on a large scale with low
cost of production. Electrolysis of water is the most procient
and ecofriendly process to provide the clean, renewable and
sustainable energy resources like H2–O2 fuel cells,1 metal–air
batteries,2,3 and metal–oxygen batteries.4,5 Electrolysis of water
to evolve the gases like H2 or O2 is signicant to provide
sustainable energy through various devices. H2 can be used as
a fuel in fuel cells by converting the chemical energy into elec-
trical energy. H2 reacts with O2 to produce electric current in
a fuel cell. O2 can also be used in fuel cells to generate the power
by the combustion of the fuels. Precious metals (e.g. Pt, Ir, Rh,
Ru etc.) or their oxides were widely used as the electroactive
electrode materials in water electrolysis process for gas evolu-
tion and reduction reactions6–11 but their uses as commercially
are limited due to very high cost. Cobalt and tungsten are the
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earth abundant elements and CoWO4 electrode materials could
be efficient in water electrolysis reaction compared to noble
electrode materials. Therefore, our main concern is to fabricate
the low cost electrode materials with efficient electro-catalytic
activity and zero tolerance of environmental pollutions.
Current work emphases the bi-functionality and stability of
CoWO4 electrode materials for clean and sustainable energy via
electrochemical water splitting in alkaline medium. OER and
ORR are the signicant reactions of water electrolysis to develop
the required cost effective anode and cathode materials,
respectively, with high stability, low Tafel slope, and low over-
potential for the long term energy applications.

Cobalt based nanocrystalline materials (e.g. oxides,12–14

hydroxides,15 phosphates,16–18 suldes,19,20 mixed metals21,22 etc.)
were considered as the effective water oxidation electro-
catalysts. In recent years, metal–tungstate (MWO4; M ¼ Co,
Ni, Mn etc.) nanostructured materials have attracted much
attention as substantial electro-catalysts for the electrolysis of
water.23–26 Surface dependent water electrolysis on CoWO4 (010
surface) were examined by controlling the high overpotentials
(�0.97 V for OER) to stabilize the oxygen radicals during OER.26

Tafel slopes of amorphous and crystalline CoWO4 materials
were reported �60 mV per decade and �110 mV per decade,
respectively, for water oxidation versus normal hydrogen elec-
trode (NHE).25 Metal tungstate (MWO4; M¼ Co, Ni) nanoparticles
have also shown signicance in supercapacitors applications.27

CoWO4 nanoparticles were also used as the electro-catalysts for the
reduction of p-nitrophenol,28 non-enzymatic glucose sensors,29
RSC Adv., 2017, 7, 45615–45623 | 45615
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non-enzymatic H2O2 sensors.30 CoWO4 nanoparticles were also
reported as the electro-catalysts for oxygen evolution reactions
(OER) but from the best of our literature survey, oxygen reduction
reactions (ORR) using CoWO4 nano-catalysts are still missing. A
series of delafossites nanostructuredmaterials has been developed
by Ahmed et al. for oxygen and hydrogen evolution reactions (OER
and HER) from the electrochemical water splitting reaction in
alkalinemedium.31–33 Though, the present work covers water redox
reaction (OER/ORR) over the surface of bifunctional CoWO4

electro-catalysts in alkaline medium (1.0 M KOH) at room
temperature. Moreover, we also report the synthesis of CoWO4

nano-cubes from the molten salts process at 500 �C. In this
process, molten salts function as the solvent like water; and excess
of molten salts play the fundamental role in term of transferring of
the sufficient amount of energy to the precursor materials to
control the nal products in nano-metric region. This is note-
worthy that molten salt procedure is one of the most favorable,
simple, eco-friendly, and less expensive method to synthesize the
variety of nanostructured materials with uniform particles size.
Phase purity, crystal structure, morphology and surface area of
CoWO4 nanocubes were investigated by FTIR, powder X-ray
diffraction (PXRD), X-ray photoelectron spectroscopy (XPS), elec-
tron microscopy, and N2 adsorption–desorption BET measure-
ments. Bifunctional and stable electro-catalytic activities of CoWO4

nanocubes for OER andORRwere investigated in details using CV,
LSV, CA and Tafel polarization studies in alkaline medium vs.
RHE.

Experimental

1 mol of CoCl2$6H2O (BDH, 98%), 1 mol of Na2WO4$2H2O
(BDH, 96%), 30 mol of NaNO3 (Alfa Aesar, 98+%) and 30 mol of
KNO3 (Alfa Aesar, 99%) reagents were mixed together and
ground an agate mortar pestle for half an hour to make the
homogeneous mixture of molten salts. The resulting homoge-
neous mixture was placed in to the covered crucible and
transferred to the high temperature furnace. The mixture was
red at 500 �C for 6 h in air. The grey colored powder was ob-
tained and washed ve times by de-ionized water and then dried
in oven at 60 �C. The reaction temperature of 500 �C in the
synthesis of materials was considered according to the reported
phase diagram of the molten salts (NaNO3 + KNO3).34 Note that
so far no previous report is found in literature on molten salts
synthesis of CoWO4 nanocubes. Molten salts synthesis is very
simple, cost effective, and environmental friendly procedure to
prepare the single phase nanocrystalline materials with
controlled shape and size by controlling the reaction parame-
ters like nature of salts, molar concentration, temperature, rate
of reactions etc.9,35–37 Excess of molten salts (KNO3 + NaNO3)
work as the solvent like H2O and also play a signicant role for
transferring of energy to the precursor to control the shape and
size of the nanostructured materials. The nal product (CoWO4

nanocubes) was initially characterized by powder X-ray diffrac-
tion (PXRD) to investigate the phase purity and crystal structure
of the nanopowder. PXRD data of CoWO4 nanocubes was
recorded on X-ray diffractometer (Rigaku MiniFlex, Ni-ltered
Cu-Ka radiation) consisting step size of 0.02� with scan speed
45616 | RSC Adv., 2017, 7, 45615–45623
of 1 s. FTIR data was recorded on a Bruker TENSOR 27 Spec-
trometer in the range of wavenumber from 400 to 4000 cm�1.
Field emission scanning electron microscope (FESEM, JEOL
JSM-7600F) and high resolution transmission electron micro-
scopic (HRTEM, JEOL JSM-2100F) studies were carried out to
nd the exact size and morphology of the nal product. FESEM
and HRTEM were operated at 5 kV and 200 kV respectively.
Procedure to prepare the TEM specimen is reported elsewhere.32

The surface area of CoWO4 nanocubes was measured by the
Brunauere–Emmett–Teller (BET) measurements using a V-Sorb
2800 Porosimetry Analyser (Gold APP Instruments, China).

Electro-catalytic tests were conducted by cyclic voltammetry
(CV), linear sweep voltammetry (LSV) and Tafel measurements
on computer controlled three electrode electrochemical work
station (potentiostat/galvanostat, CHI 660E, China) electro-
chemical analyzer at 25 �C. In this study, Ag/AgCl is used as
a reference electrode which is converted in to reversible
hydrogen electrode (RHE) using the following the conversion
scheme i.e. Nernst equation (E(RHE) ¼ E(Ag/AgCl) + 0.059 pH +
0.197 V) at 25 �C.38 The slurry was prepared by the addition of
2.5 mg of catalysts to 0.5 ml of isopropanol with 0.1 ml of Naon
solution followed by the sonication for 10 minutes. One drop of
slurry was placed on to the active surface of glassy carbon (GC)
and then dried in oven at 50 �C. The loaded amount of CoWO4

catalysts was maintained of 0.28 mg cm�2 on GC electrode for
the electrolysis of water. The GC electrode (0.07 cm2) and
Pt-wire serve as the working electrode and counter electrode
respectively. The electro-active surface area of electrode can be
calculated using R–S equation.39,40 Cyclic voltammetry (CV),
linear sweep voltammetry (LSV) and Tafel experiments were
carried out by applying the cathodic–anodic potential versus
reference electrode in 1.0 M KOH electrolyte at room tempera-
ture in air, N2, and O2-saturated conditions for OER and ORR
with the scan rate of 10 mV s�1.

Rotating disc electrode was also used in LSV experiments
with different rotations (i.e. 500, 1000, 1500, 2000, 2500 and
3000 rpm) for ORR in order to calculate the number of electrons
involved in water redox reactions with the help of Koutecky–
Levich (K–L) equation.41,42 Chronoamperometry was also carried
out to check the stability of electrode materials by applying the
xed potentials (1.7 V vs. RHE) for 500 seconds. Note that
freshly prepared electrodes were used in each experiment.

Results and discussion

The crystallographic (powder X-ray diffraction) studies were
carried out initially to identify the crystalline nature and phase
purity of CoWO4 nanocubes (Fig. 1a). Powder X-ray diffraction
(PXRD) studies reveal high crystallinity of the nanomaterials.
PXRD patterns perfectly match with JCPDS le (#15-0867) and
can be indexed on the basis of monoclinic wolframite structure
of CoWO4. Present methodology is capable to synthesize the
CoWO4 nanocubes with high purity as shown no impure peaks
detected (e.g. CoO, Co2O3, WO3 etc.) in PXRD patterns. FTIR
spectrum of CoWO4 nanocubes is shown in Fig. 1b. The bands
at �3424 and �1630 cm�1 resemble to the –OH group which
could be arises due to the presence of moisture in atmospheric
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (a) Powder X-ray diffraction patterns (PXRD), and (b) FTIR of
CoWO4 nanocubes.
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conditions. The characteristics bands at�624 (broad band from
690 to 580 cm�1) and�824 cm�1 are attributed to n(Co–O)43 and
n(W–O),44 respectively, which conrm the formation of cobalt
tungstate materials. XPS spectra of as-prepared CoWO4 nano-
powders were recorded and core level O 1s, W 4f and Co 2p
spectra were observed as shown in Fig. 2a. Fig. 2b represents the
local XPS region of Co 2p, contain two sets of doublets and
shakeup satellites (abbreviated as “Sat.”). The observed peaks at
780.89 and 796.63 eV could be assigned to Co 2p3/2 and Co 2p1/2,
respectively.45 The O 1s peaks were obtained at 529.21 and
529.86 eV as shown in Fig. 2c. It was also observed that during
the calcination of the sample at high temperature in air the
excess oxygen can be incorporated in the compound. The high-
resolution spectrum of W 4f is shown in Fig. 2d, two XPS peaks
were observed at 34.46 and 36.71 eV correspond to W 4f7/2 and
4f7/2 which indicate that W has a valence of +6 in the
compound.46

Molten salts based synthesis leads to the formation of cubes
shaped nanoparticles of CoWO4 at 500 �C. The morphological
characterization of the materials was investigated from FESEM
and TEM studies. FESEM and TEM studies show the formation
of cube shaped nanoparticles of CoWO4 (Fig. 3a and b) and
conrmed by the high resolution TEM studies with an average
size of �30 nm (Fig. 3c and d). A histogram of particle size
distribution of CoWO4 nanocubes is shown in Inset of Fig. 3a. A
careful visualization of high magnication TEM studies of
CoWO4 nanocubes reveals that the nanocubes are formed from
This journal is © The Royal Society of Chemistry 2017
very tiny nanoparticles (Fig. 3c). The average size of these tiny
particles was found to be�1.0 nm. High resolution TEM studies
of CoWO4 nanocubes showed the crystalline nature of the
materials as shown in Fig. 3d. The d-spacing of CoWO4 nano-
cubes (�2.90 Å) was obtained fromHRTEMwhich exactly match
with the most intense line of X-ray diffraction patterns. This
d-spacing value represents the most intense plane h�111i of
monoclinic crystal structure of CoWO4 nanocubes. Synthesis of
CoWO4 nanoparticles (particle size from 30 to 200 nm) were also
reported elsewhere using the co-precipitation23,25,47 and hydro-
thermal methods.28,29 Porous CoWO4 nanobers were reported
by Sheng-Hui Liao et al. using the electrospinning method fol-
lowed by ring at high temperature (625 �C).30

FESEM-EDAX (eld emission scanning electron microscopy-
energy dispersive X-ray spectroscopic) studies of CoWO4 nano-
cubes were carried out for the elemental analysis. The atomic
weight percent in the nanocubes was found to be nearly in equal
ratio of Co and W (i.e. 1 : 1) as shown in Fig. 4a. The resulting
composition is in accordance to the initial loaded composition.
BET surface area of CoWO4 nanocubes was examined from the
N2 adsorption–desorption isotherm (relative pressure (P/Po) vs.
adsorbed volume of N2) as shown in Fig. 4b. The range of
relative pressure (P/Po) was used from 0.0 to 1.0. The BET
surface area of CoWO4 nanocubes (�13.5 m2 g�1) is found to be
quite similar to the other reports as the difference is quite small
that likely varies batch to batch conditions.23,25,28 All the prop-
erties (including physical, chemical, and biological) of the
nanomaterials depend on the surface area per unit volume.
High surface area of the materials could enhances the rate of
reactions due to large number of reacting sites on to the surface
of materials.

Electro-catalytic behavior of CoWO4 nanocubes for water
redox reactions (OER and ORR) was investigated from cyclic
voltammetry (CV), linear sweep voltammetry (LSV) and Tafel
measurements using 1.0 M KOH electrolyte vs. RHE with scan
rate of 10 mV s�1 under various atmospheric condition (e.g. N2,
air and O2-saturated). Fig. 5a represents the CV curves of CoWO4

nanocubes in N2 (black), air (red) and O2-saturated (blue) for
water redox reaction i.e. OER (anodic sweep) and ORR (cathodic
sweep). CV curves of CoWO4 nanocubes show that OER starts
from low applied potential (1.54 V) vs. RHE. CoWO4 nanocubes
generate higher current in O2-saturated atmosphere compared
to air or N2 atmosphere to OER as it was expected. The current
density was found to be 15, 7.5, 7.5 mA cm�2 in O2-saturated, air
and N2, respectively, at 1.75 V vs. RHE for evolution of oxygen.
More importantly, CoWO4 nanocubes also show oxygen
reduction reactions (ORR) in alkaline medium. From CV curves,
we observed that the catalytic activity of CoWO4 nanocubes for
ORR reaction is higher in O2-saturated system compared to air
or N2. The catalytic activity for ORR is also found to be better in
air than N2 during cathodic sweep as it was expected. The dis-
solved O2 in 1.0 M KOH electrolyte could be removed by passing
the nitrogen thoroughly. The onset potential for ORR is found
to be �0.70 V in O2-saturated 1.0 M KOH against RHE. Previ-
ously, CoWO4 nanoparticles were also used as the OER catalysts
in alkaline medium against reference electrode (e.g. Hg/HgO or
Ag/AgCl or RHE).23,25,26 So far, CoWO4 nanostructured materials
RSC Adv., 2017, 7, 45615–45623 | 45617
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Fig. 2 XPS spectra of prepared CoWO4 powers (a) survey (b) Co 2p (c) O 1s and (d) W 4f.
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were reported as the electro-catalysts for OER only but our work
demonstrate that CoWO4 nanocubes have also shown the
potential for both reactions, OER and ORR, in alkaline medium.
Fig. 3 (a) FESEM, (b) TEM, and (c, d) HRTEM micrographs of CoWO4 nan
CoWO4 nanocubes.

45618 | RSC Adv., 2017, 7, 45615–45623
However, CoWO4 nanocubes show inuential catalytic activity
for the redox reaction of water to OER and ORR in alkaline
medium vs. RHE. Noble metals (e.g. Ir, Pt, Ru etc.) and their
ocubes. Inset of (3a) shows a histogram of particle size distribution of

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 (a) FESEM-EDAX, and (b) N2 adsorption–desorption isotherm of
CoWO4 nanocubes.

Fig. 5 (a) CV and (b) LSV curves of CoWO4 nanocubes for water redox
reactions in N2, air andO2 saturated 1.0M KOH electrolyte vs. RHEwith
scan rate of 10 mV s�1.
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oxides have been used extensively as the electro-catalysts for
water redox reactions since last one decade.5 However, CoWO4

nanocubes could work efficiently as the electro-catalysts for
water oxidation reactions (OER and ORR) and can replace these
expensive noble metals electro-catalysts for the better economy.

Linear sweep voltammetry (LSV) studies were also carried out
to check the electro-catalytic activities of CoWO4 nanocubes for
water redox reaction (OER and ORR) in alkaline medium at the
scan rate of 10 mV s�1 (Fig. 5b). The onset potentials of CoWO4

nanocubes for OER and ORR were found to be �1.54 V and
�0.70 V vs. RHE, respectively, which also support the results
obtained from CV for bifunctional electro-catalytic activity.
Moreover, LSV studies are also signicant in order to estimate
the overpotentials, Tafel values, reaction kinetics, and number
of electrons involved during electrochemical reactions. The
overpotential of CoWO4 nanocubes (h10) was estimated using
the potential (V) at the current density of 10 mA cm�2 by the
elimination of potential of water oxidation reaction. The over-
potential (h10) of CoWO4 nanocubes was found to be 450mV� 5
for OER. The overpotentials were reported in the range from
350–970 mV for the water oxidation reactions over the surface of
This journal is © The Royal Society of Chemistry 2017
crystalline MWO4 nanoparticles (M ¼ Co, Ni).23,25,26 Chen Ling
et al. have explained that high overpotential could be ascribed
due to the instability of resulted oxygen radicals during the
water oxidation process.26 This is noticeable that low over-
potential of the catalysts plays a signicant role to enhance the
water oxidation reactions for OER, ORR, and HER.

The stability tests CoWO4 nanocubes for OER were carried
out by Charono-amperometric (CA) measurements (i.e. poten-
tiostatic quantitative measurements) at the xed potential (1.7
V) for 500 seconds in O2-saturated 1.0 M KOH with controlled
rotation (1000 rpm) of working electrode. CA is a potentio-static
experiment i.e. true quantitative measurement of both stability
and catalytic activity of the electrode materials in alkaline
electrolyte. From the CA test, we observed that the resulting
current densities are consistent with time. The electro-catalysts
are stable and generating steady currents for the longer time as
shown in Fig. 6. No current is generated without pasting the
catalysts on the glassy carbon electrode. During the CA experi-
ments, it is clearly observed that the water oxidation reaction
stops immediately by switching off the potential and hence
current drops to zero. Therefore, ternary oxides (i.e. CoIIWVIO4)
are found to be stable electrode materials in alkaline medium
for OER activities. The resulting current density of the materials
with time directly proportional to the amount of gas evolved and
consistency in the current density represents the stability of the
electrode materials as well. The resulting current density of
RSC Adv., 2017, 7, 45615–45623 | 45619
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Fig. 6 Charono-amperometric (current vs. time) studies of CoWO4

nanocubes for OER activity and stability check at 1.7 V.
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CoWO4 nanocubes (�10mA cm�2 at 1.7 V) for OER is a function
of both the surface area of the nanoparticle used and a combi-
nation of both faradaic and non-faradaic processes. The fara-
daic process results from charge being transferred across the
electrode–electrolyte and is also governed by Faraday's law. In
our case, four electrons were participated between the transi-
tion metal atoms (Co/W) and water molecules to evolve or
reduced the O2 gas. The non-faradaic process does not
Fig. 7 (a) LSV measurements of CoWO4 nanocubes for ORR with
different rotation of RDE (500–3000 rpm). (b) K–L plots of CoWO4

nanocubes for ORR in the potentials range from 0.30 V to 0.60 V vs.
RHE.

45620 | RSC Adv., 2017, 7, 45615–45623
contribute to either ORR or OER as no charges are transferred
and only induces the formation of the electrical double layer.
The faradaic process is used in water redox reaction while both
faradaic and double layer are present during the experiments.
Therefore, the electrochemical experiments reveal that CoWO4

is a stable electro-catalyst in water redox reactions. Previously,
cobalt based heterogeneous catalysts have also been used as
the bifunctional catalysts in water electrolysis using alkaline
(1.0 M KOH), acidic or buffer electrolytic solutions.48 The earth
abundant electro-catalysts for long-term stability have always
been considered as the potential catalysts for industrial appli-
cations in clean and renewable energy resources.

LSV experiments were again carried out for ORR in
O2-saturated 1.0 M KOH versus RHE using the rotating disk
electrode (RDE) as the working electrode by applying the
cathodic potential range at the scan rate of 10 mV s�1 (Fig. 7a).
The rotation speed of RDE varies from 500 rpm to 3000 rpm for
ORR experiments. This is evidently detected that the diffusion
current densities of CoWO4 nanocubes were increased signi-
cantly with the rotation speed due to the diffusion distance of
O2. Koutecky–Levich (K–L) equation was used to estimate the
number of electrons and reaction kinetics involved in water
redox reactions (Fig. 7b). Linear tting curve between 1/current
density (mA�1 cm2) and u�1/2 (rpm�1/2) of the K–L plots reveals
the 1st order kinetics of ORR in O2-saturated alkaline medium.
The number of transfer electrons (n) in water redox reaction was
calculated and found to be in the range of 3.98–4.03 for the
Fig. 8 Tafel polarization curves of CoWO4 nanocubes at (a) low
potential region and (b) high potential region for OER andORR in 1.0 M
KOH electrolyte with 10 mV s�1 scan rate.

This journal is © The Royal Society of Chemistry 2017
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Table 1 Comparison of present experimental details and results of as synthesized materials with literature

Electro-catalyst CoWO4 Nano-cubes Strontium iron oxy-halides Pt/C IrO2 IrO2 Pt, Ir, Ru
Reference electrode RHE RHE RHE SHE NHE RHE
Electrolyte 1.0 M KOH 1.0 M KOH 2.0 M KOH 1.0 M HClO4 1.0 N H2SO4 0.1 M HClO4

Loaded amount (mg cm�2) 0.28 0.56 0.3 0.35 0.3 —
Scan rate (mV s�1) 10 50 5 10–500 1 50–500
Current density (mA cm�2) 15 at 1.7 V 10 at 1.7 V 6 at 1.7 V 2 at 1.5 V 15 at 1.8 V 0.5 at 1.2 V
Over-potential (mV) 450 350–970 — 450 — —
Rotation speed of RDE (rpm) 500–3000 500–2000 400–1600 No RDE used No RDE used 1600
Tafel slopes (mV dec�1) OER 82 72–100 — 40–120 70–100 40–210

ORR 62 87–98 65 — — —
Reference number Current work 50 12 55 54 11
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potential range from 0.30–0.60 V, which indicates that it favors
a 4e� oxygen reduction process as shown in Fig. 6b, close to the
reported value of 4.00 of NiCo2O4/C and commercial Pt/C.49

Tafel polarization curves of CoWO4 nanocubes for the OER
and ORR activities are shown in Fig. 8 at low and high potential
region. Fig. 8a shows the Tafel polarization curves of CoWO4

nanocubes for the OER and ORR activities at low potential
region. The observed values of Tafel slopes of CoWO4 nano-
cubes were found to be �87 mV per decade (in N2), �82 mV per
decade (in air) and �88 mV per decade for OER while Tafel
values were found to be�68 mV per decade (in N2), �79 mV per
decade (in air), and �79 mV per decade (in O2) for ORR as
shown in Fig. 8a. Recently, SrFe-oxy-halides were used as the
electro-catalysts for water splitting (OER and ORR) in 1.0 M
KOH against RHE and Tafel values were reported in the range
from 72–100 mV dec�1 for OER and from 87–98 mV dec�1 for
ORR.50

Fig. 8b shows the Tafel polarization curves of CoWO4

nanocubes at high potential regions for the OER activity. Tafel
slope values were found to be �138 mV per decade (in N2),
�139 mV per decade (in air), and �130 mV per decade (in O2)
for OER activity at high potential region. The experimental error
in the resulted Tafel slopes could be �5. Tafel polarization
studies are used to explain the reaction kinetics of water redox
process depending on the size and surface area of the nano-
materials.11 The linear tting of the curves also shown the rst
order kinetics of the water oxidation reactions for OER and the
value of R-squared (i.e. coefficient of determination) was found
to be�98.8% (Fig. 7c). This is noticeable that the R2 values were
found to be consistent in N2, air and O2. Based on the kinetics
analysis on the steady state polarization curve (potential–
current curve) for the OER mechanism is reported
elsewhere.51,52

Tafel slope values were also reported in two different regions
(low and high potential region) for oxygen evolution reaction
(OER) using IrO2–Ta2O5 electrodes in acidic medium. These
slope values were reported of �60 mV dec�1 and 130 mV dec�1

in the low potential region and high potential region, respec-
tively, using saturated calomel electrode (SCE) as the ref. 52.
Previously, Tafel slopes of crystalline CoWO4 were also reported
of�110 mV dec�1 in O2-saturated 0.2 M Na2WO4 electrolyte (pH
¼ 6–8) using normal hydrogen electrode (NHE) as the ref. 25.
Tafel values of cobalt based materials (e.g. CoMnP, CoMnO2,
This journal is © The Royal Society of Chemistry 2017
Co2P) were also accounted in the range from 61 mV dec�1 to
128 mV dec�1 in 1.0 M KOH against RHE which closely match
with our results for OER.53 Moreover, Tafel values of precious
noble metals (e.g. Ru, Ir, Pt) and noble metals oxides (e.g.
RuO2, IrO2 etc.) were reported in literature from 70–120 mV
dec�1 and 44–210 mV dec�1, respectively, for OER via water
oxidation reactions.11,51,54–56 This is noteworthy that as
prepared materials show efficient catalytic activities to the
OER and ORR by the electro-catalytic water redox reactions.
The effective electrocatalysts for water redox reactions could
lower the overpotential and Tafel slope values to sustain the
high current and stability to enhance the efficiency due to
loss of low energy during the electrochemical reactions.
Table 1 shows the comparison of the experiments and results
of current electro-catalytic activities (OER/ORR) of CoWO4

nano-cubes with earlier reports.
Conclusions

CoWO4 nanocubes were synthesized successfully from the
molten salt process at 500 �C. Herein, these nanocubes are
reported as the effective bifunctional and stable electrode
materials for the water redox reactions (OER and ORR) in
alkaline medium vs. RHE. K–L plot conrms that 4-electron
system has been taking part in the redox reactions. Low
overpotential, low Tafel slope values and high stability of
CoWO4 nanocubes demonstrated the low consumption of
energy during the electrolysis of water. Therefore, the as
synthesized catalyst (CoWO4) consist the earth abundant
elements that could have a signicance impact over other
electro-active precious catalysts (e.g. Pt, Au, Ir etc.) in the
electrochemical energy conversion process.
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M. Garćıa-Melchor, L. Han, J. Xu, M. Liu, L. Zheng,
45622 | RSC Adv., 2017, 7, 45615–45623
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