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Abstract The NiMoO, catalyst has been obtained by a
precipitation method under a controlled pH condition and
characterized ex situ by infrared, X-ray diffraction,
Brunauer—Emmett—Teller (BET), and particle size, and in
situ by cyclic voltammetry, impedance and steady-state
anodic Tafel polarization techniques. Results show that
NiMoO, has pure crystalline monoclinic phase with the
crystallite size ~50 nm and the lattice constants, a=
9.597 A, b=8.765 A, ¢=7.667 A, and 3=114.22°. Values
of the average particle size and BET surface area of the
oxide powders are found to be 730 nm and 11.75 m?/g,
respectively. The oxygen evolution reaction follows the
first-order kinetics with respect to OH  concentration, the
Tafel slope being ~70 mV.

Keywords Oxygen evolution - Electrocatalytic properties -
Electrocatalysis - Mixed oxide

Introduction

Electroevolution and electroreduction of oxygen are tech-
nologically important reactions because they are used in
many electrochemical systems related to energy conversion,
such as water electrolysis, fuel cells, metal-air batteries
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[1-5], etc. However, the oxygen electrode reaction has a
high overpotential in aqueous solutions, resulting in low
energy efficiency [5]. Numerous electrocatalyst have been
investigated to reduce the overpotential [5—7]. Among
these, transition metal complex oxides belonging to spinel
(Co304, NiC0,04) [8-11] and perovskite (LaNiOs,
LaCoO3) [12—17] structures are considered most promising
ones and have been investigated extensively. The spinel-
type mixed oxides have a general molecular formula
AB,0,, in which A and B are transition metals, while the
perovskite-type mixed oxides have the molecular formula
ABOs, in which A is a rare earth and B is a transition metal.

Very recently, Singh et al. [18] have reported the
physicochemical and electrocatalytic properties of a new
type of transition metal mixed oxides with compositional
formula MMoO, (M=Co, Ni, or Fe). The oxides were
prepared by thermal decomposition of mixed metal salts at
650 °C. All the three oxide catalysts were quite active for
the oxygen evolution reaction (OER) and exhibited the
Tafel slopes close to 40 mV. This result prompted us to
prepare NiMoO, by a low temperature precipitation method
o as to obtain pure and more homogeneous product with
considerably enhanced specific surface area and examine its
electrochemical and electrocatalytic properties in relation to
the OER in an alkaline medium. Results of the investigation
are reported in this paper.

Experimental
Oxide preparation
The mixed oxide, NiMoO,, was synthesized by precipita-

tion from an aqueous solution of Ni(NOs),'6H,O (GR,
Merck) and ammonium haptamolybdate (GR, Merck) [19].
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For the purpose, the required amount of ammonium
heptamolybdate was dissolved in 100 ml distilled water
and maintained pH at ~5 and temperature at ~80-85 °C of
the solution. To this, an aqueous solution of Ni
(NO3),-6H,0 (GR, Merck) was added, as per stoichiomet-
ric requirement, in a dropwise manner under stirred
condition. When the addition of the metal nitrate solution
was over, pH (~5) and temperature (80-85 °C) of the
resulting solution were again maintained and kept as such
for 5 min to complete the precipitation. The solution pH
was maintained with the aid of ammonia and HNOj
solutions. The precipitate was filtered, washed repeatedly
with hot distilled water, dried in electrical furnace at ~100 °C
overnight, crushed to fine particles, heated at 550 °C for 5 h,
and again crushed and heated at 550 °C for 1 h to obtain the
desired catalyst.

Structural and surface studies

The X-ray diffraction (XRD) powder pattern of the oxide
catalyst was recorded on an X-ray diffractometer (Rigaku
DMAX III) using Cu-K,, as radiation source (A=1.542 A).
A Varian FTIR spectrometer (Model 3100) was used for
recording the infrared (IR) spectra of the compound. The
Brunauer—-Emmett-Teller (BET) surface area of oxide
powders was measured using a surface area analyzer
(Micromeritics, USA, ASAP 2020 Model).The average
particle size of powders of the oxide was measured using a
particle size and shape analyzer ANKERSMTD Holland.
Morphology of the compound has been studied by scanning
electron micrograph (SEM, JEOL 840A).

Oxide-film electrode preparation

Ni plate (~1.5x1 cm) was used as conductive support for
the oxide film preparation. Prior to use, the support was
etched for 20 min in concentrated HCl, washed with
double-distilled water, degreased in acetone, cleaned
ultrasonically in double-distilled water, and then dried in
air. Slurry was then prepared by mixing ~100 mg oxide
powder with four to five drops of glycerol (GR, Merck) in
Agate pastel mortar. The oxide slurry was coated on the
pretreated Ni support, dried, and subsequently heated in an
electrical furnace at 350 °C for 1.5 h. The coating
procedure is repeated to obtain the catalyst film of the
desired loading. An electrical contact with the oxide film
was made as described previously [16].The loading of
oxide films ranged between 2 and 4 mg cm 2.

Electrochemical studies

A conventional three-electrode single-compartment Pyrex
glass cell was used to carry out electrochemical investiga-
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Fig. 1 IR spectrum of NiMoOy, sintered at 550 °C for 6 h

tion using electrochemical impedance system (EG &G,
PARC, USA) provided with lock-in amplifier (Model
5210), a potentio-galvanostat (Model 273A), and P-4
COMPAQ computer. The reference and auxiliary electrodes
were Hg/HgO/1 M KOH (E°=0.098 V vs standard
hydrogen electrode) and pure Pt foil (~8 cm 2), respective-
ly. The reference electrode was connected to the cell
solution through a Luggin capillary. All potential values,
mentioned in the text, are given against this reference only.
Cyclic voltammetry (CV) of the NiMoO, electrode in 1 M
KOH has been carried out between 0.0 and +0.65 V, and
the final voltammogram was recorded only after cycling it
at the scan rate of 50 mV s ' for 20 cycles. The
electrochemical impedance spectroscopy (EIS) study of
the electrode has been carried out with AC voltage
amplitude of 10 mV. The frequency range used in the
study was 0.1-10* Hz, and softwares employed were
‘Power Sine’ and ‘ZSimpWin version 3.00°. ‘M 352
Corrosion Analysis’ software was used to perform the
anodic Tafel polarization study. The procedure followed in
the determination of IRs-free Tafel plots (£ vs log j) has
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Fig. 2 XRD of NiMoOy sintered at 550 °C for 6 h
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already been described elsewhere [17]. The IR, was
automatically compensated at an interval of 10 s using the
current interrupt technique provided in electrochemical
impedance system. All the electrochemical investigations
have been made with triplicate electrodes at 25 °C.

Results and discussion
Structural and surface characterization
Infrared

IR spectrum of the oxide recorded in the region 1,200—
400 cm™ ' is shown in Fig. 1. This spectrum exhibits two
broad peaks, at ~959 and ~617 cm ', and two narrow
peaks, at ~935 and ~450 cm ', Similar absorption peaks
were also found by Brito and Barbosa [19] and
Mazzocchia et al. [20] for NiMoOy,, prepared from a
mixed aqueous solution of Ni(NO3)-6H,O and H,MoO,
by precipitation method. The three observed bands
at ~959, ~935, and ~617 cm | are the characteristics of
the a-phase of NiMoO, having a well-defined octahedral
structure [21, 22].

Fig. 4 SEM pictures of
NiMoO, at magnifications
(a) x1,500 and (b) x6,000

Size in Microns

X-ray diffraction

Figure 2 shows the XRD powder pattern of the compound
recorded between 20=20° and 20=80°. This figure dem-
onstrates that the present precipitation method yields pure
crystalline NiMoOy4 phase. The crystallite of oxide followed
the monoclinic crystal geometry with unit cell dimensions
a=9.597 A, b=8.765 A, ¢=7.667 A, and [B=114.22°.
Values of the cell parameters have been estimated using a
computer-based dhkl analysis program and found to be very
close to those already given for NiMoOy, in JCPDS file, 32-
0692. An estimate of the crystalline size, based on the
Scherrer formula [23, 24], was found to be ~50 nm. The
most intense diffraction peak (220) was used for the
determination of the crystallite size.

Particle size/Brunauer—Emmett—Teller/scanning electron
microscopy

The mean particle size of powders of NiMoO, has been
determined using a particle size and shape analyzer. The
mean particle size based on area was 730 nm. A typical
histogram for particle size of powders of NiMoO, is shown
in Fig. 3. As seen from the density curve, the particle size
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varies from 0.1 to 200 um. The size range was divided into
a number of segments, and the average was calculated
using the formula

1/2
Average size based on area = (Z ¥dN / Z dN ) ,

where x is the mean length of the segment and dN is the
number of particles (percent population) of size falling
between that segment of size. The above statistical
calculation was performed by the software of the analyzer.
The BET surface area of the oxide was 11.75 m? g ..

The SEM pictures of the compound at two magnifica-
tions (x1,500 and x6,000) are shown in Fig. 4. This figure
shows that the particles have irregular shape; however, the
oxide surface looks porous.

Cyclic voltammetry

The CV of the NiMoO,/Ni electrode, in the potential region
from 0 to 0.65 V vs Hg/HgO, in 1 M KOH has been
recorded (without interruption) at the scan rate of 50 mV
s~! for 25 cycles. The study has shown that the voltammo-
gram gets almost stabilized after 20th cycle. Figure 5
represents CV curves of the electrode recorded between the
21st and 25th cycles only. Each curve, shown in Fig. 5,
shows the formation of a pair of redox peaks, an anodic
(peak potential, E,,=~470 mV) and a corresponding
cathodic one (peak potential, £,,=~370 mV), prior to the
onset of the OER.

It is known [7, 25] that an oxide film, obtained on a
conductive support at low temperature, usually becomes
hydrophilic in nature and that it undergoes rapid hydration
in aqueous solution, resulting in wetting of the whole film
thickness. However, this does not affect the stability of the
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Fig. 5 Cyclic voltammograms of NiMoO,/Ni electrode at the scan
rate of 50 mV s~ in 1 M KOH at 25 °C
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Fig. 6 Cyclic voltammograms of pure Ni and NiMoO,/Pt electrodes
at the scan rate of 50 mV s in 1 M KOH at 25 °C

oxide film practically. Thus, pure Ni, which is used as the
support in the present investigation, may come under the
electrolyte contact and produce oxidation—reduction peaks
along with the oxidation-reduction current peaks of the
NiMoO, film during the potential cycling condition.
Therefore, to assess the contribution of the Ni support,
cyclic voltammograms of pure Ni and of the NiMoOy, film
on Pt were also recorded under identical experimental
conditions, and curves so obtained are reproduced in Fig. 6.

The observation in Fig. 6 shows that the oxide film
obtained on Pt indicates an anodic (£,,=526 mV) and a
corresponding cathodic (E,.=424 mV) peak. As Pt does not
contribute any oxidation—reduction peak between 0 and
0.65 V, these peaks must have been originated from the
oxide (NiMoQ,) overlayer only. Moreover, the voltammo-
gram for pure Ni under identical conditions also exhibits a
pair of redox peaks with £,,=~510 mV and E,.=~440 mV,
which thereby substantiate the formation of the Ni(IIT)/Ni
(IT) redox couple, [26]. Thus, the results show that a pair of
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Fig. 7 Complex impedance diagrams for NiMoOy4/Ni electrode in
1 M KOH at varying potentials
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Fig. 8 Nyquist plots (experimental and simulated) for NiMoO.4/Ni
electrode at 0.62 Vin 1 M KOH

current peaks produced at the NiMoO, electrode surface,
regardless of the nature of support, during the potential
cycling condition is essentially due to the formation of the
Ni(IIT)/Ni(Il) redox couple. However, the observed low
value of the formal redox potential (E°=420 mV) for the Ni
(HI)/Ni(II) redox couple formed on the NiMoO,/Ni
electrode surface compared to that formed on the
NiMoO,/Pt electrode surface or on pure Ni surface under
identical experimental conditions may be attributed to the
synergistic interaction between the metal support and the
oxide overlayer. This effect may be caused due to the shift
in electron density on Ni (in metal) toward the highly
positively charged molybdenum (in oxide). Furthermore,
the observed higher peak current values at the NiMoO,4/Ni
electrode, compared to that at the NiMoO,/Pt electrode, can
be attributed to the oxidation of the Ni support (Fig. 6)
during the potential cycling conditions.

Electrochemical impedance spectroscopy

Impedance measurements were carried out on the catalyst in
1 M KOH at five different potentials (0.60, 0.62, 0.64, 0.66, and
0.68 V). Before recording each EIS spectrum at a preselected
DC potential, the electrode was first kept at this potential to
equilibrate for 300 s. EIS spectra obtained at varying potentials
are shown in Fig. 7. The complex impedance diagrams shown
in Fig. 7 indicate the formation of two arcs, the first one at
high frequency and the second one at low frequency. The

high-frequency semicircle is relatively small and seems to be
independent of potential. However, the diameter of low-
frequency semicircle shrinks with increasing potential. This
shows that the low frequency arc has been produced due to
electroformation of oxygen [27], while the high frequency arc
is caused due to the bulk conductivity of the oxide film, which
seems to be potential independent.

It is reported [7, 28] that when an oxide thin-film
electrode obtained at low temperature (~400 °C) is exposed
with a liquid electrolyte, the latter compound wets
instantaneously the total oxide surface. Therefore, the
developed surface can be considered to act like a planar
surface [29]. In order to simulate the impedance data, we
therefore used a planar electrical equivalent circuit with the
circuit description code, Rg (R;0;) (R,0>) (Fig. 8). In this
circuit, parallel (R;Q) combination takes into account the
properties of bulk oxide, while parallel (R,Q,) combination
is associated with the OER. Symbols R, R;, and R,
represent the solution, oxide film, and charge transfer
resistances, respectively, and Q; and O, represent constant
phase elements (CPE) for the bulk oxide and the oxide/
solution interface, respectively. In the proposed equivalent
circuit, the two CPE have been used instead of pure
capacitors (C) to obtain a better agreement between
experimental and simulated data. The CPE is related to the
impedance (Zcpg) through the relation O = 1/Zcpg(jo)%,
where j=(—1)"? and o represents the deviation from the ideal
behavior, being a=1 for perfect capacitors. Based on the
proposed circuit model, EIS spectrum obtained agrees
reasonably well with the experimental curve (Fig. 8).
Estimates of the circuit parameters are shown in Table 1.
Values of double-layer capacitance (Cyj) given in Table 1
were estimated using Eq. 1 [30].

1-a2

02 = (Ca)”|(Rs) " +(Re) | (1)

The above relation is used to compute the Cg when the
CPE is coupled with the charge transfer process. It is
noteworthy that values of the capacitance shown in Table 1
are too high and that they are not the true Cg. In fact,
considerably enhanced values of the Cy; are obtained due to
modification of the oxide/1 M KOH interface by adsorbed
OH ions in the OER region [12].

Table 1 Values of the equivalent circuit parameters for NiMoOy4/Ni electrode in 1 M KOH

EIV R/Q cm? R/ cm? 10%0,/S s* cm 2 a; R,/ cm? 10%0,/S s* cm 2 Qs 102Cy /Fem 2 Ry

0.60 222 1.63 19.02 0.37 24.56 8.11 0.98 7.82 ~1,300
0.62 226 1.5 14.83 0.41 9.93 7.34 0.99 7.22 ~1,200
0.64 226 1.47 11.99 0.42 437 7.16 0.99 6.99 ~1,165
0.66 233 1.09 7.85 0.47 2.95 7.13 0.94 6.13 ~1,020
0.68 237 1.26 10.85 0.43 1.87 7.59 0.96 6.83 ~1,140
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From Table 1, it is clear that the charge transfer
resistance (R,=R.;) decreases, and hence the rate for the
OER increases with the increase in potential. Values of the
current density (j) at varying potentials were also estimated
using the relation

Ry = RT/nFj (2)

where R, T, n, F, and j are molar gas constant (J K! molfl),
temperature (K), number of electrons involved in reaction
which is four, faraday constant, and apparent current
density (A cm ?), respectively. j—F data thus obtained
were expressed in form of the Tafel plot as shown in Fig. 9,
which is found to be linear with a slope of ~69 mV for the
OER at the NiMoOy, electrode.

Values of the roughness factor, Ry (i.e., electrochemical-
ly active area) for the oxide electrode, shown in Table 1, are
considerably high and appear to change little with potential
in the OER region. Furthermore, R; and R; values do not
depend on potential practically. The Ry values given in
Table 1 were estimated from the ratio of the Cy; of the oxide
catalyst and the Cg4 of a smooth oxide surface (i.e., 60 puF
cm %) [13, 14].

Electrocatalytic activity

To confirm the result of the EIS study, the IR;-compensated
steady-state anodic Tafel polarization curve (£ vs log j) for
NiMoO, electrode was determined at a scanning rate of
0.2 mV s ' and shown in Fig. 10. The curve shown in
Fig. 10 shows a Tafel slope (b) ~70+1 mV at low
overpotentials. This value of b is quite close to that
obtained from the impedance study (~69 mV). Values of
the apparent current density (j) were 10, 50, and 100 mA
cm 2 while that of the true current density (j=j/Rr) were
8.58, 42.92, and 85.84x10° mA cm > at E=0.676, 0.738,
and 0.79 V, respectively.

To determine the reaction order (p) in [OH ], E vs log j
curves for the electrocatalyst were determined at varying
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~
E
s 0.62
3
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PR |
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Fig. 9 Tafel plot for O, evolution on NiMoO,/Ni electrode based on j—F
data, obtained from the impedance measurements
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Fig. 10 Tafel plot for O, evolution on NiMoO, electrode in 1 M
KOH

KOH concentrations, maintaining the ionic strength of
medium constant (4=2.0) (Fig. 11). The order was then
computed from the slope of the linear plot, log j vs log
[OH ], constructed at a constant potential and found to be
1.2.

Results of the electrode kinetic parameters (b and p)
obtained in the present investigation are similar to those
already reported on Co-based spinels [11, 31-37] and Co-
based perovskites [12, 14, 15]. However, these are
significantly different from those (b = 40 mV, p = 2 at
low overpotentials) recently reported [18] for the same
oxide (NiMoO,), obtained by thermal decomposition
method. This difference in the electrode kinetic parameters
can be attributed to the method, conditions, and starting
materials employed in the preparation of the catalyst [38,
39]. In fact, all the three parameters were different in
preparation of the oxide catalyst, NiMoQ,, of the present
study.

The observed values of b and p for the OER on NiMoO,4
in the present study indicate a mechanism, which involves

08
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log (Current density / mA em”)

0.0

-0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4
log ([OH]/ M)

Fig. 11 Logj vs log [OH ] plots for O, evolution on of NiMoO4/Ni
electrode at a constant potential (from Fig. 10)
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the discharge of a molecule of OH with the formation of
the adsorbed OH intermediate as a fast step and subsequent
electrochemical interaction between the surface adsorbed
intermediate and OH ™ as the rate-determining step. Under
Temkin adsorption conditions (0.2<601<0.8, where 01 being
the total surface coverage by adsorbed intermediates and
products), the proposed mechanism would produce b =~
60 mV and p = 1.5, which are in close agreement with the
experimental values (b=69 mV and p=1.2). Similar
mechanisms for the OER have already been suggested in
literature [12, 16].

Conclusion

The study shows that the present precipitation method
produces pure nanosized crystallites of NiMoO, following
the monoclinic crystal geometry. The electrocatalytic
activity of this new oxide catalyst toward OER is
reasonably good. Values of the electrode kinetic parameters
are found to be almost similar to those of Co-based spinel/
perovskite oxides.
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