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A large surface area with high active site exposure is desired for the nano-scaled electrocatalysts fabrica-
tion. Herein, taking NiMoO, nanorods for example, we demonstrated the advantages of the microwave-
assisted hydrothermal synthesis method compared to the traditional hydrothermal approaches. Both
monoclinic structured NiMoO, in the nanorods morphology are found for these samples but it is
more time-saving and efficient in the Ni-Mo synergism for the catalyst obtained by microwave-assisted
hydrothermal syntheses method. When evaluated for urea oxidation, the current density can reach
130.79 mA/cm? at 1.54 V, about 2.4 times higher than that of the counterpart catalyst (54.08 mA/cm?).
Moreover, largely improved catalytic stability, catalytic kinetics and rapid charge transfer ability are found
on the catalyst obtained by the microwave-assisted approach. The high catalytic performance can be at-
tributed to the high surface area and active site exposure of NiMoO, nanorods formed by microwave
irradiation. Considering the less time, facile synthesis condition and efficient components synergism, the
microwave-assisted hydrothermal synthesis method might work better for the nanostructure electrocata-

lysts fabrication.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Urea oxidation has received increasing attention in the electro-
chemical technique for energy conversion and environmental catal-
ysis of urea-waste water treatment. As a rich hydrogen molecule,
hydrogen can be generated by urea dissociation, and it can also be
directly fed to the fuel cells system to generate electricity [1,2].
Moreover, urea oxidation is a promising alternative reaction for
water oxidation when used for hydrogen generation [3]. As a sig-
nificant electrochemical reaction to energy conversion and cataly-
sis, many studies have been done to develop efficient catalysts for
urea oxidation [4].

The noble metals like Pt and Ru are restricted by the high
price and rareness in the large-scale application, and Ni-based cat-
alysts, fortunately, are promising for urea oxidation [5-7]. Among
the promising bimetallic catalysts, Ni-Mo-based catalysts have at-
tracted increasing attention due to the efficient synergism of Ni
and Mo species during the catalytic process [8,9].The combination
of Mo and Ni can overcome the blockage of Ni surface active site-
sand improve the catalytic performance of urea electrooxidation.
Ni-Mo-based materials with different morphology like nanoparti-
cles, nanosheets, nanorods, nanotubes, nanoflowers, etc. have been
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successfully synthesized and used in varied fields [10-12]. For ex-
ample, honeycomb-like NiMoO, grown over nickel foam by hy-
drothermal approach at 180 °C for 12 h was reported to have
high performance for supercapacitor and methanol oxidation [13];
3D flower-like Ni-Mo-S microspheres were reported to be active
for water splitting reaction [10]. The Ni-Mo-based catalysts are
also promising for urea oxidation. Oxygen vacancy-rich NiMoO4
nanosheets grown over the nickel foam resulted in synergetic ef-
fect of the active site for urea oxidation [11]; and the hybrid cat-
alysts of nickel-molybdenum oxide nanorods/carbon developed by
hydrothermal approach at 150 °C for 6 h were found to have high
catalytic performance for urea oxidation due to the facile high
valence state of Ni species generation [14]. As developing highly
efficient catalysts for superior urea oxidation is actively desired,
though some efforts have been done, some problems are still met
including the low active site exposure and poor conductivity, and
troublesome or time-consuming procedure of catalyst fabrication
[15].

The microwave-assisted hydrothermal method is effective for
nanomaterials fabrication due to some advantages of cleanliness,
high efficiency and low energy consumption; moreover, compared
with traditional external heating methods, rapid microwave heat-
ing can achieve uniform heating and promote crystal nucleus
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Fig. 1. (a) XRD patterns of NiMoO4-m. (b, c) TEM images, (d) HR-TEM image, (e)
SAED pattern, (f) EDS pattern, and (g-k) STEM and elemental mapping images of
NiMoO4-m.

generation and crystallization in a short time [16]. For exam-
ple, microwave-assisted hydrothermal synthesis of spinel nickel
cobaltite was found to have high-specific capacitance [17]; meso-
porous NiMoO4 nanorod/reduced graphene oxide composites fab-
ricated by rapid microwave-assisted synthesis approach demon-
strated high-performance for supercapacitors due to the large spe-
cific surface area and conductivity improvement by rGO [18].

Considering the high performance of NiMoO4 for urea oxida-
tion, herein, we prepared the NiMoO4 nanorods catalyst (NiMoOy4-
m) by microwave-assisted hydrothermal method following by
thermal annealing and they were evaluated for urea oxidation
compared to samples obtained by the conventional hydrother-
mal method (NiMoO4-c). Both monoclinic crystal structure and
nanorods morphology were observed for these samples while they
have quite different apparent performances for urea oxidation.
NiMoO4-m catalysts have much higher catalytic performance for
urea oxidation with the current density of ca. 2.4 times higher than
that of NiMoO4-c catalyst at 1.54 V. Moreover, NiMoO4-m catalyst
exhibited high catalytic kinetics, stability and low charge transfer
resistance. The high catalytic performance was attributed to the
high surface area and active site exposure of NiMoO4 nanorods
formed by microwave irradiation. Note that the hydrothermal syn-
thesis time was reduced from 6 h to 1 h with the assistant
of microwave irradiation. Considering the less time required for
NiMoO4-m catalyst fabrication, the microwave-assisted hydrother-
mal synthesis method is more promising for nanostructured elec-
trocatalysts fabrication.

The main difference in the step of NiMoO4-m catalyst and
NiMoOy-c fabrication was the involving of microwave irradiation
for hydrothermal synthesis with the power of 600 W for 1 h in-
stead of the hydrothermal synthesis of 6 h (details see Support-
ing information). The crystal structure of NiMoO4-m was charac-
terized by the powder X-ray diffraction (XRD) technique (Fig. 1a).
The patterns are in line with the characteristic diffraction peaks
of NiMoO,4 (JCPDS card No. 13-0128), where the diffraction peaks
at 27.3°, 29.8°, 33.4°, 44.9° and 50.4° are corresponding to the
(112), (220), (222), (330) and (204) planes. A similar crystal struc-
ture is also observed for the NiMoOy-c catalyst (Fig. S1 in Sup-
porting information) prepared by the conventional hydrothermal
method [19]. The morphology of the prepared samples was ob-
served by scanning electron microscopy (SEM). Nanorod morphol-
ogy is observed for both NiMoO4-m and NiMoOy4-c samples (Fig. S2
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Fig. 2. XPS spectra of (a) Ni 2p and (b) Mo 3d for NiMoO4-m.

in Supporting information). It seems that the nanorods prepared
by the microwave-assisted hydrothermal method are thicker and
shorter compared to those obtained by the conventional hydrother-
mal method [20],which might be due to the fast nuclei formation
and crystal growth character induced by microwave heating [21].
The local morphology of NiMoO4-m samples was further observed
by transmission electron microscopy (TEM). The nanorods struc-
ture is seen in the TEM images with different magnifications and
the diameter is about 50 nm (Figs. 1b and c). The lattice fringe
is clearly indicated on these nanorods in the high-resolution TEM
images and the lattice spacing of 0.27 nm is corresponding to the
(112) plane of NiMoO, (Fig. 1d). Some crystal distortion or de-
fects are found as indicated by the red circle, which might offer
increased sites for the reaction. A polycrystalline structure is indi-
cated by selected area electron diffraction (SAED) analysis, which
is consistent with the crystal structure reflected by the XRD pat-
terns (Fig. 1e). Elements of Ni, Mo, O and C are found according
to the elemental analysis in the energy dispersive X-ray spectrum
(EDS) pattern (Fig. 1f), and the content of Ni and Mo is found to be
8 wt% and 15 wt%, respectively. The distribution of these elements
as nanorods structure can be seen in the elemental mapping im-
ages (Figs. 1g-Kk).

The X-ray photoelectron spectroscopy (XPS) spectrum was done
to probe the chemical state of the concerned elements and the
whole spectrum was calibrated by the main peak of C 1s at
284.6 eV for sp? hybridized carbon (Fig. S3a in Supporting infor-
mation). The high-resolution XPS spectrum of Ni 2p consists of
two spin-orbit doublets of 2p;;, and 2p3,, and each band can be
deconvoluted by the different chemical states (Fig. 2a). The bind-
ing energy difference of 17.6 eV between the main peaks of Ni
is a sign of Ni2* oxidation state; specifically, the fitting peaks at
855.6 and 873.2 eV are for the Ni oxide (Ni%*), and those peaks
at 861.6 and 879.2 eV are corresponding to satellite peaks [22,23].
The high-resolution spectrum of Mo 3d spectrum has two obvi-
ous peaks with the binding energy of 232.4 eV and 235.5 eV for
the Mo 3ds;; and Mo 3ds),, respectively (Fig. 2b); the separation
binding energy difference of 3.1 eV is observed, which means the
chemical valence state of Mo®* in the system [24]. Meanwhile, a
typical metal-oxygen bond at the binding energy of 530.6 eV is
observed in the high-resolution XPS spectrum of the O 1 s region
(Fig. S3b in Supporting information). Compared to the XPS spec-
tra of Ni and Mo for NiMoO4-c (Fig. S4 in Supporting information),
there is no obvious difference indicated probably because of the
same crystal structure.These chemical states indicated by the XPS
spectra are consistent with the reports elsewhere for the NiMoOg4
catalysts [14].

The urea oxidation catalyzed by NiMoO4-m was firstly eval-
uated by comparing the cyclic voltammograms (CV) in 1 mol/L
KOH solution with and without 0.33 mol/L urea at a scan rate of
10 mV/s (Fig. 3a). A pair of redox couple is observed due to the
Ni(OH),/NiOOH transformation for the electrode measured in the
1 mol/L KOH solution [25], and no other high oxidation current
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Fig. 3. (a) CV curvesof NiMoO4-m in 1 mol/L KOH solution without and with
0.33 mol/L urea at 10 mV/s. (b) CV curvesof NiMoO4-m and NiMoO4-c in 1 mol/L
KOH solution with 0.33 mol/L urea at 10 mV/s. (c) The corresponding Tafel slope
of catalysts. (d) CA curves of NiMoO4-m and NiMoO4-c in 1 mol/L KOH with
0.33 mol/L urea at 1.39 V.

density from the water oxidation reaction is observed indicating
the reasonable potential range given for the measurements [26].
A different CV profile is observed for the electrode measured in
the electrolyte containing urea; there are no oxidization peaks ob-
served and the current density is rapidly increased after 1.34 V
with the potential increasing. The high current density is obviously
generated from urea oxidation. Note that though the nickel oxida-
tion peak is not observed, the onset potential for urea oxidation
is consistent with the nickel oxidation peak potential, indicating
the oxidized state of Ni species is active for urea oxidation [27,28].
This is consistent with the indirect electrochemical-chemical (EC)
mechanism proposed for urea oxidation [29], where Ni species are
firstly electrochemically oxidized to a high valence state of Ni3*,
which chemically oxidize the urea molecules adsorbed on the elec-
trode surface [28]. The catalytic performance for urea oxidation
catalyzed by NiMoO4-mis compared to that of NiMoO4-c catalysts,
and a much higher current density for urea oxidation is found
over the whole polarization curves (Fig. 3b). To be specific, the
current density at 1.54 V is 130.79 mA/cm? for NiMoO,4-m, about
2.4 times higher than that of NiMoOy-c catalyst (54.08 mA/cm?).
The high catalytic activity can also be reflected by the low onset
potentials, which is 1.325 V for NiMoO4-m catalyst, about 20 mV
less than that of NiMoO4-c catalysts. The onset potential is also
slightly smaller than that of some NiMoO4 catalysts (Table S1 in
Supporting information). NiMoO4-m catalyst also shows an out-
standing catalytic ability for urea oxidation compared to other Ni-
based catalysts (Table S2 in Supporting information). The higher
catalytic performance can also be supported by the faster cat-
alytic kinetics reflected by the Tafel slope [30]. The smaller value
of Tafel slope means the less potential required for the same cur-
rent increase resulting from the faster catalytic kinetics [31]. The
NiMoO,4-m catalyst has a small Tafel slope of 44 mV/dec while that
is 73 mV/dec for NiMoO4-c catalysts (Fig. 3c), indicating a more
favorable catalytic kinetics for urea electro-oxidation on NiMoOg4-
mcatalyst. The catalytic stability for urea oxidation was also com-
pared by chronoamperometry test (Fig. 3d), and high catalytic sta-
bility is observed for these electrodes indicating the robustcatalytic
performance of NiMoO,4 for urea oxidation [32].

The influence of the scan rates on the electro-catalytic activity
for urea electro-oxidation was studied to investigate the electrode
kinetics, which can be obtained by the relationship of the peak
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Fig. 5. (a) CV curves of NiMoO4-m at different KOH (0.1, 0.5, 1, 2 and 5 mol/L) con-
centrations in 0.33 mol/L urea. (b) CV curves of NiMoO4-m in 1 mol/L KOH solution

containing various urea concentrations (0.01, 0.10, 0.33 and 0.66 mol/L).

current density and the scan rates [33]. The current density is in-
creased by increasing the scan rate that is observed for all the cat-
alysts (Fig. S5 in Supporting information). Specifically, by increas-
ing the scan rate from 1 mV/s to 10 mV/s, the maximum current
density at 1.54 V is increased from 70.05 to 130.79 mA/cm? for
NiMoO4-m catalyst. A linear relationship is obtained by plotting
the given current density vs. square root of the scan rate (Fig. 4a),
indicating urea oxidation is controlled by the mass diffusion pro-
cess on this electrode [5]. The reaction catalytic kinetics can be in-
dicated by the slope of the linear fitting [34], and the higher cat-
alytic kinetics is supported by the large value of NiMoO4-m (27.45)
compared to that of the NiMoO4-c (11.29). The charge transfer re-
sistance (Rct) was further evaluated by electrochemical impedance
spectroscopy (EIS) at 1.38 V that was controlled by the catalytic ki-
netics for urea oxidation (Fig. 4b). As seen from the small diameter
of the semicircle in the Nyquist plot, a sign of the charge-transfer
resistance, NiMoO4-m has a higher charge transfer ability. The Rt
value can be obtained by fitting the spectrum with an equivalent
circuit (Fig. S6 in Supporting information). In the equivalent cir-
cuit, Ry is the charge transfer resistance generated by urea oxi-
dation, Rs is uncompensated solution resistance. The relevant pa-
rameters of the fitting results are shown in Table S3 (Supporting
information). The value of Ry is 462 2 for the NiMoO4-m cata-
lyst, remarkably smaller than that of NiMoOy4-c catalysts (1205 €2).
Therefore, NiMoO,4-m catalyst exhibits much higher catalytic kinet-
ics due to the largely reduced R involved in urea oxidation. More-
over, the Ry obtained at other potentials was analyzed to get the
Tafel slope value. The Nyquist plots for urea oxidation at different
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potentials catalyzed by NiMoO4-m and NiMoO4-c were shown in
Figs. S7a and b (Supporting information). By increasing the poten-
tials, the catalytic performance is largely increased, and the R is
correspondingly reduced. The Tafel slope derived from R¢ can be
obtained by plotting and fitting the log (1/R.t) vs. potentials. The
obtained Tafel slope is 58 and 75 mV/dec, respectively for NiMoO4-
m and NiMoOy-c catalyst (Fig. S7c in Supporting information), and
they are close to the values obtained from the linear fitting of the
polarization curve (Fig. 3¢). The consistent results strongly support
the improved catalytic kinetics of NiMoO4-m catalyst for urea oxi-
dation.

The different catalytic abilities for urea oxidation catalyzed by
these catalysts are further probed by the catalytic efficiency for
the active sites. The high electrochemical surface area means more
active sites available for an electrochemical reaction [35,36]. Here,
the electrochemical surface area and the roughness factor were es-
timated by the double-layer capacitance (Cy) approach reported
elsewhere [37,38]. The CV curves were recorded with different
scan rates in the non-faraday region range (Fig. S8 in Supporting
information), and the Cy can be calculated from the slope of the
linear fitting for the charge current vs. the scan rates (Fig. 4c); The
calculated Cy is 2.54 mF/cm? and 1.16 mF/cm? for NiMoO4-m and
NiMoOy-c, respectively. The electrochemical surface area of these
catalysts was further calculated by normalizing the Cy to a specific
capacitance value of 40 pF/cm? for a flat surface [28,34], and the
value was calculated to be 4.45 and 2.03 cm? for NiMoO4-m and
NiMoOy-c, respectively (Fig. S9 in Supporting information). Corre-
spondingly, the roughness factor is about 63.6 and 29, respectively.
Therefore, NiM0oO4-m catalysts have much higher surface rough-
ness compared to the NiMoO4-c catalyst. The high surface area
means more active sites available for the reaction, and the cat-
alytic efficiency can be evaluated by specific activity, that was ob-
tained by normalizing the current to the electrochemical surface
area (Fig. 4d). It can be seen that the specific activity of NiMoO4-m
is slightly higher than that of NiMoO4-c, indicating that the largely
improved performance of NiMoO,4-m is attributed to the increased
surface area and roughness induced by the fast microwave-assisted
hydrothermal synthesis approach.In other words, NiMoQ, is active
for urea oxidation while the high active sites exposure and electro-
chemical surface area increase is still required.

Finally, we probed the effect of the KOH and urea concen-
tration on the catalytic performance catalyzed by the NiMoO4-
m electrode. The NiMoO4-m catalyst was measured in the KOH
electrolyte for urea oxidation with different concentrations from
0.1 mol/L to 5 mol/L with 0.33 mol/L urea (Fig. 5a). It is noted
that the current density at 1.5 V is increased along with the in-
crease of KOH concentration; also, the onset oxidation potential
becomes lower, thus, the increase of OH~ concentration can en-
hance the oxidation of Ni%* to Ni3*. The influence of the urea con-
centrations in the 1 mol/L KOH was also evaluated for NiMoO4-m
electrode towards urea oxidation (Fig. 5b). By increasing the urea
concentration from 0.01 mol/L to 0. 33 mol/L, the current den-
sity is increased largely from 32 mA/cm2 to 131 mA/cm?, and fur-
ther increase the concentration to 0.66 mol/L, the current density
is increased slightly to 157 mA/cm?. Therefore, the urea oxidation
is influenced by the surface adsorbed OH~ and the urea molecu-
lar. They can be further understood by the above-mentioned E-C
mechanism expressed by the equations below; (E: electrochemical
step and C: chemical step).

E: 6Ni(OH),(s) +60H~ — 6NiOOH(s) + 6H,0(1) + 6e- (1)
C: CO(NH, ),(aq)+ 6NiOOH(s) + H,0(1)
— Ny(g)+ 6Ni(OH), + CO,(g) (2)
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By increasing the KOH concentration, more OH~ are offered for
the electrochemical oxidation of Ni species to form active NiOOH
that can chemically oxidize the urea adsorbed over the catalyst
surface, thus largely increased current density is observed for urea
oxidation. In other words, the concentration of 0.33 mol/L, a gener-
ally employed concentration, is sufficient for urea oxidation. It can
be further verified by the varied urea concentration in the 1 mol/L
KOH electrolyte. The low urea concentration of 0.01 and 0.1 mol/L
is insufficient for the reaction catalyzed by active NiOOH formed in
the electrochemical oxidation step, thus, the urea oxidation current
was increased by increasing the urea concentration to 0.33 mol/L;
by further increasing the urea concentration to 0.66 mol/L, the sur-
face of the electrode is saturated with urea molecules while lim-
ited by the active phase of NiOOH, thereby, the current density fur-
ther increase is reduced.

In summary, NiMoO4 nanorods prepared microwave-assisted
hydrothermal synthesis method was found to have much higher
catalytic performance for urea oxidation compared to the tra-
ditional hydrothermal approaches resulting from the high active
site exposure and large electrochemical surface area. Both mono-
clinic structure and nanorods morphology were found on the pre-
pared NiMoO,4 samples while they have quite different catalytic
performances for urea oxidation. Specifically, the current density
for urea oxidation was 130.79 mA/cm? at 154 V catalyzed by
NiMoO4-m, about 2.4 times higher than that of NiMoO4-c cata-
lysts (54.08 mA/cm?). Furthermore, NiMoO4-m also showed high
catalytic kinetics, catalytic stability and lower charge transfer re-
sistance for urea oxidation. As indicated by the E-C catalytic mech-
anism, the high catalytic performance should result from the high
surface area and active site exposure of NiMoO,4 nanorods formed
by microwave irradiation. Note that the hydrothermal synthesis
time was reduced from 6 h to 1 h with the assistant of microwave
irradiation. In light of the less time-consuming and easy synthe-
sis condition and efficient components synergism, the microwave-
assisted hydrothermal synthesis method is more promising for
nanostructured electrocatalysts fabrication.
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