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a b s t r a c t

In recent years, electro- or photoelectrochemical water splitting represents a promising route for re-
newable hydrogen generations but still requires the substantial development of efficient and cost-ef-
fective catalysts to further reduce the energy losses and material costs for scalable and practical appli-
cations. Here, we report the design and development of a hierarchical electrocatalyst constructed from
microporous nickel foam and well-assembled bimetallic nickel-molybdenum (NiMo) nanowires, which
are capable to deliver current densities as comparable to those of the state-of-the-art Pt/C catalyst at low
overpotentials and even larger current densities at higher overpotentials (4124 mV). This binder-free 3D
hydrogen evolution cathode catalyst also exhibits the excellent stability, without any decay of the current
density observed after long-term stability tests at a low current density of 10 mA cm�2 and a high
current density of 50 mA cm�2. By pairing this NiMo 3D cathode with a NiFe-based anode, a water
electrolyzer can be achieved with a stable current density of 10 mA cm�2 for overall water splitting at a
voltage of �1.53 V, indicating that the water splitting can be indeed realized without any performance
sacrifice by using earth abundant electrocatalysts.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Hydrogen, as an important chemical feedstock widely used in
petroleum refining and ammonia synthesis [1,2], has been pro-
posed as an alternative energy carrier in future in order to alleviate
human’s reliance on fossil fuels as well as to lower the global
carbon emissions [3,4]. However, the current production of hy-
drogen is still mostly achieved with the steam reforming process
of fossil fuels at high temperatures [5,6]. In this regard, significant
amount of attention has been attracted to produce hydrogen
through electrolysis of water (i.e. 2H2O-H2þO2) and ideally to
drive it by a renewable energy source, such as solar and wind
power. The hydrogen evolution reaction (HER, i.e. 2 Hþþ2e�-H2
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in acidic conditions and 2 H2Oþ2e�- H2þ2OH� in alkaline
conditions) is a fundamental step in this water splitting. Generally,
efficient hydrogen evolution requires the use of a catalyst to
minimize kinetic barriers imposed by the high activation energies
for the formation of reaction intermediates on the electrode sur-
face, which can reduce the overpotential required to drive the
reaction at a significant rate [7,8]. Up to now, the best known HER
catalyst is platinum, but the scarcity and high cost have prohibited
its large-scale commercial utilizations; therefore, researchers have
now devoted to introducing efficient non-noble-metal catalysts for
HER. According to the Sabatier principle [9] of electrocatalysis, the
electrocatalytic activity of catalysts is depended on the heat of
adsorption of the reaction intermediate on the electrode surface.
For HER, the activity follows a volcano-type relation in which the
best catalysts have hydrogen binding free energies (ΔGH) closest to
the optimum value of zero, as that exhibited by Pt [10]. It is sug-
gested that a combination of two non-noble metals from the two
brunches of volcano curve could result in the enhanced activity
[11–15]. Some latest literatures also reported the high perfor-
mances of binary and ternary metal composites in hydrogen
generation, like CoSn, CoSnZn, and NiMo, etc. [16–19]. In specific,
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nickel has been proposed as a good candidate catalyst for HER due
to its smaller ΔGH as compared to other earth-abundant metals.
Moreover, by alloying nickel with transition metals on the left
hand side of the periodic table (i.e. W, Mo, Fe), an increase in the
intrinsic electrocatalytic activity in the HER, as compared to pure
nickel, can be obtained [12,20–22]. Among all binary metal com-
pounds, NiMo alloys have been reported as the most active elec-
trocatalysts for HER in alkaline conditions [18,19,22–24]. None-
theless, previous methods in synthesizing Ni-containing catalytic
alloys usually involves cathodic deposition processes, which
comes with the low controllability over their morphologies and
chemical compositions [21,25]. Due to the existing problems in
these synthesis methods, the corresponding performances of re-
ported Ni-Mo catalysts are still much lower than that of state-of-
that-art precious Pt/C catalysts. Recently, McKone et al. [26] have
demonstrated that ultrafine amorphous NiMo nanopowders syn-
thesized by chemical reduction from Ni-Mo oxide precursors have
much improved activity for HER in alkaline conditions, indicating
that there is much room for further improving the performance of
NiMo catalysts by manipulating their aggregation states. Previous
studies have also illustrated that the rational assembly of low-di-
mensional building blocks such as 1D nanorods or nanowires
(NWs) into 3D hierarchical architectures is an effective strategy for
designing highly-efficient HER catalysts [27–33]. As compared to
randomly segregated particles on planar substrates, the well-or-
dered low-dimensional nanowires or nanorod arrays grown on 3D
substrates may offer many advantages for catalysis, including the
increased catalyst loading amount and surface area, reduced in-
ternal resistance, shortened ionic diffusion path, and favorable
boundary for gas bubble release.

In this report, we demonstrate the fabrication of hierarchically
architected HER catalysts consisting of well-assembled porous
nickel-molybdenum nanowire (NiMo-NW) arrays grown on 3D Ni
foam. Such hierarchical catalyst (denoted as NiMo-NWs/Ni-foam)
can be easily achieved via well-established chemical processes,
including a hydrothermal process to synthesis the NiMoO4 pre-
cursor and a subsequent thermal reduction step to obtain the final
metal alloys. As expected, the NiMo-NWs/Ni-foam catalyst ex-
hibits a respectably high catalytic activity for HER in alkaline
conditions, delivering comparable current densities to those of the
state-of-the-art Pt/C catalyst at low overpotentials and even larger
current densities at higher overpotentials (i.e. 4124 mV). The
obtained catalyst as well shows the excellent stability without any
obvious decay of the current density observed after long-term
stability tests at a low current density of 10 mA cm�2 and a high
current density of 50 mA cm�2. More importantly, when paring
the NiMo-NWs/Ni-foam cathode with a nickel foam anode that
loaded with nickel-iron layered double hydroxide (NiFe LDH) na-
nosheets, an impressively small voltage of �1.53 V is only required
in order to realize the overall electrochemical water splitting in
1 M KOH with a stable current density of 10 mA cm�2, illustrating
the promising potency of NiMo-NWs/Ni-foam as the highly-effi-
cient HER electrode.
2. Experimental section

2.1. Preparation of NiMo-NWs/Ni-foam

In this work, the Ni foam (1�3 cm) was cleaned successively in
diluted HCl (10%), DI water, acetone and ethanol for 15 min with
ultrasonication, and then dried by nitrogen gas. NiMoO4 nano-
wires (NWs) were grown on the Ni foam through a previously
reported hydrothermal process [34]. Briefly, the cleaned nickel
foam was placed inside a Teflon-lined stainless steel autoclave
which contained 1 mmol NiCl2 �6H2O, 1 mmol Na2MoO4 �2H2O
and 15 mL deionized water, and the growth of NiMoO4 nanoma-
terials was performed by heating the autoclave at 160 °C for 6 h
within an electric oven. After cooling down to room temperature,
the Ni foam coated with NiMoO4 NWs was taken out of the au-
toclave, followed by the thorough washing with deionized water
and ethanol alternatively with the assistance of ultrasonication to
remove any absorbed residuals, and then dried at 60 °C. In order to
obtain NiMo alloy NWs, the as-prepared NiMoO4 NWs supported
on the Ni foam was placed in a tube furnace and heated at 500 °C
for 1 h with the temperature ramping of 3 °C min�1 under an Ar/
H2 (200/50 sccm) environment. After cooling down to room tem-
perature, the H2 was stopped and the sample was passivated by
dilute oxygen gas (a mixture gas of 2 sccm O2 and 198 sccm Ar) for
30 min to avoid the radical oxidization or auto-igniting upon the
exposure in air.

2.2. Characterization

The morphologies of as-prepared NiMoO4 nanomaterials sup-
ported on the Ni foam and NiMo-NWs/Ni-foam were investigated
by scanning electron microscopy (SEM, Philips XL30 FEG) with an
accelerating voltage of 10 kV, transmission electron microscopy
(TEM) and high-resolution TEM (HRTEM, JEOL JEM 2100F) with an
accelerating voltage of 200 kV. The phase purity was examined by
X-ray diffractometer (XRD, Philips) using Cu Kα radiation
(λ¼0.15406 nm). To gain better resolution, the sample was pres-
sed into a compact sheet before the XRD measurement. The ele-
ment analysis was also determined by energy dispersive X-ray
spectroscopy (EDS, Oxford Instrument and EDAX Inc.).

2.3. Electrochemical measurements

Electrochemical measurements were carried out on a Gamry
G300 potential station. Before tests, an active area for contacting
with the electrolyte was defined by applying the silicon rubber.
The electrochemical activity and stability tests were then per-
formed in 1 M KOH (pH¼13.71) with a three-electrode config-
uration where NiMo-NWs/Ni-foam, Ni plate and saturated calomel
electrode (SCE) were used as the working electrode, counter
electrode and reference electrode, respectively. Linear sweeping
voltammetry (LSV) and cyclic voltammetry (CV) curves were
measured at a scan rate of 5 mV s�1. Unless otherwise noted, all
the tests were performed with iR corrections using the current
interrupt method as provided by the potential station. The loading
mass of the NiMo alloy was 0.41 mg cm�2, determined by careful
weighting. Both sides of the nickel foam were taken into account
for the area calculation. As a control, the commercial Pt/C (20% Pt
on Vulcan XC-72 R) catalyst loaded on a polished glass carbon
electrode was also measured under the identical condition. In
specific, the Pt/C electrode was prepared by first dispersing Pt/C
powder in a Nafion solution and then dropping it on the polished
glassy carbon electrode and dried in the open air. The loading
density of Pt/C powder is �0.61 mg cm�2 [35]. Also, the potential
scale was corrected with respect to the reversible hydrogen elec-
trode (RHE) according to the Nernst equation (Evs RHE¼Evs
SCEþ0.059�pHþ0.242). The calculated value is 1.051, which is
consistent with the potential difference measured between the
SCE and a freshly polished Pt foil under H2 gas purge in 1 M KOH.
For water electrolysis, a two-electrode configuration was set up
where the NiMo-NWs/Ni-foam was used as the cathode while the
NiFe LDH /Ni foam was used as the anode.

3. Results and discussion

In general, the precipitation reaction between Ni2þ and
MoO4

2� yields the stoichiometric NiMoO4 oxide compound. By



Fig. 1. (a) SEM images of NiMoO4 NWs on Ni foam. (b) SEM images of NiMo NWs on Ni foam. The insets in (a, b) show large-area views. (c) TEM image of NiMo NWs.
(d) HRTEM image of a NiMo NW. The inset shows a zoom-in view. (e) STEM and corresponding elemental mapping images of part of a single NiMo NW.
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controlling the reaction condition, high aspect-ratio NiMoO4 NW
arrays can be grown on different conductive substrates through a
simple hydrothermal process [34]. In this study, we utilize the
NiMoO4 NWs as precursors for the synthesis of bimetallic Ni-Mo
alloys with identical elemental distributions. Fig. 1a gives the SEM
images of NiMoO4 NWs supported on the microporous Ni foam
grown via the hydrothermal method. It reveals that the as-syn-
thesized NWs are near-vertically aligned and uniformly packed on
the nickel substrate with lengths of several micrometers and
diameters of tens of nanometers. XRD characterization on the
sample discloses two groups of peaks (Fig. S1, Electronic Supple-
mentary Information, ESI), with one group corresponding to the Ni
foam substrate (44.2°, 51.5° and 76.1°) while another group in-
dexed to the monoclinic NiMoO4 materials (13.4°, 26.6° and 29.3°,
JCPDS No. 86–0361), suggesting that the obtained NWs are com-
posed of NiMoO4 in the stoichiometry.

The NiMoO4 NWs are then reduced into metallic alloys as the
catalyst. Fig. 1b depicts the SEM images of the samples thermally
reduced in the H2/Ar atmosphere. Although the NWs become
curved, the wire-like morphology was well preserved without
collapsing. Further investigation in TEM reveals that there are
many tiny voids or pores residing inside the NWs which are pos-
sibly evolved by the loss of hydration or oxygen during the ther-
mal reduction process (Fig. 1c and d). Such pores would be ben-
eficial to the catalytic reaction by providing more exposed active
sites. Fig. 1d inset also shows that the NiMo NWs had clear lattice
fringes with an interplanar distance of 0.209 nm, corresponding to
the (331) plane of the NiMo alloy, while Fig. 1e displays the
scanning TEM (STEM) image of NiMo alloy NWs and their corre-
sponding EDS elemental mapping images (the EDS spectrum is
shown in Fig. S2, ESI), confirming the uniform distribution of Ni
and Mo elements in the NWs. Therefore, all these above results
can evidently confirm the formation of NiMo alloy NWs with
uniform distributions of the metal elements here.

The electrochemical hydrogen evolution activity of the ob-
tained NiMo-NWs/Ni-foam is then measured in 1 M KOH elec-
trolyte using a three-electrode system. A Ni plate is used as the
counter electrode to avoid any possible metallic contamination on
the investigated catalysts. Fig. 2a presents the iR-corrected polar-
ization curves of the bare Ni foam, the NiMo-NWs/Ni-foam cata-
lyst, and the Pt/C control sample. As anticipated, the bare Ni foam
displays a relatively low catalytic activity which requires an
overpotential of �270 mV to drive a current density of
10 mA cm�2. In contrast, the NiMo-NWs/Ni-foam catalyst exhibits
the excellent catalytic activity, demonstrating a negligible onset
potential for hydrogen evolution in the electrolyte. An over-
potential of only �30 mV is required for the electrode to drive a
current density of 10 mA cm�2, which is much smaller than the
one recently reported by utilizing the amorphous NiMo nano-
powders [26] and other non-noble electrocatalysts for HER in al-
kaline solutions, as summarized in Table S1 (ESI). This value is
already close to the overpotential of 34 mV to achieve the same
current density (10 mA cm�2) for the state-of-the-art Pt/C catalyst
tested in the same electrolyte. Notably, it has also been observed
that the polarization curve of the NiMo-NWs/Ni-foam catalyst
intersects with that of the Pt/C electrode at 125 mV with the
corresponding current density of �100 mA cm�2 and illustrates
the higher current densities at overpotentials afterwards, indicat-
ing that the NiMo-NWs/Ni-foam catalyst has the superior catalytic
performance at higher overpotentials.

To shed light on insights about the reaction kinetics, the de-
tailed Tafel analysis is performed. The Tafel equation is given by
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Fig. 2. (a) Polarization curves and (b) corresponding Tafel plots of Ni foam, NiMo
NWs/Ni foam and commercial Pt/C in 1 M KOH solution with scan rate of 5 mV s�1.

1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
0.0

0.5

1.0

1.5

2.0

2.5

3.0

-Z
'' (

oh
m

/c
m

2 )

Z' (ohm/cm2)

0 mV
-50 mV
-100 mV
-200 mV

-2 -1 0 1

0 mV
-50 mV
-100 mV
-200 mV

log (f/Hz)

0

-10

-20

-30

-40

ph
as

e 
(d

eg
)

Rs CPE1

R1 CPE2

R2

Fig. 3. (a) Nyquist and (b) bode plots of EIS at different overpotentials. The scat-
tered symbols represent the experimental results and the solid lines are simulation
fitted results. The inset at the bottom of (a) shows the equivalent circuit for the
simulation.

Table 1
Calculated double layer capacitance (CDL), roughness factor (s) and normalized
current density at overpotentials (η) of 0 mV and 100 mV. The unit for capacitance
and current densities are mF cm�2 and mA cm�2, respectively.

Catalysts CDL s j0 /s (η¼0 mV) j /s at η¼100 mV

Ni foam 0.46 11 0.006357 0.027868
NiMo-NWs/Ni-foam 29.42 735 0.006250 0.083726
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( )η = ( )b log j j/ 10

where j is the current density, j0 is the exchange current density
(i.e. a constant at η¼0 V) and b is the Tafel slope. The equation
suggests that ideal catalysts should have both low Tafel slopes and
high exchange current densities. Fig. 2b presents the Tafel plots of
the tested catalysts. By fitting the linear region, Tafel slopes of 154,
86 and 34 mV dec�1 are yield for the bare Ni foam, NiMo-NWs/Ni-
foam and Pt/C, respectively, indicating that the NiMo-NWs/Ni-
foam has much higher intrinsic activity than the one of bare Ni
foam for HER while still being less active than the Pt/C catalyst.
However, as shown in the graph, while both curves for the bare Ni
foam and the NiMo-NWs/Ni-foam are dominated by linear re-
lationships in the presented η range, the curve for the Pt/C only
follows the linear relationship at the low η region (0oηo50 mV)
and deviated dramatically for the higher η regions (η450 mV). As
a result, the Pt/C shows the lower activity than that of the NiMo-
NWs/Ni-foam. This change is likely due to the increased effect of
gas bubbling which blocks the contact between the catalyst and
the electrolyte. Such effect is largely mitigated in the NiMo-NWs/
Ni-foam electrode owing to the 3D porous microstructure of the Ni
foam and the wire-like morphology of the NiMo catalysts, both of
them are favorable for the effective mass transfer, so that the
NiMo-NWs/Ni-foam can exhibit the better catalytic activity at
higher overpotentials. In alkaline conditions, hydrogen evolution
on a metal surface consists of two primary steps. The first one
typically involves an electron transfer process that yields an
intermediate adsorbed hydrogen atom on the catalyst surface
(MþH2Oþe--M-HadsþOH-, Volmer reaction) while the sub-
sequent one takes in the H2 formation via either an electro-
chemical desorption process (M-HadsþH2Oþe--MþH2þOH-,
Heyrovsky reaction) or a recombination process (2M-Hads-

2MþH2, Tafel reaction). According to the kinetic model [36], the
Tafel slope of 86 mV dec�1 suggests that the HER on the NiMo-
NWs/Ni-foam catalyst proceeds via the Volmer-Heyrovsky me-
chanism and the reaction rate is determined by the electro-
desorption (Heyrovsky) step, which is consistent with the previous
report [37].

Electrochemical impedance spectroscopy (EIS) is then em-
ployed to better understand the origin of this obtained high
electrocatalytic activity of the NiMo-NWs/Ni-foam. Fig. 3 shows
the Nyquist and bode plots of the Ni-Mo/Ni-foam electrode at
different overpotentials. It is clearly seen that the spectra exhibit



Fig. 4. (a) Chronopotentiometric measurements at current density of 10 mA cm�2 for 20 h and another 50 mA cm�2 for another 20 h. (b) Polarization curves (with iR
corrections) of NiMo NWs/Ni foam after 20 h and 40 h stability test. (c) SEM, (d) TEM and (e) HRTEM images of NiMo NWs/Ni foam sample after 40 h test. Inset in (c) shows a
large-area SEM view and inset in (e) is a zoom-in HRTEM image on single NiMo NW after test.
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two distinct time constants as indicated by the presence of two
distinct semicircles in the Nyquist plots. Both of the circles de-
creases with the increase of applied overpotentials, which can be
described by a two-time constant parallel model (2TP, as shown in
the bottom inset of Fig. 3a) that reflects the response of a HER
system characterized by two time constants, and both of them are
overpotential-dependent [38–40]. Parameters derived from the
model are summarized Table S2, ESI. The value of CPE1 (constant
phase element) is shown to be relatively stable with small devia-
tions at different overpotentials, while the value of R1 decreases
dramatically with the increase in overpotential, which coincides
well with the characteristic of the charge-transfer kinetics, corre-
sponding to the response of double layer capacitance by CPE1, and
HER charge transfer resistance by R1. Contrary to the behavior of
CPE1, the value of CPE2 increases evidently with the increase of
overpotential, and meanwhile, the value of R2 decreases. This is a
typical behavior of the response of hydrogen adsorption on an
electrode surface. As a result, our EIS analysis confirms the ex-
istence of the M-Hads layer formation. In other words, the first
reaction step (Volmer reaction) that represents the adsorption of
hydrogen intermediates can be considered in equilibrium, which is
consistent with our previous analysis that the Heyrovsky step is
the rate-determining step. EIS results can also be used to estimate
the actual surface area of electrocatalytic layers using a value of
the double layer capacitance (CDL) [41–43]. The actual value of CDL

can be calculated by [44].

( )( ) ( )
= + ( )

−⎡
⎣⎢

⎤
⎦⎥C Q R R1/ 1/

2DL s
a

a

0 1
1

1/
Furthermore, by taking the average CDL of 40 μF cm�2 for a
smooth metal surface, the roughness factor (s), that characterizes
the real-to-geometrical surface area ratio, can be calculated as
s¼CDL/40 μF cm�2. By knowing this important piece of informa-
tion, it is possible to compare the intrinsic activities of catalysts by
normalizing the current density to the electrochemically available
surface area. Table 1 compares the calculated values of double
layer capacitance, roughness factor and normalized current den-
sity (at η¼0 and 100 mV) of the bare Ni foam and NiMo-NWs/Ni-
foam catalyst. The calculated CDL value is 29.41 mF cm�2 for the
NiMo-NWs/Ni-foam, which equals to �64 times of that of the bare
Ni foam. Interestingly, after normalization, the difference of the
exchange current density values of the two samples becomes very
small. However, as also displayed in the normalized polarization
curves and Tafel plots in Fig. S3, ESI, the NiMo-NWs/Ni-foam cat-
alyst still exhibits the much higher normalized current density at a
given overpotential, such as offering 3 times larger normalized
current density at the overpotential of 100 mV, indicating that it
possesses the higher intrinsic catalytic activity.

The alloying effect of transition metals on HER catalytic activity
has been extensively discussed in previous studies. In general, two
possible mechanisms have been proposed for this activity en-
hancement [20,45]. The first mechanism involves electronic sy-
nergy, like an electron average effect between the two metal
components, in which intermetallic bonding results in a more fa-
vorable energy state for both the primary step of hydrogen ad-
sorption and the following step for the formation of hydrogen
molecules [20,46–48]. The second mechanism involves the well-
known ‘spillover’ effect as that has been proposed in many het-
erogeneous catalyzing processes [49]. In this mechanism, one of



Fig. 5. (a) CV curve (without iR correction) of a two-electrode cell with a NiMo-
NWs/Ni-foam cathode and a NiFe-LDH/Ni-foam anode in 1 M KOH with scan rate of
5 mV s�1. (b) Long-term stability test with the current density of 10 mA cm�2 in
1 M KOH solution.
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the metal components facilitates the adsorption of hydrogen in-
termediates and delivers the bound hydrogen atoms to the other
metal component through hydrogen spill over. The HER is then
finished on this second component. In this way, the two compo-
nents can work cooperatively to catalyse the HER reaction with
enhanced activity. These proposed mechanisms would lend to
further insight into the mechanism of the improvement in in-
trinsic catalytic activity of our NiMo catalyst.

Apart from the catalytic activity, stability is another important
requirement of catalysts for the HER system. In this case, long-
term stability of our NiMo-NWs/Ni-foam electrocatalyst is as-
sessed in 1 M KOH at constant current densities. Fig. 4a gives the
time-dependent overpotential curves (without iR correction) of
the NiMo NWs/Ni foam tested for 20 h at the current density of
10 mA cm�2 and another 20 h at 50 mA cm�2. Slight increase of
the overpotential has been observed during the V-t tests (Fig. 4a);
however, polarization curves recorded after each test indicate that
there is not any decay, instead, a slight improvement of the cata-
lytic activity of the electrode after the first V-t test (Fig. 4b). This
slight increase of the catalytic activity was possibly owing to the
reduction of surface oxides during the initial period of hydrogen
evolution, while the observed increase in overpotential as shown
in Fig. 4a could be an result of increase mass exchange resistance
due to the continuously gas bubbling. In addition, SEM and TEM
images presented in Fig. 4c-e do not illustrate any noticeable
change in morphology and lattice fringes of the catalyst after the
V-t tests. Also, the EDS elemental mapping images (Fig. S4, ESI) of
obtained NWs further proved that the Ni and Mo elements are still
uniformly distributed after the test. All these results confirm the
good stability of our NiMo-NWs/Ni-foam electrocatalyst for HER in
alkaline conditions.

As encouraged by this impressively high catalytic performance
of the NiMo-NWs/Ni-foam, we attempt to build a water electro-
lyzer for water splitting without employing any noble metal cat-
alysts. Recent studies have shown that nickel-iron based layered
double hydroxides (NiFe-LDH) are highly active electrocatalysts for
OER [50], and therefore it was utilized as the anode material in our
prototype electrolyzer. NiFe-LDH was synthesized by a hydro-
thermal method using Ni foam as the support substrate [51]. Ty-
pical SEM images show that the NiFe-LDH sheets are vertically
aligned on the substrate (Fig. S5a, ESI), and polarization curves and
Tafel plot of the NiFe-LDH/Ni foam indicate that they have ex-
cellent catalytic OER activities (Fig. S5b,c, ESI). The CV curve of the
two-electrode electrolyzer (NiFe LDH/Ni foam||NiMo NWs/Ni
foam) without iR correction was then tested in 1 M KOH solution,
as exhibited in Fig. 5a. Due to the good activities of both anode and
cathode, a geometrical current density of 10 mA cm�2 can be
realized at a cell potential of 1.53 V in order to produce hydrogen
and oxygen simultaneously. A twelve-hour stability test with fixed
current density of 10 mA cm�2 in 1 M KOH solution is as well
witnessed with negligible fluctuation in the cell potential, de-
monstrating the stable electrocatalytic activity and reliability of
our catalysts. Therefore, all these above results have evidently
indicated that our hierarchical NiMo-NWs/Ni-foam catalyst can be
advantageously utilized in alkaline water electrolysis to drive the
water splitting reaction at a significant rate at ultralow
overpotentials.
4. Conclusion

In summary, we have successfully prepared the Ni foam sup-
ported NiMo alloy nanowires using a simple hydrothermal method
followed by a thermal reduction scheme. The unique hierarchical
structure and high intrinsic catalytic activity of the alloy make it
among the most active catalysts for HER in alkaline conditions.
This alloy catalyst can achieve a geometrical current density of
10 mA cm�2 with a very low overpotential of 30 mV in alkaline
solutions, with the Tafel slope of 86 mV dec�1. Long-term hydro-
gen evolution tests at current densities of 10 and 50 mA cm�2

further prove the excellent stability in alkaline solutions, where
the nanowire-like morphology and NiMo alloy structure of this
electrocatalyst are still well reserved. With the combination of
cathode of NiMo-NWs/Ni-foam and the anode of NiFe-LDH/Ni-
foam, a current density of 10 mA cm�2 can be realized in the
overall water splitting cell and more importantly, this performance
can be preserved for at least 12 h with a voltage of �1.53 V. As a
result, all these observed superior catalytic activity and stability of
the NiMo MWs/Ni-foam electrocatalyst have made it a promising
candidate in overall water splitting for practical hydrogen
production.
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