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ABSTRACT: The rational design and synthesis of a highly efficient and cost-
effective electrocatalyst for hydrogen evolution reaction (HER) are of great
importance for the efficient generation of sustainable energy. Herein,
amorphous/crystalline heterophase Ni—Mo—O/Cu (denoted as a/c Ni—
Mo—0/Cu) was synthesized by a one-pot electrodeposition method. Thanks
to the introduction of metallic Cu and the formation of amorphous Ni—Mo—
O, the prepared electrocatalyst exhibits favorable conductivity and abundant
active sites, which are favorable to the HER progress. Moreover, the interfaces
consisting of Cu and Ni—Mo—O show electron transfers between these
components, which might modify the absorption/desorption energy of H
atoms, thus accelerating HER activity. As expected, the prepared a/c Ni—Mo—
O/Cu possesses excellent HER performance, which affords an ultralow
overpotential of 34.8 mV at 10 mA cm™?, comparable to that of 20 wt % Pt/C
(35.0 mV), and remarkable stability under alkaline conditions.

1. INTRODUCTION tion/desorption energy of intermediates.””*” Furthermore,
more active sites can be exposed after forming interfaces,

Rapid consumption of chemical fossil fuels aggravates the
which is another reason for the enhanced electrochemical

energy crisis and environmental pollution, thus highly
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demanding for renewable and clean energy.” With the merits activity.” In addition, developing amorphous electrocatalysts
of high energy density and environmental friendliness, is also an attractive method to increase active site density.
hydrogen is an ideal energy carrier to address the energy Benefitting from short-range structural ordering, amorphous
crisis.” " Among the various hydrogen generation approaches, materials always possess abundant unsaturated bands that can
water electrolysis might be the most promising, clean, and be electrochemical reaction sites.””***> Therefore, it is
attractive way for the future hydrogen cycle.”® To lower the meaningful to design and synthesize amorphous/crystalline
overpotential of hydrogen evolution reaction (HER), especially heterophase nanomaterials that will not only regulate the
in alkaline media, electrocatalysts with high activity are electronic structure but also maximize the active site
urgently required. Although Pt-based materials exhibit density.** > However, the poor conductivity of amorphous
prominent HER activity under alkaline conditions, scarcity, materials needs to be improved, which is one of the crucial key
high cost, and instability of these electrocatalysts severely points for the excellent electrochemical activity. Moreover, it is
impede their wide applications.7_9 Therefore, it is highly a challenge to synthesize amorphous Ni—Mo oxides, due to the
urgent to develop active, stable, and noble metal-free lack of an efficiently synthetic approach.

alternl%t_ixlrgs for an efficient HER under alkaline condi- Encouraged by the aforementioned concerns, amorphous/
tions. Among various alternatives, Ni/Mo-based oxides crystalline heterophase Ni—Mo—0/Cu (denoted as a/c Ni—

have been widely reported as HER electrocatalysts because of Mo—0/Cu) was fabricated as a highly efficient HER
their favorable stability and facilely regulable electronic electrocatalyst by a facile one-step electrodeposition method.

13-17 o o
structure. Nevertheless, the intrinsically poor conductivity Electrochemical tests reveal that metallic Cu in this hybrid is
key for the enhanced conductivity and redistribution of

of these oxides hinders their overall efliciency, which requires
efficient strategies to improve this situation.

To date, various approaches have been proposed for the
design of suzperior electrocatalysts, such as composition
regulation,lg_ 6 size/mor(}:)hology construction,”” and crystal-
linity modification.”®™*° In this regard, heterostructure
development to form interfaces is a promising and intriguing
method, which can accelerate the electron transfer rate,
redistribute the electron density, and regulate the absorp-
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Figure 1. (a) XRD patterns of a/c Ni—Mo—0O/Cu and Ni—Mo—0/Cu-400. (b) Raman spectra of a/c Ni-Mo—O/Cu.
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Figure 2. (a)b) FESEM image, (c,d) TEM image, and (e,f) HRTEM image of a/c Ni-Mo—0O/Cu. (g) TEM image and the corresponding EDS
mapping images of (h) Cu, (i) Ni, (j) Mo, and (k) O in a/c Ni-Mo—0O/Cu.

.

electron density, while Ni—Mo—O provides abundant active
centers for the HER. Featured with favorable conductivity,
abundant interfaces, and efficient electron transfer rate, the
prepared a/c Ni—Mo—O/Cu electrocatalyst exhibits an
ultralow overpotential (34.8 mV at 10 mV cm™2) and Tafel
slope (38.7 mV dec™") and also remarkable stability that are
comparable or even superior to those of the 20 wt % Pt/C
benchmark.

2. RESULTS AND DISCUSSION

2.1. Characterizations. The crystalline phase of the as-
prepared samples was characterized by X-ray diffraction
(XRD). As shown in Figure la, only a broad peak at about
30° and three strong peaks indexed to metallic Cu (JCPDS no.
04-0836) were detected for a/c Ni-Mo—O/Cu (scratched
from the substrate), suggesting the existence of amorphous
components. To further identify the component of the
amorphous phase, annealing treatment was conducted to
improve the crystallinity of a/c Ni—Mo—O/Cu. After
annealing at 400 °C in a N, atmosphere for 2 h, the XRD
pattern (Figure 1a) reveals the formation of NiMoO, (JCPDS
no. 45-0142) and MoO, (JCPDS no. 32-0671), implying that
the as-prepared a/c Ni—Mo—O/Cu electrocatalyst consists of
amorphous Ni—Mo—O and crystalline Cu. The Raman
spectrum was further collected to verify the existence of
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NiMoO, and MoO, (Figure 1b). Raman peaks at 210, 281,
and 497 cm™' can be associated to the characteristic of
M002.37’38 The other peaks at 346, 896, and 943 cm™!
correspond to the Mo—O bending modes and symmetric
and asymmetric stretching modes of NiMoO,, consistent with
the previous studies.’”*’ For comparison, Ni—Mo—0 and Cu
electrodes were also fabricated. XRD patterns (Figure S1)
demonstrated that the Ni—Mo—O electrode consists of
amorphous NiMoO, and MoO,, and the Cu electrode only
contains a single component of metallic Cu. The formation
mechanism was proposed as follows, according to the previous
studies.*""** First, metallic Ni and Cu could be precipitated
with the assistance of NH," under such a large cathodic
current. Simultaneously, the transformation from MoO,*” to
amorphous MoO, occurred under the reduction potential. It is
worth noting that during the electrodeposition process, a water
splitting reaction took place as well and O, bubbles were
released from the anode. Then, the obtained Ni and partial
MoO, were oxidized to amorphous NiMoO, with the
assistance of O, filled in the electrolyte. Finally, the ternary
composite consisting of amorphous Ni—Mo—O and crystalline
Cu was successfully synthesized by a facile one-step electro-
deposition method for 250 s. The reaction equations can be
expressed as follows
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Figure 3. High-resolution (a) Mo 3d spectrum, (b) Ni 2p spectrum, and (c) O 1s spectrum of a/c Ni-Mo—0O/Cu and Ni-Mo—O. (d) High-

resolution Cu 2p spectrum of a/c Ni—Mo—0O/Cu and Cu.
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Figure 4. (a) Polarization curves of a/c Ni—Mo—0/Cu, Ni—Mo—0, Cu, and 20 wt % Pt/C. (b) Overpotentials at 10 mA cm 2 for a/c Ni—Mo—
O/Cu and other recently reported electrocatalysts. (c) Tafel slopes of a/c Ni—Mo—0/Cu, Ni—Mo—0, Cu, and 20 wt % Pt/C. (d) Nyquist plots
and the corresponding fitting results of a/c Ni—Mo—0/Cu, Ni-Mo—O0, and Cu. (e) Mass activity and ECSA-normalized activity for a/c Ni—Mo—

cm

O/Cu, Ni-Mo—0, and Cu at an overpotential of 100 mV. (f) Chronopotentiometry curves of a/c Ni—Mo—0O/Cu and 20 wt % Pt/C at 10 mA
-2

Ni** + 2NH,* + 4e” > Ni + 2NH, + H,
MoO,”” + 4H" + 2¢~ = MoO, + 2H,0
Ni + MoO, + O, — NiMoO,

Cu’* + 2NH," + 4e” - Cu + 2NH, + H,

(1)
2)
()
(4)
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To elucidate the morphology and microstructure of the
obtained electrocatalysts, field-emission scanning electron
microscopy (FESEM) and transmission electron microscopy
(TEM) measurements were performed. As shown in the
FESEM image (Figure 2a,b), a/c Ni—Mo—0O/Cu is composed
of numerous nanoparticles with the shape of a cauliflower. The
TEM image (Figure 2c,d) also confirms the assembled
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Figure 5. (a) Polarization curves and (b) ECSA-normalized polarization curves of a/c Ni—Mo—0O/Cu and Ni—Mo—0/Cu-400. (c) Poison

measurements with SCN™ of a/c Ni—-Mo—0O/Cu.

nanoparticles with a size ranging from 20 to 50 nm. The high-
resolution TEM (HRTEM) image (Figure 2e,f) of a/c Ni—
Mo—0O/Cu clearly reveals the amorphous and crystalline
components. In the crystalline component, the lattice fringe of
0.21 nm can be indexed to the (111) planes of metallic Cu. For
the amorphous part, the absence of crystal fringes indicates the
existence of amorphous Ni—Mo—O, which is consistent with
the XRD results. It is worth noting that the ternary composite
with abundant amorphous/crystalline interfaces could regulate
electronic structures, provide considerable active sites, and
improve electron transfer rate. Moreover, energy-dispersive X-
ray spectroscopy (EDS) mapping images (Figure 2g—k)
elucidate the homogeneous distribution of Ni, Mo, Cu, and
O in a/c Ni—-Mo—0O/Cu. Inductively coupled plasma (ICP)
tests reveal that the mass ratio of Ni, Mo, and Cu elements in
Ni—Mo—0/Cu is about 45:17:38 (Table S1).

Generally, surface properties of electrocatalysts could have
great influence on their electrochemical performance. It is
necessary to reveal the surface chemical compositions and the
electronic states of the as-prepared electrocatalysts by X-ray
photoelectron spectroscopy (XPS) tests. As shown in Figure
S4a, the survey XPS spectrum of a/c Ni—Mo—O/Cu verifies
the existence of Ni, Mo, Cu, and O. For the high-resolution
Mo 3d spectrum (Figure 3a), peaks at 230.42 and 233.72 eV
are characteristic for Mo*" species, indicating the presence of
MoO,, and the peaks at 232.09 and 235.37 eV are in
agreement with Mo®" species for NiMoO,.*>** The fitted Ni
2p spectrum (Figure 3b) displays spin—orbit doublets at
856.78 and 874.52 eV and two satellite peaks at 862.61 and
880.62 eV, which reveal the Ni** species in NiMoO,.*** In
the O 1s spectrum (Figure 3c), two peaks at 531.16 and 532.67
eV can be assigned to the Mo—O bonding mode and the
hydroxyl species of adsorbed H,O, respectively.*"*” The
metallic Cu in the composite was further confirmed by the
Cu 2p spectrum (Figure 3d), in which two peaks at 932.82 and
952.61 eV assigned to Cu’ species are detected.*¥*’
Interestingly, the typical peaks of Ni, Mo, and O for a/c
Ni—Mo—0O/Cu have a positive shift compared with those of
Ni—Mo—O, whereas the binding energies of Cu for a/c Ni—
Mo—0/Cu are lower than those of the Cu electrocatalyst. The
abovementioned results suggest the existence of strong
electron interactions between amorphous Ni—Mo—O and
metallic Cu components, implying the redistribution of
electron density at the interface. According to the previous
studies, the electron transfers from Ni—Mo—O to Cu might
optimize the adsorption/desorption energy of the intermedi-
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ates to maximize the electrochemical activity of the electro-
catalysts.”®

2.2. HER Performance. The HER performance of a/c Ni—
Mo—0O/Cu was investigated in a traditional three-electrode
cell with 1.0 M KOH as the electrolyte. With the iR-
compensated polarization curves presented in Figure 4a, the
overpotential of a/c Ni—Mo—O/Cu is merely 34.8 mV at 10
mA cm™%, which is much lower than that of Ni—Mo—0O (76.3
mV) and Cu (462.1 mV) electrodes. Such outstanding HER
activity is also comparable to that of 20 wt % Pt/C (35.0 mV)
and even superior to that of most of the non-noble metal-based
electrocatalysts reported in recent years (Figure 4b and Table
S2). Tafel slopes obtained from polarization curves are shown
in Figure 4c. The a/c Ni—Mo—O/Cu electrode has the
smallest Tafel slope of 38.7 mV dec™" compared to that of Ni—
Mo—O0 (58.3 mV dec™") and Cu (153.7 mV dec™"), implying
that the a/c Ni—Mo—O/Cu electrode exhibits favorable
kinetics. Electrochemical impedance spectroscopy (EIS)
results were recorded to further study the charge-transfer
kinetics of the as-prepared electrocatalysts. Nyquist plots and
the corresponding fitting results (Figure 4d) show that the a/c
Ni—Mo—0O/Cu electrode has the smallest charge transfer
resistance (R,) among all of the contrast samples, which
suggests its favorable electrochemical kinetics and electron
transfer rate.”'

Mass activity (normalized to the mass loading of the
electrocatalyst), one of the crucial evaluation factors for the
practical application of electrocatalysts, is also calculated to
further assess the electrocatalytic activity for the obtained
electrode.”>® As seen in the mass-normalized polarization
curves (Figure S6a), the mass activity for a/c Ni-Mo—0O/Cu
at the overpotential of 100 mV is 28.8 A g, which is about 5.6
and 480 times larger than that of Ni-Mo—O (5.1 A g™') and
Cu (0.06 A g7') electrodes, respectively (Figure 4e). The high
mass activity of a/c Ni—Mo—O/Cu implies its outstanding
intrinsic HER activity. To further exclude the influence of the
electrochemical active surface area (ECSA) on the HER
activity, the ECSA-normalized polarization curves were also
collected. According to the cyclic voltammetry (CV) results, a/
¢ Ni—Mo—0/Cu exhibits the highest ECSA with a value of
1726 (Figure S7), which might be one of the reasons for its
remarkable HER activity. After normalized to ECSA, a/c Ni—
Mo—O/Cu still outputs the largest current at the same
overpotential (Figures 4e and S6b), which further provides
solid evidence to verify its high intrinsic HER activity. Long-
term durability, another crucial evaluation factor, was also
tested. Figure 4f illustrates that the potential for a/c Ni—Mo—
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O/Cu at a current density of 10 mA cm™ can be well
preserved for 20 h, while it has a quick increase for the 20 wt %
Pt/C benchmark, which implies the good stability of a/c Ni—
Mo—0/Cu as a non-noble metal-based electrocatalyst for the
HER. Furthermore, FESEM, TEM, and XPS (Figures S8—S10)
results of the post-HER a/c Ni—Mo—O/Cu are consistent
with those of pristine ones, demonstrating the excellent
stability of a/c Ni—Mo—O/Cu. The outstanding activity and
durability make a/c Ni—Mo—O/Cu a promising HER
electrocatalyst.

2.3. Discussion. The prominent HER performance of a/c
Ni—Mo—O/Cu can be attributed to its amorphous feature,
abundant interfaces, and specific active materials. On one
hand, the amorphous feature endows the a/c Ni-Mo—O/Cu
electrode with a higher active site density than the crystalline
counterpart because of their abundant randomly oriented
bonds.”* > CV results reveal that the ECSA decreases to 480
cm? after annealing at 400 °C (Figure S11). Correspondingly,
the overpotential of Ni—Mo—O/Cu-400 at 10 mA cm™>
increased to 138.5 mV (Figure Sa). On the other hand, the
structural flexibility characteristic of amorphous materials
allows the electrocatalysts to self-regulate themselves for the
optimal volume and surface to have enhanced electrochemical
activity.”” As demonstrated by ECSA-normalized polarization
curves (Figure Sb), a dramatic decline in current output can be
observed for Ni—Mo—0O/Cu-400. Generally, amorphous
materials have poor conductivity that is unfavorable to the
electrochemical performance. Fortunately, the seamless con-
nection between Ni—Mo—O and Cu guarantees high electron
transfer rate (Figure 4d) for the electrocatalyst. Moreover, the
interface renders the redistribution of electron density between
Ni—Mo—O and Cu, which could optimize the adsorption/
desorption energy of hydrogen atoms.”

To illustrate the crucial importance of the Ni—Mo—O
component, SCN™ poison measurements were conducted
based on the poison effect of SCN™ ions for oxidized metal
species during the electrocatalytic process.””>> As shown in
Figure S12, the ECSA for a/c Ni-Mo—0O/Cu and Ni—-Mo—0O
obviously decreased after introducing 0.1 M SCN~ into the
electrolyte, whereas it almost has no change for the Cu
electrode under the same conditions. The aforementioned
results suggest that SCN™ indeed only poisons the oxidized
metal species (Ni** and Mo*®"), while having negligible
influence on metallic sites (Cu’). Polarization curves (Figures
Sc and S13a) reveal that the HER activities of a/c Ni—Mo—0/
Cu and Ni—Mo—O significantly decrease in 1.0 M KOH with
0.1 M KSCN, which implies that NiMoO, and MoO, are the
major active materials. In contrast, the polarization curve of the
poisoned measurement for Cu is similar with that of the
pristine one (Figure S13b). Based on the aforementioned
results, it can be deduced that Ni—Mo—O is the main active
center for the HER, and Cu plays a vital role in the
redistribution of electron density and the promotion of
electron transfer rate.”**°

3. CONCLUSIONS

In summary, we have established a noble metal-free electro-
catalyst, a/c Ni—Mo—O/Cu, for a highly eflicient HER under
alkaline conditions, which can be facilely synthesized by a one-
pot electrodeposition strategy. Benefitting from the advantages
of the amorphous nature, numerous interfaces, and specific
active materials, the as-prepared a/c Ni—Mo—O/Cu has
abundant active sites, a fast electron transfer rate, and a robust
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structure. As expected, a/c Ni—Mo—O/Cu exhibits excellent
HER activity with an ultralow overpotential (34.8 mV at 10
mA cm™?) and a small Tafel slope (38.7 mV dec™) that are
comparable to those of the 20 wt % Pt/C benchmark (35.0 mV
at 10 mA cm™, 30.1 mV dec™"). Moreover, a/c Ni—-Mo—0/
Cu also displays prominent stability, which can homoge-
neously catalyze hydrogen evolution for 20 h. The outstanding
HER activity and stability indicate that the prepared a/c Ni—
Mo—0O/Cu is a promising HER electrocatalyst under alkaline
conditions.

4. EXPERIMENTAL SECTION

4.1. Materials. Nickel(II) chloride hexahydrate (NiCl,
6H,0) and potassium thiocyanate (KSCN) are purchased
from Shanghai Aladdin Biochemical Technology Co., Ltd.
Ammonium molybdate(VI) tetrahydrate [(NH,);Mo,O,,
4H,0], copper(Il) chloride dihydrate (CuCl,-2H,0), ammo-
nium chloride (NH,Cl), and potassium hydroxide (KOH)
were purchased from Sinopharm Chemical Reagent Co., Ltd.
Commercial Pt/C (20 wt %) was purchased from SCI
Materials Hub.

4.2. Synthesis of a/c Ni-Mo—0/Cu, Ni—Mo-0, and
Cu Electrodes. The a/c Ni—Mo—O/Cu was synthesized
through a one-step electrodeposition method with a conven-
tional two-electrode system at room temperature. Typically,
1.66 g of NiCl,-6H,0, 0.21 g of (NH,)sMo0,0,,-4H,0, 0.10 g
of CuCl,-2H,0, and 3.75 g of NH,CI were dissolved into 70
mL of deionized water to obtain the electrodeposition
electrolyte. The electrodeposition was performed at a constant
current of —250 mA for 250 s using a piece of Cu foam (1 X 1
cm?) as a working electrode and a carbon electrode as a
counter electrode. The prepared electrode was washed with
deionized water three times for further use. In addition,
contrast experiments were carried out to determine the
optimum conditions for the fabrication of a/c Ni—Mo—0O/
Cu, such as different contents of components and different
deposition times. Typically, the Ni—Mo—O electrode was
synthesized by a similar process without adding CuCl,-2H,0
into the electrodeposition electrolyte. For the Cu electrode, the
electrolyte was prepared by dissolving 0.10 g of CuCl,-2H,0
and 3.75 g of NH,Cl into 70 mL of deionized water, while
other conditions were unchanged. Moreover, the crystalline
Ni—Mo—0/Cu and Ni—Mo—O electrodes were obtained by
heating a/c Ni—Mo—0/Cu and Ni—Mo—O for 2 h at 400 °C
under N, flow with a rate of $ °C min™"' (named as Ni—Mo—
0/Cu-400 and Ni—Mo—0-400, respectively).

4.3. Characterizations. XRD patterns were collected using
a Shimadzu XRD7000 powder XRD instrument with Cu K,
radiation (A4 = 1.5416 A). Before the XRD tests, the active
materials were scratched from the Cu foam to avoid the
influence of the strong XRD peaks from the Cu foam. A
Hitachi S-4800 field emission scanning electron microscope
and FEI Tecnai G* F20 S-TWIN transmission electron
microscope were used to elucidate the morphology of
electrocatalysts. Raman spectra were examined on a HORIBA
Scientific LabRAM HR evolution spectrometer with an
excitation laser beam wavelength of 514 nm. ICP spectroscopy
was tested using a Thermo IRIS Intrepid II XSP spectrometer.
XPS measurements were carried out on a Thermo Scientific K-
Alpha X-ray photoelectron spectrometer with the correction of
binding energy by C 1s at 284.6 eV.

4.4. Electrochemical Measurements. The electrochem-
ical tests were performed on a 660E CH Instruments
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electrochemical workstation in 1.0 M KOH aqueous solution
(pH = 13.8) at room temperature. A three-electrode system
was adopted with a saturated calomel electrode (SCE,
saturated KCI) as a reference electrode, a carbon rod as
counter electrode, and the obtained electrode as a working
electrode. For the fabrication of the Pt/C electrode as a
benchmark, S mg of commercial Pt/C (20 wt %) was dispersed
into a mixed solution with 490 uL of ethanol and 10 uL of
Nafion solution (5 wt %) with sonication. After 60 min, 100
UL of homogeneous ink was dropped onto a Cu foam with a
size of 1 X 1 cm® All potentials were converted to the
reversible hydrogen electrode (RHE) scale: E(gyg) = E(sc) +
0.241 + 0.059pH. The polarization curves were recorded at a
scan rate of 2 mV s}, and iR compensation was applied for all
of them. EIS was collected under a constant overpotential of
100 mV with frequency ranging from 10° to 0.01 Hz and § mV
sinusoidal perturbations. CV measurements were performed in
a potential range of 0.1—0.2 V versus RHE at scan rates of 2, 4,
6, 8, and 10 mV s~'. Double-layer capacitance (Cy) was
calculated by plotting lj, — j.| against scan rates, and the half of
the slope was the value of Cy The ECSA was further
determined by Cy. Chronopotentiometry tests were carried
out under a constant current density of 10 mA cm™> to
evaluate the long-term durability of the electrocatalysts.
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