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ABSTRACT: Unique interfacial properties within hetero-
structures play vital roles in enhancing hydrogen evolution
reaction (HER) electrocatalysis. On the basis of the MoO,-Ni
heterostructure, we hereby propose an upraised atomic orbital
promoted catalytic mechanism for accelerating the HER
kinetics. A controllable gradient-pyrolysis approach is adopted
on molybdates to integrate Ni with MoO,, possessing
numerous phase-separation-induced intimate interfaces. In
situ characterizations demonstrate the formation process of
MoO,-Ni interfaces and excellent compositional stability
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under alkaline conditions. The optimized MoO,-Ni catalyst delivers remarkable Pt-like HER activity and good stability with
50 h operation in 1 M KOH. An enhancement of 3 orders of magnitude on the exchange current density is achieved for MoO,-
Ni in comparison to the simplex MoO,. Further experimental and theoretical analyses verify the existence of a concentrated
surface charge at MoO,-Ni interfaces. Meanwhile, with the incorporation of Ni into MoO,, the most active sites dramatically
change from Mo to O atoms at MoO,-Ni interfaces. The Ni contact upraises the O 2p orbital in MoO,, thus strengthening the

hydrogen adsorption for enhanced HER kinetics.
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B INTRODUCTION

Hydrogen is generally regarded as a promising alternative to
fossil fuels; the electrocatalytic hydrogen evolution reaction
(HER) is in the forefront of research as the most sustainable
method to produce H,.' > Currently, the “Holy Grail” HER
electrocatalysts are still Pt-based materials, but their natural
scarcity and unsatisfactory catalytlc durablhty greatly hamper
their large-scale commercialization.”> Though great advances
in non-precious-metal-based electrocatalysts have been
achieved recently, the exploration of highly efficient and
earth-abundant HER electrocatalysts remains in high de-
mand.°"® The Sabatier principle, which gives a qualitative
description of an optimal catalyst, shows that a catalyst with a
high HER activity should possess moderate bonding to the
reactive intermediate.”'’ Accordingly, recent research in this
field has headed in this direction. As the catalytic kinetics is
dependent on the surface state of a catalyst, generally it can be
greatly enhanced via a synergistic effect by interfacing different
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components.“ At the same time, integrating one component
with another to form a heterostruture will result in an
interfacial charge polarization due to the different work
functions, which modulates the surface charge states of
catalysts and then the bonding with reactive intermediates." ">
The heterostructure endowed with anisotropic transport
properties is highly beneficial for diverse applications in
batteries, "> capacitors,14 catalysis,15 and so on. Heterostruc-
tured catalysts, such as metal (oxide)—metal (oxide),"*”"’
metal (oxide)—compound,”®™** and compound—com-
pound,”** commonly display superior catalytic performance
in comparison to their simplex counterparts. Consequently, the
design and construction of chemically disparate materials have
received extensive attention for optimizing catalytic perform-
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Figure 1. (a, b) SEM images of MoO,-Ni-550 NWs/NF. The inset in (a) is the optical photo of MoO,-Ni-550 NWs/NF. (c) TEM, (d) HRTEM,
and (e—i) HAADF-STEM images with elemental mappings of MoO,-Ni-550 nanowires. (j) Enlarged elemental mappings originating from the
yellow dotted box areas in (e)—(g). (k) XRD pattern of MoO,-Ni-550 powders. (1) Mo 3d XPS spectra of MoO,-Ni-x (x = 500, 550 and 600)
NWs and Mo powders. (m) Schematic illustration of a MoO,-Ni heterogeneous nanowire.

ances. For example, Markovic and co-workers achieved
enhanced electrocatalytic HER activity by tailoring Li'-
Ni(OH),-Pt interfaces.”* Zhu and co-workers recently
reported a Co-NizN heterostructure with epitaxial interface
interactions for improved HER performance.” Nevertheless,
the underlying catalytic mechanism including the optimized
hydrogen adsorption for catalyzing HER using heterostructures
still requires in-depth investigation.

Metal oxide—metal heterostructured materials are known to
play an important role in electrocatalysis,” water-gas shift
reactions,®” and organic electronic devices®' as a result of their
strong metal oxide—metal interactions, yet relatively few works
have focused on their HER application. Some progress has
been achieved on metal oxide—metal electrocatalysts such as
Co-C0;0,,** Ni-CeO,”* and NiO-Nj,'*** realizing a superior
catalytic activity in comparison to the single-component metal
oxide or metal catalyst toward the HER. For example, the
NiO/Ni interfaces in the NiO/Ni-CNT catalyst are proposed
to be synergistically active sites for HER catalysis.'” Although
significant progress has been made, the catalytic sites and
synergistic effects in these heterostructures still call for in-
depth research to guide the further rational design of catalysts.
Previous reports indicate that the Gibbs free energy of
hydrogen adsorption (AGy:) value for Ni is negative (—0.27
eV®® or —0.55 eV>®), while that for MoO, is positive (0.15
eV"’). Therefore, it is expected that the generated interfaces in
a MoO,-Ni heterostructure would become efficient catalytic
sites for fast hydrogen adsorption/desorption. Actually, a
synergistic interaction between nickel clusters and molybde-
num oxide support can lead to high water-gas shift reaction
activity.”® The component stability and enhanced HER
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mechanism of the MoO,-Ni heterostructure for alkaline HER
also need further investigation.

Herein, we constructed a MoO,-Ni heterostructure and
uncovered its metal oxide—metal interactions as well as
catalytic mechanism toward the HER. MoO,-Ni nanowire
arrays on nickel foam (denoted as MoO,-Ni NWs/NF) were
fabricated via a controlled gradient pyrolysis of molybdates.
During in situ pyrolysis processes, numerous MoO,-Ni
intimate interfaces could be formed, where MoO, strongly
interacts with the adjacent Ni. As a result, the MoO,-Ni NWs/
NF exhibits a Pt-like HER activity with superior catalytic
stability of over S0 h in alkaline solution. Importantly, a 3
orders of magnitude enhancement on exchange current density
is achieved for MoO,-Ni in comparison to MoO,.
Furthermore, mechanistic insights into the catalytic sites and
activity enhancement were first explored via experimental and
theoretical analyses.

B RESULTS

Synthesis and Characterizations of MoO,-Ni Nano-
wire Arrays. A two-step procedure, namely fabrication of
NiMoO,«H,0 nanowire arrays and subsequent phase-
separation reactions via controlled gradient pyrolysis, was
utilized to construct the MoO,-Ni nanowire arrays. Before
calcination, a monocrystalline NiMoO,xH,0O nanowire
precursor with a smooth surface is uniformly grown on nickel
foam (Figure S1 in the Supporting Information). After the
pyrolysis treatment at 5SSO °C in Ar/H, (95/5 vol %)
atmosphere (denoted as MoO,-Ni-550), the morphology-
preserved MoO,-Ni nanowires fully cover the entire nickel
foam (Figure la) and the bulged Ni nanoparticles clearly
appear on the nanowires (Figure 1b,c). The perfect
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Figure 2. (a) Schematic illustration of the formation processes for MoO,-Ni heterostructure. (b) Ex situ XRD patterns of the NiMoO,xH,0O
precursor calcined at different temperatures. Representative in situ high-temperature TEM images of the precursor calcined at (c) 380 °C, (d) 400

°C, (e) 450 °C, and (f) 550 °C in Ar/H,, respectively.

maintenance of nanowires is attributed to the microscopic
heterogeneous components, which restrict the phase migration
and particle aggregation."” The fine structure of MoO,-Ni-550
nanowires is verified by electron microscope images (Figure
1d—j). A high-resolution transmission electron microscopy
(HRTEM) image shows the intimate contact between MoO,
and Ni. The lattice fringes of 0.34 and 0.20 nm are well-
indexed to the (011) plane of MoO, (JCPDS No. 65-5787)
and the (111) plane of Ni (JCPDS No. 89-7128), respectively.
The phase-separated characteristics in the MoO,-Ni nanowires
are also established by a high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) image
with the corresponding energy-dispersive X-ray (EDX)
mappings. The MoO, is mainly distributed in the nanowire
backbone with the protuberant Ni nanoparticles closely
attached. The enlarged mappings in Figure 1j originating
from the yellow dotted box area suggest the absence of Mo-Ni
alloys. The crystal structure and chemical states of the MoO,-
Ni catalyst were analyzed by X-ray diffraction (XRD) and X-
ray photoelectron spectroscopy (XPS). Figure 1k presents the
MoO, and Ni phases in the XRD pattern for the MoO,-Ni
nanowires. To further determine the likely existence of Mo-Ni
alloys, the Mo 3d XPS spectra for the MoO,-Ni nanowires
obtained at different calcination temperatures were analyzed
(Figure 11). It can be found that the Mo-Ni alloys form only
when the pyrolysis temperature reaches 600 °C during
synthesis. At this calcination temperature, the MoO, is further
reduced to low-valence molybdenum oxides or Mo; thus the
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thermally stable Mo-Ni alloys start to form at this stage. For
example, an obvious MoNi phase (JCPDS No. 65-6903) is
observed on calcination at 800 °C (Figure S2 in the
Supporting Information). Consequently, a MoO,-Ni hetero-
structure with an immiscible phase separation can be obtained
at a relatively low temperature (<600 °C). The Ni/Mo molar
ratios of MoO,-Ni-x (x = 500, 550, 600) are close to 1
according to the inductively coupled plasma (ICP) measure-
ments (Figure S3 in the Supporting Information). Considering
that the metallic Ni is unstable in acid, the acid-etching
treatment was applied to uncover the distribution of MoO, in
the MoO,-Ni nanowires (Figure S4 in the Supporting
Information). After treatment in 0.5 M H,SO, for 2 days,
mesoporous MoQO, nanowire arrays consisting of ~30 nm
nanoparticles are obtained. Therefore, we conclude that the
MoO, nanoparticles form the backbone of the nanowire, with
the Ni nanoparticles embedded in the MoO, nanowire as
illustrated in Figure 1m.

Evolution Mechanism of MoO,-Ni Heterostructured
Nanowires. Here, the calcination-temperature-dependent
morphology evolution of MoO,-Ni heterostructure was
investigated. The formation procedure of MoO,-Ni nanowires
is schematically illustrated in Figure 2a and was verified by ex
situ XRD (Figure 2b and Figure S5 in the Supporting
Information) and in situ high-temperature TEM (Figure 2c—
f). The microstructure and phase evolutions of the nickel
molybdate precursor (NiMoO,«H,0) during the trans-
formation to an MoO,-Ni heterostructure are mainly divided
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Figure 3. (a) LSV curves of MoO, NWs, MoO,-Ni-350 NWs, Pt plate (size 1 cm X 1 cm), and 20 wt % Pt/C at 2 mV s™" in 1 M KOH. (b) Tafel
plots of MoO, NWs and MoO,-Ni-550 NWs. (c) Charging current density differences (Aj = j, — j.) as a function of the scan rate. (d) LSV curves
normalized by ECSA. (e) LSV curve of M0oO,-Ni-550 NWs/NF. (f) Overpotentials of MoO,-Ni-S50 NWs and MoO,-Ni-550 NWs/NF at —10
mA cm™ in 1 M KOH in comparison with some recently reported metal oxide—metal HER electrocatalysts.

into three stages. (1) The phase transformation of NiMoO,-
xH,O into NiMoO, happens until 380 °C, immediately
followed by the outward dissolution of the NiO grains (400
°C). (2) The NiMoO, region becomes low crystalline/
amorphous while the NiO is gradually reduced to Ni. (3)
The MoO, is reduced to MoO,, the Ni nanoparticles grow,
and finally the mesoporous MoO,-Ni heterostructured nano-
wires are obtained. The detailed evolutions and in situ TEM
snapshots of intermediates during the calcination processes are
also clearly shown in Figures S6—S9 in the Supporting
Information. In addition, NiMoO, is obtained as the final
product after calcining the precursor under an Ar atmosphere
(Figure S10 in the Supporting Information), which indicates
the important role of the reducing atmosphere in the phase
separation. This in situ pyrolysis and phase separation of
polymetallic oxides (such as molybdate,"**** vanadate,*
silicate,"" and cerate™) promote the formation of numerous
intimate interfaces, and thus, these oxides can be utilized to
fabricate heterostructured materials. For instance, MoO,-Ag
heterogeneous nanowires can also be fabricated by a
molybdate pyrolysis method (Figure S11 in the Supporting
Information).

Synergistic Enhancement of HER Kinetics. The electro-
catalytic activity of the MoO,-Ni NWs catalyst toward the
HER was analyzed in 1 M KOH using a standard three-
electrode system. The MoO, catalyst and commercial Pt/C
(20 wt % Pt on Vulcan XC-72R) with the same mass loadings
as well as Pt plate were also studied for comparison. All of the
polarization curves were corrected for iR compensation to
remove the influence of ohmic resistance.””** At an optimized
mass loading of ~1.5 mg cm™ (Figure 3a and Figure S12 in
the Supporting Information), the MoO,-Ni NWs catalyst
exhibits a remarkably low overpotential of 58.4 mV to deliver a
current density of —10 mA cm™ (1, = 58.4 mV), which is
much smaller than that for the MoO, NWs (454.3 mV). The
reported metallic Ni as an alkaline HER catalyst generally
needs an 7, value of larger than 150 mV with a large Tafel
slope.'”***> Therefore, the excellent catalytic performance of
MoO,-Ni is mainly attributed to the synergistic effect between
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MoO, and Ni. The catalytic kinetics and inherent HER
activities of catalysts have also been analyzed. The Tafel slope
of MoO, in Figure 3b is substantially higher (92.4 mV dec™"),
suggesting a sluggish Volmer step (M + H,O + e > M —H +
OH", where M represents the catalyst). However, it decreases
to 36.6 mV dec™' for MoO,-Nij, indicating the Volmer—Tafel
mechanism as the HER pathway."® With a low Tafel slope, the
HER kinetics of the MoO,-Ni catalyst is rapidly enhanced with
increasing applied potential, which is advantageous for
practical applications.”” Remarkably, the exchange current
density (j,) of 0.307 mA cm™* derived from the Tafel slope*®
for MoO,-Ni is significantly larger than that of MoO, (8.15 X
10~ mA cm2), demonstrating its superior intrinsic electro-
catalytic activity.

The electrochemical double-layer capacitance (Cy) is a key
parameter to reflect the electrochemically active surface area
(ECSA) of catalysts, which was estimated by collecting cyclic
voltammetry (CV) curves in a non-Faradaic region of 0.224—
0.324 V vs reversible hydrogen electrode (RHE) (Figure 3c
and Figure S13 in the Supporting Information). The Cy value
for M0oO,-Ni-550 NWs (29.6 mF cm™) is much larger than
that for MoO, NWs (1.6 mF cm™2), indicating that the former
allows more effective accessibility to active sites. To evaluate
the real activity of catalysts, the LSV curves were normalized
by ECSA. As shown in Figure 3d, the MoO,-Ni-550 NWs
catalyst exhibits higher HER activity. In addition , the catalyst
grown in situ on the substrate can expose more sites and
promote catalysis,”***’ meanwhile, the three-dimensional
array architecture also contributes to the enhanced mass
diffusion. As a result, the as-prepared MoO,-Ni-550 NWs/NF
catalyst can achieve optimal HER performance with 7,, = 47
mV (Figure 3e), which is comparable with that of the
commercial Pt/C (7,0 = 27 mV) and superior to that of the Pt
plate (17, = 128 mV). In comparison with reported non-
precious-metal oxide—metal catalysts, the MoO,-Ni catalyst
exhibits the best HER activity, which suggests the importance
of the unique interaction between MoO, and Ni (Figure 3f and
Table S1 in the Supporting Information).
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Figure 4. (a) Chronopotentiometric measurement of MoO,-Ni-550 NWs/NF at —1.4 mA in 1 M KOH during in situ Raman testing. (b)
Corresponding in situ Raman spectra. (c) Chronopotentiometric measurement of MoO,-Ni-550 NWs/NF and Pt plate at —10 mA cm™ in 1 M
KOH. (d, e) CV curves of MoO,-Ni-550 NWs/NF tested at a scan rate of 5 mV s~ in 1 M KOH and 0.5 M H,SO,, respectively.

We have also investigated the effect of pyrolysis temperature
of the MoO,-Ni catalysts toward HER activity. The MoO,-Ni
prepared at the moderate pyrolysis temperature of 550 °C
achieves the optimal HER activity (Figure S14 in the
Supporting Information), which is attributed to its high
electronic conductivity, mesoporous structure, and abundant
active interfaces. The microstructures and electron conductiv-
ity of the final products at different pyrolysis temperatures
(550, 550, and 600 °C) have been further analyzed (Figures
S15—S17 in the Supporting Information). A lower calcination
temperature of 500 °C results in a well-retained nanowire
structure with low electronic conductivity of catalysts, while a
higher calcination temperature of 600 °C leads to excessive
interconnection with partial miscibility existing as Mo-Ni
alloys. The destroyed heterostructure and closed pore structure
reduces the number of nanoscale MoO,-Ni interfaces. Though
the Brunauer—Emmett—Teller (BET) of value MoO,-Ni-500
(70.1 m* g™") is slightly larger than that of M0oO,-Ni-550 (54.4
m® g'), the latter possesses 1 order of magnitude higher
electronic conductivity, which increases the electron transfer
rate during the catalytic processes. From the XPS analyses
(Figure S18 in the Supporting Information), the higher
electronic conductivity of MoO,-Ni-550 can be attributed to
the relatively high metallic Ni content. Moreover, MoO,-Ni-
600 possesses the smallest exposed surface area of 17 m* g~".
Its severe aggregation leads to a greatly reduced pore volume
as low as 0.03 m® g_l, which causes a large number of active
interfaces to be covered. Therefore, the HER activities of these
electrocatalysts exhibit the following trend: MoO,-Ni-550 >
Mo0O,-Ni-500 > MoO,-Ni-600. As discussed above, a balance
between the electronic conductivity and heterogeneous
microstructure is vital for realizing the optimal catalytic
performance.

Roles of the MoO,-Ni Interfaces in HER Activities. A
coupled Raman—electrochemistry system was assembled to
track the evolution of catalysts in real time. To verify the
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component stability of the MoO,-Ni-550 catalyst, the
chronopotentiometric measurements were conducted at a
constant current of —1.4 mA during the in situ Raman test.
The potential exhibits a slight variation in the 7000 s testing,
which indicates good operating conditions (Figure 4a).
According to Figure 4b, the initial well-defined Raman peaks
at 207, 230, 348, 365, 497, 568, 585, and 740 cm ™! belong to
the monoclinic MoO,,””***" indicating the pure phase of the
MoO,-Ni catalyst. However, these peaks gradually disappear
after a continuous testing of ~2000 s. This phenomenon is
attributed to the generated H,/O, bubbles in the solution
during the electrocatalytic measurement, and these bubbles can
change the pathway of the Raman laser and thus result in
focusing error. The strong Raman peaks for MoO, are
observed again after refocusing without changing the
horizontal position of the MoO,-Ni sample. Also, the absence
of Raman peaks for other molybdenum oxides (such as MoO,
and Mo,O;;) and nickel oxides/hydroxides demonstrates the
stability of the MoO,-Ni catalyst during HER testing in 1 M
KOH. The stability of MoO,-Ni-550 NWs/NF was also
evaluated by chronopotentiometry at —10 mA cm™> in 1 M
KOH in a standard three-electrode system (Figure 4c). The
MoO,-Ni catalyst exhibits considerable catalytic stability with a
small increase of 36.6 mV in 7, after S0 h of continuous
testing. In comparison, the rapidly increased overpotential for
the Pt plate is observed during the 8000 s, indicating the
catalytic instability of the Pt catalyst, which is consistent with
previous reports.”*” The stability of MoO,-Ni-350 NWs/NF is
also reflected by CV in alkaline solutions (Figure 4d). The
negligible change in the CV curves at different cycles in 1 M
KOH demonstrates the well-maintained HER activity. In
addition, the LSV curves after soaking in 1 M KOH for
different durations also display small changes, further
indicating the stable catalytic performance of MoO,-Ni catalyst
(Figure S19a in the Supporting Information). However, the
HER activity of MoO,-Ni-550 NWs/NF rapidly decreases
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Ni. The green contour represents the charge accumulation. (d) Optimized structure models for MoO,-Ni with four water-dissociation steps. The
blue, green, red, and yellow balls refer to Ni, Mo, O, and H atoms, respectively. (e) Corresponding energy differences of MoO,-Ni, MoO,, and Ni
models during four water-dissociation steps. (f) AGys calculated at the equilibrium potential of MoO,-Ni, MoO,, and Ni models.

when it is measured in acid with cycling (Figure 4e and Figure
S19b in the Supporting Information). As determined by the
ICP measurements, the Ni/Mo ratio decreases rapidly until all
the Ni contents are dissolved (Figure S20 in the Supporting
Information). Since MoO, is stable in 0.5 M H,SO,, the above
result indicates the dissolution of Ni and hence decreases the
MoO,-Ni interfaces. In addition, the effective active surface
area of MoO,-Ni-550 NWs/NF was evaluated by CV
measurements (Figure S21 in the Supporting Information).
The initial Cy4 value of the M0oO,-Ni NWs/NF measured in 1
M KOH is 102.2 mF cm™ However, the Cy values decrease to
86.0, 54.7, and 19.7 mF cm ™2 after soaking in 0.5 M H,SO, for
12, 18, and 24 h, respectively. Therefore, the decreased
effective active area of MoO,-Ni NWs/NF is a result of the
dissolution of Ni in acid, thus leading to the reduction of active
MoO,-Ni interfaces and decay of HER activity.

To further reveal the structure—performance correlation,
ultraviolet photoelectron spectroscopy (UPS) measurements
were employed to study the valence band electrons of the
MoO,-Ni catalyst, as depicted in Figure Sa. The MoO,-Ni has
a smaller work function (®) of 5.28 eV in comparison with
that of MoO, (5.87 eV), indicating the electron transfer from
Ni to MoO, and thus increasing the Fermi level energy. The
lower work function and the increased Fermi level energy can
strengthen the chemical adsorption of hydrogen and thus
promote the HER processes. Generally, the binding energy of
the materials correlates negatively with the surface electron
density; hence, the electron transfer can also be reflected by
XPS measurements.””>” Before the comparison, the C 1s XPS
peaks of all samples were first calibrated to be 284.5 eV. The
Ni 2p peaks in the MoO,-Ni heterostructure show a positive
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shift (~0.5 eV) in comparison with that of Ni, indicating the
electron donation from Ni to MoO, (Figure Sb). Meanwhile,
the Mo 3d peaks shift positively (~0.2 eV, Figure S22 in the
Supporting Information) after removing Ni from MoO,-Ni via
an acid treatment.

Theoretical Investigation of the Roles of Interfaces
toward HER. To identify the synergistic effect in hetero-
structured catalysts, computational simulations are beneficial in
uncovering adsorption/desorption energy of reactive inter-
mediates, catalytic sites and so on.”*™>° We carried out density
functional theory (DFT) calculations on MoO, (011)-Nj,
MoO, (011), and Ni (111) models according to the
experimental results (Figure S23 in the Supporting Informa-
tion). First, the integrated charge density difference yields a
charge concentration enhanced area at the MoO,-Ni interface,
indicating a tailored electronic structure which differs from the
simplex MoO, and Ni (Figure Sc). This phenomenon is
induced by the charge polarization on integrating Ni and
MoO,. The free energy diagram showcases the four water
dissociation steps at the MoO,-Ni interface: namely, H,O
away from the surface, H,O adsorption, transition state, and
final product (Figure Sd,e and Figure S24 in the Supporting
Information). The low water dissociation kinetic energy barrier
(AG,) of 0.748 eV for MoO,-Ni indicates fast water
dissociation steps. This value is lower than that for Ni (1.04
eV) and those previously reported for other high-efficiency
HER catalysts.”” " Generally, a high-efficiency HER catalyst
should also possess moderate hydrogen adsorption with a
AGyy of near zero.”®¢! Only the AGy values calculated at
the MoO,-Ni interface are close to zero from a screening of the
possible catalytic sites, which include the sites on the MoO,
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Figure 6. Upraised atomic orbital-promoted catalytic mechanism. (a) PDOS (taking the vacuum energy level as zero) for the oxygen’s p orbital of
the MoO, model (MoO,, Op), oxygen’s p orbital of the MoO,-Ni model (MoO,-Ni, Op), hydrogen’s s orbital (H atom, s), oxygen’s p orbital of
the H-adsorbed MoO, model (MoO,-H, Op), and oxygen’s p orbital of the H-adsorbed MoO,-Ni model (MoO,-Ni-H, Op). The dotted lines
represent the p-band center of the O atom and s-band center of the H atom. (b) Schematic diagram showing the bonding interaction of active sites
and hydrogen atom based on the PDOS results in (a). The energy levels of all orbitals take the vacuum energy level as zero.

and Ni and away from the interface (Figure Sf and Figure S25a
in the Supporting Information). In addition, the strongly
positive and negative AGys values of the respective MoO, and
Ni suggest sluggish HER kinetics associated with the poor
HER activity in the experiments. Therefore, the tailored
MoO,-Ni interfaces are determined to be the effective HER
catalytic sites.

In addition, the most active site dramatically shifts from the
Mo atom in the MoO, model to the O atom at the interface in
the MoO,-Ni model. To explore the active origin of surface
oxygen, the projected density of states (PDOS) of MoO,-Ni
and MoO, surface was analyzed (Figure 6a). In comparison
with that in pure MoO,, the oxygen’s p orbital is upraised and
comes nearer to hydrogen’s s orbital in the MoO,-Ni model.
After hydrogen adsorption, the oxygen’s p orbital in the MoO,-
Ni-H model is also upraised. This indicates that the
hydrogen—oxygen interaction becomes stronger after Ni
incorporation. Considering that the hydrogen adsorption on
the MoO, surface is too weak to boost the HER, the
introduction of Ni can therefore accelerate the HER kinetics.
According to the PDOS results, a schematic illustration of the
origin for enhanced HER activity from the electronic structure
aspect is shown in Figure 6b. It shows that the Ni contact leads
to the upraised O 2p orbital of MoO, and thus stronger
hydrogen adsorption for accelerating HER kinetics.

Evaluation of Water-Splitting Performance Based on
Mo00O,-Ni-550 NWs/NF (Cathode) and NiFe-S/CC
(Anode). The obtained Mo0O,-Ni-550 NWs/NF and the
synthesized nickel—iron sulfide nanosheets grown on carbon
cloth (NiFe-S/CC) were used as the cathode and anode to
evaluate the water splitting application in alkaline solution. The
obtained NiFe-S/CC is characterized in detail as shown in
Figure 527 in the Supporting Information. In 1 M KOH, NiFe-
S/CC exhibits excellent oxygen evolution reaction (OER)
catalytic stability with a low overpotential of about 1.48 V at 10
mA cm > and well-maintained nanosheet morphology (Figure
S28a in the Supporting Information). In addition, the
assembled electrolyzer exhibits excellent water-splitting per-
formance, delivering a current density of 10 mA cm™ at
approximately 1.59 V consistently over a period of 60 h
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(Figure S28b in the Supporting Information). This potential
value of our assembled water-splitting device is lower othan r
comparable to those in previous reports (Table S2 in the
Supporting Information). In the end, the aforementioned
result demonstrates the feasibility of using MoO,-Ni in an
operational water electrolysis setup.

B CONCLUSION

In summary, we have constructed MoO,-Ni heterostructured
nanowires by a facile gradient pyrolysis strategy of molybdates.
The in situ pyrolysis and phase separation of molybdates
promote the formation of intimate interfaces, which facilitates
the electronic interaction between MoO, and Ni. In the
MoO,-Ni heterostructured nanowires, an effective charge
transfer from Ni to MoO, is achieved, leading to a low work
function, interfacial charge polarization, and promoted HER
processes. We have demonstrated that the pyrolysis temper-
ature of the catalysts and the intimate MoO,-Ni interfaces
greatly influence the HER kinetics. The optimal MoO,-Ni
NWs/NF obtained via calcination at a moderate temperature
of 550 °C exhibits a Pt-like HER activity with 7,5 = 47 mV and
good durability of over 50 h in 1 M KOH. The in situ Raman
results demonstrate the excellent compositional stability of the
MoO,-Ni heterostructure during the alkaline HER process.
Theoretical calculations suggest that the catalytic sites are on
the oxygen atoms at the MoO,-Ni interfaces, where the
concentrated charge exists. The upraised O 2p orbital in MoO,
after Ni incorporation leads to a stronger hydrogen—oxygen
interaction and consequently enhances HER activity. When
MoO,-Ni is paired with the nickel—iron sulfide oxygen-
evolving catalyst in a water-splitting device, it delivers 10 mA
cm™ at 1.59 V for continuous operation of over 60 h. The
gradient pyrolysis synthetic strategy of heterostructures and the
upraised atomic orbital promoted catalytic mechanism may
open an exciting direction for achieving high-efficiency Pt-
alternative HER electrocatalysts.

B EXPERIMENTAL SECTION

Synthesis of MoO,-Ni and MoO, Catalysts. The
synthesis procedure for NiMoO4-xH,O powders and nanowire

DOI: 10.1021/acscatal.8b04817
ACS Catal. 2019, 9, 2275-2285


http://pubs.acs.org/doi/suppl/10.1021/acscatal.8b04817/suppl_file/cs8b04817_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.8b04817/suppl_file/cs8b04817_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.8b04817/suppl_file/cs8b04817_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.8b04817/suppl_file/cs8b04817_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.8b04817/suppl_file/cs8b04817_si_002.pdf
http://pubs.acs.org/doi/suppl/10.1021/acscatal.8b04817/suppl_file/cs8b04817_si_002.pdf
http://dx.doi.org/10.1021/acscatal.8b04817

ACS Catalysis

Research Article

arrays on nickel foam can be found in a previous report.”
Next, the obtained NiMoO,xH,0O precursors (powders and
nanowire arrays) were calcined stepwise without a change in
the nanowire morphology. The precursors were first calcined
at 280 °C and then uninterruptedly calcined at 500—600 °C in
Ar/H, for 2 h to obtain MoO,-Ni heterostructured nanowires.
The MoO, mesoporous nanowires were obtained after soaking
the MoO,-Ni catalysts in 0.5 M H,SO, for at least 48 h. The
mass loadings of three MoO,-Ni NWs/NF samples are ~2.2
mg cm™,

Synthesis of Nickel—Iron Sulfide Nanosheets Grown
on Carbon Cloth (NiFe-S/CC). The synthesis procedure for
the CC-supported NiFe-LDH Jrecursor (NiFe-LDH/CC) can
be found in a previous report.”> Next, the NiFe-LDH/CC and
500 mg of fresh sulfur powder were placed at two separate
positions in an alumina boat with the sulfur powder at the
upstream position. The sample was heated at 350 °C for 2 h
under an Ar atmosphere. Finally, nickel—iron sulfide nano-
sheets grown on carbon cloth (NiFe-S/CC) were obtained.

Synthesis of Mo0O,-Ag Heterostructured Nanowires.
A 25 mL portion of AgNO; solution (0.02 M) was slowly
added to 25 mL of NaMoO, solution (0.01 M), and then 100
uL of HNO; (68 wt %) was added to this solution. After that,
the mixture was transferred to a S0 mL Teflon-lined sealed
autoclave and maintained at 150 °C for 12 h. The obtained
solid product (Ag-Mo-O precursor) was washed with distilled
water five times and dried under vacuum for 12 h. Next, the
Ag-Mo-O precursor was calcined at 280 °C and then
uninterruptedly calcined at 500 °C under Ar/H, for 2 h to
obtain MoO,-Ag heterostructured nanowires.

Characterization. The catalysts were characterized by
XRD (using a Bruker D8 Advance X-ray diffractometer with
Cu Ka radiation (4 = 1.54060 A)), XPS and UPS (using an
ESCALAB 250Xi instrument), and ICP (PerkinElmer Optima
4300DV spectrometer). Scanning electron microscopy (SEM)
was carried out using a JEOL-7100F microscope at an
acceleration voltage of 20 kV. TEM, HRTE,M and HAADF-
STEM were collected using a JEM-2100F/Titan G2 60-300
transmission electron microscope. The in situ images were
obtained by an in situ holder (DENSsolutions Climate S3
Plus) and HRTEM (Talos F200X, FEI) at an accelerating
voltage of 200 KV for the electron beam. BET specific surface
area characterizations were measured using a Tristar IT 3020
instrument by adsorption of nitrogen at 77 K. In situ Raman
spectra were recorded using a HORIBA HR EVO Raman
spectroscopy system with 633 nm laser. Each spectrum was
recorded (150 s duration and SO s interval) on the MoO,-Ni
NWs/NF, and meanwhile the chronopotentiometric measure-
ments were carried out at —1.4 mA in 1 M KOH during in situ
Raman testing.

Electrochemical Measurements. Electrochemical meas-
urements were performed with a CHI760E electrochemical
analyzer in a standard three-electrode system using a graphite
plate as the counter electrode and an Hg/HgO electrode (used
in alkaline solution) or saturated calomel electrode (SCE, used
in acidic solution) as the reference electrode. MoO,-Ni NWs/
NF was directly used as a working electrode. For the powdered
catalysts, 12 mg of the catalyst was dispersed in 1 mL of a
mixed solution (0.25 mL of ethanol, 0.7 mL of H,0, and 0.05
mL of Nafion solution (5 wt %)) followed by ultrasonication
for 30 min to obtain a homogeneous ink; then the working
electrode for the HER was prepared by dripping 9 uL of the
ink on glassy carbon (3 mm in diameter) and dried in air. In
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alkaline solution, the potential was referenced to a RHE on the
basis of the following equation: E(RHE) = E(Hg/HgO) +
0.098 V + 0.0592 X pH. In acid, the equation is E(RHE) =
E(SCE) + 0.2415 V + 0.0592 X pH. Herein, the measured pH
values of 0.5 M H,SO, and 1 M KOH are 0.3 and 13.8,
respectively. LSV curves were all corrected by iR compensa-
tion. For the catalysts grown on nickel foam, the CV and LSV
curves were normalized by the geometric area of nickel foam.
Calculation Method. All of the calculations were done by
using the Vienna ab initio simulation package (VASP)®*
accompanied by VTST tools.® The plane wave basis set cutoff
energy was 480 eV for geometry optimization and single
energy calculation. A generalized gradient approximation
(GGA)®° with the Perdew—Burke—Ernzerhof (PBE) func-
tion®” was used to describe exchange-correlation interactions.
Gaussian smearing was employed with a ¢ value of 0.1 eV for
single energy calculation. The energy convergence tolerance
for the self-consistent field (SCF) was 0.01 meV. The force
convergence tolerance for geometry optimization was consid-
ered as 0.05 eV/A. All calculations were done with spin
unrestricted. The surface models with or without hydrogen
adsorbate were first optimized with 1 X 1 X 1 y-centered k
points, and then calculated single-point energies with 2 X 2 X 1
7-centered k points to get accurate adsorption energies. On the
basis of our test, a 2 X 2 X 1 k point setting was dense enough
and has negligible energy error in comparison toa 3 X 3 X 1 k-
point setting. In addition, AG,, is calculated as the energy
difference between the transition state and the complex.
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