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Controlling Surface Chemical Inhomogeneity of
Ni,P/MoNiP,/MoP Heterostructure Electrocatalysts for
Efficient Hydrogen Evolution Reaction

Xiuming Bu, Di Yin, Dong Chen, Quan Quan, Zhe Yang, SenPo Yip, Chun-Yuen Wong,*

Xianying Wang,* and Johnny C. Ho*

Crystalline/amorphous phase engineering is demonstrated as a powerful
strategy for electrochemical performance optimization. However, it is still a

considerable challenge to prepare transition metal-based

crystallinefamorphous heterostructures because of the low redox potential of
transition metal ions. Herein, a facile H,-assisted method is developed to
prepare ternary Ni,P/MoNiP,/MoP crystalline/amorphous heterostructure
nanowires on the conductive substrate. The characterization results show that
the content of the MoNiP, phase and the crystallinity of the MoP phase can be
tuned by simply controlling the H, concentration. The obtained electrocatalyst
exhibits a superior alkaline hydrogen evolution reaction performance,
delivering overpotentials of 20 and 76 mV to reach current densities of 10 and
100 mA cm~2 with a Tafel slope of 30.6 mV dec™', respectively. The catalysts
also reveal excellent stability under a constant 100 h operation, higher than
most previously reported electrocatalysts. These striking performances are
ascribed to the optimized hydrogen binding energy and favorable hydrogen
adsorption/desorption kinetics. This work not only exhibits the potential
application of ternary Ni,P/MoNiP,/MoP crystalline/amorphous
heterostructure nanowires catalysts for practical electrochemical water
splitting, but also paves the way to prepare non-noble transition metal-based in
electrocatalysts with optimized crystalline/amorphous heterostructures.

1. Introduction

Electrochemical hydrogen evolution reaction (HER) provides
one of the most attractive approaches to achieving clean and

high-power density energy, drawing
tremendous research interests in re-
cent years.!!] Until now, due to the superior
catalytic performance, noble metal-based
electrocatalysts have served as state-of-
the-art HER catalysts;>* however, their
scarcity and operational instability es-
sentially limit the widespread practical
application. In order to address these chal-
lenges, different transition metal-based
oxides,>¢]  sulfides,”8]  phosphides,[*1°!
and selenides!’2] have been developed
and considered as alternative electrocata-
lysts for water electrolysis. One limitation
is that their catalytic activity is still not
sufficient, being less competitive than
those of noble metal-based counterparts.

Among many latest advances, phase
engineering of crystalline/amorphous
heterostructure nanomaterials has
revealed the effectiveness of manip-
ulating different phase proportions
enhancing their electrochemical
properties.[314 Specifically, since HER
is a two-electron transfer process involving
the adsorption and desorption of hydro-
gen intermediate (H,,) on the catalyst
surface, the catalytic performance significantly relies on
the free energy of hydrogen adsorption (AGy).*! For crys-
talline/amorphous heterostructure nanomaterials, the chem-
ically inhomogeneous composition and saturation bonds on
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Figure 1. Physical characterization. a) SEM image, b) TEM image, c) HRTEM image, and corresponding d) SAED image of the NMP-10 sample. ) High-
angle annular dark field (HAADF) STEM image and corresponding elemental mapping of f) Ni, g) Mo, and h) P of the NMP-10 catalyst, respectively.

The scale bar in the (e) is 200 nm.

the surface may result in the AG,; variation over a wide range,
affecting their electrochemical performance. For instance, Pd-
based crystalline/amorphous heterostructure nanoplates were
prepared with wet-chemical methods, where the characteriza-
tion results showed their excellent ethanol oxidation reaction
performance because of the coexistence of crystalline and amor-
phous structures, facilitating the formation of low-coordination
atoms and causing changes in the electronic band structure
of Pd atoms.'®! In addition, these wet-chemical methods can
also be employed to construct ultrathin amorphous/crystalline
Rh and bimetallic RhCu alloy nanosheets. These heterophase
and alloying of Cu are beneficial for the electronic structure
modulation of the active sites of Rh, thus resulting in the indole
selectivity of over 99.9% with high activity.l'’] Unfortunately,
the synthesis of transition metal-based crystalline/amorphous
heterostructures is less explored since the redox potential of
transition metal ions is significantly lower than that of no-
ble metal ions. Although there are few studies on the phase
engineering of crystalline/amorphous heterostructure nanoma-
terials in the literature, an in-depth study about the effect of this
specific phase engineering, namely, surface chemical inhomo-
geneity regulation, on the HER process is highly desirable but
challenging.

In this work, we developed a facile H,-assisted syn-
thesis method to prepare crystalline/amorphous ternary
Ni,P/MoNiP,/MoP heterostructure nanowires on the con-
ductive substrate. The physical characterization results show the
content of MoNiP, phase and crystallinity of MoP phase can be
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tuned by simply controlling the H, concentration. The resultant
electrocatalyst exhibits a significantly superior alkaline HER
performance, delivering overpotentials of 20 and 76 mV to reach
current densities of 10 and 100 mA ¢cm~2 with a Tafel slope of
30.6 mV dec™!, respectively. Also, the electrocatalyst displays
excellent stability under a constant 100 h operation, which
is higher than that of most previously reported counterparts.
We experimentally demonstrated the superior performance
can be attributed to the optimized hydrogen binding energy
and favorable hydrogen adsorption/desorption kinetics. This
work not only reveals the potential application of ternary
Ni,P/MoNiP,/MoP  crystalline/amorphous  heterostructure
nanowires-based catalysts for larger-scale electrochemical water
splitting, but also demonstrates the importance of phase engi-
neering in the rational design and synthesis of heterostructure
electrocatalysts.

2. Results and Discussion

The Ni,P/MoNiP,/MoP ternary heterostructure was prepared by
phosphating NiMoO, nanowires via NaH,PO, at 500 °C in a
mixed atmosphere of Ar/H, (190:10, v/v, denoted with NMP-10).
The morphology of NMP-10 was first observed by scanning elec-
tron microscopy (SEM). It is found that the nickel foam substrate
is completely covered with twisted nanowires with a diameter
of ~50 nm (Figure 1a). The transmission electron microscopy
(TEM) image shows numerous protuberant crystalline nanopar-
ticles (marked with red dotted circles) attached to the nanowire
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backbone (Figure 1b). This observation indicates that the phos-
phorization process may trigger the segregation of Ni and Mo
elements from the bimetallic oxide precursor, being consistent
with the previous reports.[®18] In addition, according to the high-
resolution TEM (HRTEM) image as presented in Figure 1c, the
lattice spacing of 0.22, 0.21, and 0.28 nm are ascribed to the (111)
plane of Ni, P (JCPDS No. 74-1385), (101) plane of MoP (JCPDS
No. 65-6489), and (100) plane of MoNiP, (JCPDS No. 65-1985),
respectively. At the same time, abundant crystalline/amorphous
interfaces are observed on the surface of catalysts (amorphous
area marked with A). The polycrystalline rings displayed in the
selected area electron diffraction (SEAD) can be indexed to the
(220) and (300) planes of Ni, P, (100) and (103) planes of MoNiP,,
and (101) and (201) planes of MoP, accordingly (Figure 1d), fur-
ther supporting the successful preparation of Ni, P/MoNiP,/MoP
ternary heterostructures. The elemental mapping reveals that
within the NMP-10 nanowire, P and Mo elements are uniformly
distributed while the Ni element is enriched in certain regions
(Figure 1e-h), designating the obvious phase separation that oc-
curred during the preparation process.

To further confirm the precise control of the crys-
talline/amorphous phase engineering, a series of samples
were carefully fabricated by optimizing the H, concentration.
Ni,P/MoP was also prepared without introducing H, (denoted
with NMP-0) for comparison. The morphology of NMP-0 was
first observed by SEM (Figure 2a; Figures S1 and S2, Supporting
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Information). By contrast to the SEM image taken for the original
NiMoO, nanowires (Figure S3, Supporting Information), almost
no morphological changes were observed after phosphorylation.
Also, nanowires, with a typical diameter of ~150 nm, were
aligned vertically and covered totally on the surface of the nickel
foam substrate. As shown in the TEM image (Figure 2b), there
are some crystalline nanoparticles (marked with red dotted
circles) attached to the nanowire backbone, which is different
from the smooth surface of NiMoO, (Figure S4, Supporting
Information). The observed apparent phase separation phe-
nomenon on the NMP-0 surface is due to the transformation
of NiMoO, into the Ni-MoO, heterostructure (Ni nanoparticles
anchored on the MoO, backbone) under high temperatures. At
the same time, phosphorylation into Ni,P/MoP occurs because
of the existence of PH;. The HRTEM image displays the intimate
contact between Ni,P and MoP. The lattice fringes of 0.30, 0.17,
and 0.21 nm are well indexed to the (110) plane of Ni,P, (110)
and (101) planes of MoP, respectively (Figure 2c). In addition,
SEAD can be indexed to the (111), (210), and (300) planes of
Ni, P and the (101) plane of MoP (Figure 2d). After introducing
H, (Ar:H, = 195:5, v/v, denoted NMP-5), the nanowires became
curved and decreased in diameter (~87 nm, Figure 2e). Mean-
while, TEM images showed a significant increase in the density
of giant highly crystalline nanoparticles on the amorphous
backbone (Figure 2f). Surprisingly, a new phase of NiMoP, was
observed in the HRTEM and SEAD results, where the lattice

Figure 2. Structure evolution process. a) SEM image, b) TEM image, c) HRTEM image and corresponding, and d) SAED image of the NMP-0 sample.
e) SEM image, f) TEM image, g) HRTEM image and corresponding h) SAED image of the NMP-5 sample. i) SEM image, g) TEM image, k) HRTEM image
and corresponding I) SAED image of the NMP-20 sample. m) Summarized area ratio of the crystalline regions and n) XRD patterns of the prepared four

samples.
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Figure 3. Surface electronic structure analysis. XPS spectra for a) Ni 2p, b) Mo 3d, and c) P 2p for these four samples, respectively. d) Calculated P-M
bonding ratio and e) Ni/Mo ratio obtained from the XPS and ICP results. f) Schematics of the structure evolution diagram of the prepared electrocatalysts.

fringe space of 0.28 nm is assigned to the (100) plane of NiMoP,
(Figure 2g,h). However, when the hydrogen flow rate increases
to 20 sccm (denoted NMP-20), the nanowires aggregated, and
the diameter slightly increased based on the statistics result
(~68 nm, Figure 2i). The TEM image shows that the nanowire
backbone is almost entirely covered by a highly crystalline
surface, with only small areas exhibiting amorphous features
(Figure 2j, marked with orange dotted circles). The HRTEM im-
age and SEAD result show that all Ni,P, MoNiP,, and MoP have
high crystalline characteristics, and clear grain boundaries are
observed (Figure 2k,1). Then a rough area ratio of the crystalline
region was summarized in Figure 2m (Note S1, Supporting In-
formation). It is clear that the crystalline/amorphous area ratio
increases with the increase of hydrogen concentration in the gas
mixture, which may be attributed to the fact that the hydrogen
will be inserted into the Ni—P and Mo—P bonds, leading to
the rearrangement of the Ni—P and Mo—P bonds that produce
NiMoP, and improve the MoP crystallinity.'?) Moreover, this
hydrogen concentration-dependent NiMoP, plays a decisive role
in the crystallization/amorphous ratio. The above characteriza-
tion results demonstrate that the H,/PH, mixture significantly
affects the surface chemical inhomogeneity. More phase and
crystal structure information can be obtained in the X-ray diffrac-
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tion (XRD) plots (Figure 2n; Note S2, Supporting Information).
In the NMP-0 sample, compared with the crystalline peak of
Ni,P, the peak of MoP is weak, indicating that MoP is mainly
present in the form of an amorphous phase, being consistent
with the TEM result. After introducing hydrogen, a new phase of
MoNiP, appears in the sample, and the crystallinity of MoP gets
significantly increased, further indicating the successful phase
engineering in the Ni, P/MoNiP, /MoP ternary heterostructure.
Since phase engineering significantly affects the surface elec-
tronic structure of materials, X-ray photoelectron spectroscopy
(XPS) is then performed to assess surface chemical compositions
and chemical states of fabricated electrocatalysts. For Ni 2p spec-
tra, the main peak located at 853.4, 857.0, and 861.8 eV can be as-
cribed to the Ni metallic peak, oxidized Ni** /Ni** peak, and satel-
lite peak, respectively (Figure 3a).>°! With the increasing hydro-
gen flow rate, the apparent blue shift and increased Ni metallic
peak intensity are observed in the spectra, indicating the electron
transfer into the Ni atom in the coordination environment. In the
Mo 3d spectra, the peak located at 235.7 eV as well as 233.4 eV are
assigned to Mo®*, the peaks at 232.3 and 229.5 eV are ascribed to
Mo**, while the Mo—P peaks are centered at 230.8 and 227.8 €V,
respectively (Figure 3b).['®] Meanwhile, with the increasing hy-
drogen concentration, the red shift phenomenon and increased
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Mo-P peak in the Mo 3d spectra are witnessed, indicating the
electron loss of Mo atoms. Regarding the P 2p spectra of the cata-
lysts, the increase of the P—-M peaks located at 129.3 and 130.3 eV
indicates the controllable P-M bonding ratio in the electrocat-
alyst, posing a strong effect on the surface electronic structure
(Figure 3c). Particularly, for the NMP-20 catalyst, the surface P—
M bond ratio can reach 49.42% (Figure 3d; Table S1, Supporting
Information). In addition, since the detection depth of the XPS
technique is 3-10 nm, while the emission spectroscopy results
of inductively coupled plasma (ICP) can give an overall compo-
sition analysis, combining these two characterization techniques
can give more detailed information on the composition of the sur-
face and the interior regions.?!l As shown in Figure 3e, the ICP
results show that these catalysts’ Ni/Mo ratio values remain al-
most constant. By contrast, the XPS results reveal that this value
decreases continuously with the increasing hydrogen ratio, indi-
cating the outward migration of Mo atoms due to the reaction
between MoP and Ni,P. Combined with the previous analysis,
the electrocatalyst’s surface structure and composition evolution
is proposed, as shown in Figure 3f. When only PH, is introduced,
Ni atoms’ outward migration and phosphorylation occur simulta-
neously, and highly crystalline Ni, P nanoparticles are formed on
the surface. While for the Mo atoms, only a small fraction of Mo
atoms is precipitated from the backbone to form the crystalline
MoP phase (XRD result for NMP), and most of the Mo atoms
react with PH, to form an amorphous MoP nanowire backbone.
Once hydrogen is introduced into the system, the Mo atoms be-
come active, resulting in the crystalline improvement of MoP.
More importantly, the reaction barrier between MoP and Ni, P is
decreased, and a new phase MoNiP, is formed on the interface
of the MoP/Ni, P heterostructure. With the increasing hydrogen
concentration, the increased crystallinity of all phases and en-
hanced relative MoNiP, content are confirmed until the surface
of the catalyst is completely covered with the highly crystalline
phase.

To shed light on the superior electrochemical characteristics
induced by phase engineering, the electrocatalytic HER perfor-
mance of the prepared materials is measured in the 1.0 m KOH
electrolyte. Figure 4a shows the polarization curves of the sam-
ples. NMP-10 exhibits a remarkable HER performance, whose
current density increases rapidly along the increasing potential.
The overpotential for NMP-10 to achieve 10 mA cm™2 catalytic
current density is 20 mV, which is much lower than that of NMP-
5 (53 mV), NMP-20 (67 mV), and NMP-0 (85 mV). More impor-
tantly, as depicted in Figure 4b, only 76 mV is needed for NMP-10
to reach 100 mA c¢m~2, indicating excellent electrocatalytic per-
formance. From the point of view of HER kinetics evaluated by
Tafel plots, the NMP-10 catalyst delivers the lowest slope value
of 30.6 mV dec™", outperforming the NMP-5 catalyst (56.8 mV
dec™), NMP-20 catalyst (76.1 mV dec™!), and NMP-0 catalyst
(119.8 mV dec™!), implying the superior reaction kinetics for
the NMP-10 catalyst (Figure 4c). Moreover, the Tafel slope of
NMP-10 is close to 30 mV dec™!, denoting the HER kinetic pro-
cess mainly governed by the water dissociation step (M + H,O
+ e > MH,,, + OH™, M stands for catalyst, i.e., Volmer—Tafel
mechanism).[??] By contrast, the Tafel slopes of NMP-5, NMP-20,
and NMP-0 fall into the range of 40-120 mV dec™!, indicating
the rate-determining step being insufficient hydrogen interme-
diate combination (MH,4; + H,0 + e- > M + H, +OH", ie,
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Volmer—Heyrovsky step).[2223] It is also worth noting that the im-

proved HER performance is not observed with the increasing
MoNiP, content. This way, the improvement in the HER per-
formance must be due to the synergistic effect among multiple
components with the detailed synergistic effect discussed later.
In addition, electrochemical impedance spectroscopy (EIS), as
shown in Figure 4d, is further employed to investigate the HER
kinetics at the interface between electrodes and electrolytes of the
samples. The recorded Nyquist plots are simulated by a double-
parallel equivalent circuit model, where R, reflects the charge-
transfer kinetics (insets of Figure 4d), and the values of 10.36,
66.18, 76.89, and 133.70 Q for the NMP-10, NMP-5, NMP-20, and
NMP-0 samples suggest that a lower charge transfer resistance is
the reason for the improved HER performance.[**! Moreover, to
evaluate the electrochemical surface area of the fabricated cata-
lysts, electrochemical double-layer capacitances (Cy)) of the cata-
lysts are measured via a simple cyclic voltammetry (CV) method
(Figure S5, Supporting Information), where C, is considered to
be directly proportional to the catalysts’ effective surface area. It
can be seen from Figure 4e that the C, values are measured to
be ~12.9, 8.4, 7.1, and 3.4 mF cm™? for the NMP-10, NMP-5,
NMP-20, and NMP-0 samples, respectively, suggesting that the
NMP-10 catalyst has a more active surface area. When the specific
current density is normalized with respect to ECSA, NMP-10 ex-
hibits a much higher specific current density than those of other
catalysts for the entire voltage range measured (Figure 4f), fur-
ther confirming that the NMP-10 catalyst is indeed intrinsically
more active than the NMP-5, NMP-20, and NMP-0 catalysts.’]
Remarkably, our electrocatalyst exhibited excellent electrochemi-
cal performance in terms of overpotential and Tafel slopes com-
pared with most recently reported catalysts, even for some noble
metal-based catalysts (Figure 4g).1%2¢-38] The durability of the cat-
alyst is then investigated under electrocatalytic operation. Partic-
ularly, we measure the practical operation of the NMP-10 cata-
lyst via electrolysis at a fixed cathodic current density (%100 and
500 mA cm~2). No obvious degradation has been observed for
electrolysis even after a long period of 100 h, suggesting the po-
tential of using these catalysts over a long duration in an electro-
chemical process. In addition, the SEM, TEM, HRTEM, and XPS
results of NMP-10 after 100 h of HER were characterized, exhibit-
ing a typical metal phosphide characteristic (Figure S6, Support-
ing Information).?*#%] It should be noticed that the amorphous
area in the sample increased obviously due to the in situ surface
reconstruction process.

According to systematic experimental work and density func-
tional theory (DFT) theoretical calculations, hydrogen binding
energy (HBE) can be used as a descriptor of HER performance.
Therefore, in order to explore the activity mechanism of the ob-
tained catalysts in depth, correlation studies between HER activ-
ity and experimentally measured HBE were constructed using ul-
traviolet photoelectron spectroscopy (UPS) spectroscopy and CV
methods. First, the valence-state structure of the prepared cata-
lysts is examined using UPS. The electron bands of all samples
crossed the Fermi level (Figure 5a), suggesting their metallic na-
ture. The peaks next to the Fermi level correspond to the metal-
lic Ni 3d states.[*!] The positions of their binding energy are far
from the Fermi level in the following order: NMP-0 < NMP-20 <
NMP-5 < NMP-10. Based on the d-band theory, a downshifted
d-band would result in a weakened adsorption strength.!*]
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Figure 4. Electrochemical performance of as-made electrocatalysts for HER in T m KOH. a) Polarization curves with iR compensation. b) Overpotential
values when the current density is 10 and 100 mA cm™2, respectively. c) Their corresponding Tafel plots, d) EIS spectra, e) difference in the current
density plotted against the scan rate at —0.55 V versus Ag/AgCl, and f) ECSA normalized current densities of the prepared samples. g) Comparison of
overpotentials and Tafel slopes at 10 mA cm~2 for the NMP-10 catalyst with recent reported active HER electrocatalysts. h) Stability test of the NMP-10

catalyst.

Therefore, the order of HBE is: NMP-0 > NMP-20 > NMP-5 >
NMP-10. Furthermore, the HBE of active sites can be directly cor-
related with the potential of under-potentially deposited hydro-
gen desorption peak (E,,) via AH = —FE ., which yields a low
HBE of —0.23 eV for NMP-10 as compared with that of NMP-5
(=0.29 eV), NMP-20 (—0.30 eV), and NMP (—0.34 eV) (Figure 5b),
which is consistent with the UPS results.[*3] In this case, a weaker
H chemisorption strength of NMP-10 compared to other cata-
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lysts induces the acceleration of the hydrogen desorption behav-
ior. Then, the hydrogen adsorption behavior on the catalysts is
also investigated via the operando EIS technique since the sec-
ond parallel components (C, and R,) can reveal the hydrogen
adsorption behavior on the catalyst surface, where R, and C,, re-
flect the hydrogen adsorption resistance and pseudocapacitance,
respectively (inset of Figure 4d; Figure S7, Table S2, Supporting
Information).*! As shown in Figure 5¢, the C, versus # curves
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Figure 5. Mechanism analysis. a) UPS spectra and b) CV curves recorded at 0-0.5 V (vs RHE) of the prepared catalysts. c) Plots of C,, versus 7 of the
catalysts during HER in T M KOH. d) EIS-derived Tafel plots of the catalysts obtained from the hydrogen adsorption resistance, R,. Hydrogen adsorbed
at e) Ni and f) Mo sites, respectively. g) The calculated hydrogen adsorption free energy changes for Ni, P, MoP, MoNiP,-Ni, and MoNiP,-Mo. White:

H; Blue: Ni; Green: Mo; Pink: P.

provide the hydrogen adsorption charge information on the cat-
alyst surface during HER process. The highest C,, value of NMP-
10 indicates the highest H,,, coverage on the surface among the
prepared samples, which is consistent with the Tafel slope analy-
sis. In this way, the corresponding hydrogen adsorption kinetics
on the electrode surface has also changed. Given the potential
dependent R, of all catalysts, it is reasonable to quantify their hy-
drogen adsorption kinetics by plotting log R, versus # and calcu-
lating the EIS-derived Tafel slopes under Ohm’s law.l*!] As shown
in Figure 5d, the obviously decreased EIS-derived Tafel slope for
NMP-10 demonstrates enhanced hydrogen adsorption kinetics.
Overall, the detailed experiment results demonstrate the control-
lable surface chemical inhomogeneity in the ternary heterostruc-
ture, optimizing the HER process via accelerating the hydrogen
intermediate adsorption and desorption kinetics.

To gain more insights, theoretical calculations were employed
to explore the role of each component in the HER process
(Figure S8). Hydrogen intermediates were located at the possible
active site, and the corresponding free energy diagram was ob-
tained accordingly. The Gibbs free energies of MoP and Ni, P are
—0.172 and 0.141 eV, respectively, which is consistent with the
data reported by Jaramilloit's work.[*] For MoNiP,, the Ni and
Mo sites are both the potential active sites for HER (Figure 5e,f).
DFT calculations show the free energies of H adsorption for Ni
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and Mo sites on the MoNiP, surface are 0.006 and —0.003 eV,
respectively, close to 0, which proves that the intrinsic catalytic
activity of MoNiP, is much higher than that of Ni,P and MoP
(Figure 5g). According to the Sabatier principle, Gibbs free en-
ergy’s negative and positive values indicate that H intermedi-
ates are adsorption-prone and detachment-prone on the cata-
lyst surface, respectively.*®! Therefore, in this work, we consider
that MoNiP, is the main catalyst for the HER process and that
MoP and Ni,P synergistically work together to enhance the cat-
alytic performance. Consequently, in the beginning, with the in-
crease of the hydrogen/argon ratio, the increased proportion of
MoNiP, significantly improves the catalytic activity. While for the
sample NMP-20, the surface of the catalyst is almost all crys-
talline regions, and according to previous studies, the perfor-
mance of crystalline catalysts is much lower than that of amor-
phous catalysts.[*’] Therefore, in this work, both the component
content and the amorphous/crystalline exposed area ratio play an
extremely important role in dictating the catalyst’s performance.

3. Conclusion

In this work, we developed a facile H,-assisted method to prepare
ternary Ni,P/MoNiP,/MoP crystalline/amorphous heterostruc-
ture nanowires on the conductive substrate. Based on various
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characterization techniques, the content of the MoNiP, phase
and the crystallinity of the MoP phase can be tuned by simply
controlling the H, concentration. The optimized surface chemi-
cal inhomogeneity yields a proper hydrogen binding energy and
favorable hydrogen adsorption/desorption kinetics. Thus, the ob-
tained electrocatalyst exhibits a superior alkaline HER perfor-
mance, delivering overpotentials of 20 and 76 mV to reach cur-
rent densities of 10 and 100 mA cm~? with a Tafel slope of
30.6 mV dec™!, respectively. Importantly, the catalysts give ex-
cellent stability under a constant 100 h operation, higher than
most previously reported electrocatalysts. This work not only
exhibits the potential application of ternary Ni,P/MoNiP,/MoP
crystalline/amorphous heterostructure nanowires catalysts for
practical larger-scale electrochemical water splitting, but also
demonstrates the importance of phase engineering in the ratio-
nal design and synthesis of heterostructure electrocatalysts.

4. Experimental Section

Preparation of Ni,P/MoNiP,/MoP Ternary Heterostructure Nanowires on
Nickel Foams: In this work, all nickel foams were treated as follows: ace-
tone treatment, hydrochloric acid (2 m), deionized water treatment, and
ethanol treatment for 10 min, respectively. Typically, 0.5 mmol NiCl, and
0.5 mmol Na,MoO, were added to 15 mL of deionized water and mixed
well. Then, a piece of nickel foam and the homogenous solution were
sealed into a Teflon-lined stainless steel autoclave heated at 160 °C for 6 h
in an electric oven. After the hydrothermal treatment, the resulting nickel
foam covered with NiMoO,4 nanowires was washed with deionized water
and ethanol under ultrasonication several times, followed by drying in a
vacuum oven at 80 °C overnight.

Then, NiMoO, nanowires/nickel foam and 800 mg of NaH,PO, were
put into two separate positions of the quartz boat, with the NaH,PO,
powder located on the upstream side of the gas. Then, the samples were
treated at 500 °C for 2 h with a heating rate of 2.5 °C min~' under Ar/H,
atmosphere, and the flow rate was adjusted to 200/0 (NMP), 195/5 (NMP-
5), 190/10 (NMP-10), and 180/20 (NMP-20) sccm, respectively. The final
product was obtained after cooling to room temperature.

The mass loading of the NMP-10, NMP-5, NMP-20, and NMP-0 was
carefully confirmed by a microbalance, which is 15.2, 17.4, 18.2, and
18.4 mg cm™2, respectively.

Material Characterization: The prepared samples were characterized
by SEM (Phenom-World, The Netherlands), field-emission SEM (SU-8010,
Hitachi, Tokyo, Japan), Bruker D2 Phaser (Bruker, Billerica, MA, USA) in-
strument equipped with a monochromatized Cu—Ka radiation, TEM, and
HRTEM (Tecnai G2 F30, FEI, Hillsboro, OR, USA), and XPS (VG Multilab
2000, Thermo Fisher Scientific, Waltham, MA, USA). SPECS Leybold EA 11
MCD hemispherical electron analyzer was employed to acquire UPS He I
spectra with an excitation energy of 40.82 eV. The binding energy scale was
referenced to the Fermi level of the Au sample. The area and perimeter of
the crystalline particle were counted with the software Image).

Electrochemical Measurement: All electrochemical characterization
was surveyed via Gamry 300 electrochemical workstation with a conven-
tional three-electrode cell at room temperature. The prepared sample, sat-
urated calomel electrode, and a carbon rod were employed as the working
electrode, the reference electrode, and the counter electrode, respectively.
The active area of the electrocatalyst immersed in the electrolyte was de-
fined by applying a silicon rubber. All potentials calibrated are versus the
reversible hydrogen electrode (RHE). The activities of HER were investi-
gated in T M KOH aqueous solution (pH = 14) with a scan rate of 5 mV
s~1. EIS investigations were conducted in the 100 kHz to 0.1 Hz frequency
range at various HER potentials.

DFT Calculations: Vienna ab initio Simulation Package and the
Perdew—Burke—Ernzerhof functional within generalized gradient approx-
imation were carried out to perform DFT calculations. The projector aug-
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ment wave method was applied in plane waves with a cutoff energy of
500 eV. All geometry optimizations were converged with a Hellmann—
Feynman force smaller than 0.02 eV A~" and a total energy change smaller
than 107> eV. KPoints were automatically generated via vaspkit.
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