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Heterostructured V-Doped Ni,P/Ni;,P5 Electrocatalysts for
Hydrogen Evolution in Anion Exchange Membrane Water

Electrolyzers

Tingwen Zhao, Shuhao Wang, Yibing Li, Chen Jia, Zhen Su, Derek Hao, Bing-jie Ni,

Qiang Zhang, and Chuan Zhao*

Regulating the electronic structure and intrinsic activity of catalysts’ active
sites with optimal hydrogen intermediates adsorption is crucial to enhancing
the hydrogen evolution reaction (HER) in alkaline media. Herein, a hetero-
structured V-doped Ni,P/Ni;,Ps (V-Ni,P/Ni,Ps) electrocatalyst is fabricated
through a hydrothermal treatment and controllable phosphidation process.
In comparison with pure-phase V-Ni,P, in/ex situ characterizations and
theoretical calculations reveal a redistribution of electrons and active sites

in V=-Ni,P/Ni;,Ps due to the V doping and heterointerfaces effect. The strong
coupling between Ni,P and Ni;,P; at the interface leads to an increased elec-
tron density at interfacial Ni sites while depleting at P sites, with V-doping
further promoting the electron accumulation at Ni sites. This is accompa-
nied by the change of active sites from the anionic P sites to the interfacial
Ni-V bridge sites in V-Ni,P/Ni;,Ps. Benefiting from the interface electronic
structure, increased number of active sites, and optimized H-adsorption
energy, the V-Ni,P/Niy,Ps exhibits an overpotential of 62 mV to deliver

10 mA cm2 and excellent long-term stability for HER. The V-Ni,P/Niy,Ps
catalyst is applied for anion exchange membrane water electrolysis to deliver
superior performance with a current density of 500 mA cm~ at a cell voltage

of 1.79 V and excellent durability.

1. Introduction

Electrocatalytic water splitting powered by solar/wind power
offers a promising strategy to generate hydrogen with high
purity and is environmentally friendly.l! Alkaline water elec-
trolysis (AWE) and proton-exchange membrane (PEM) water
electrolysis are two commercially available electrocatalytic

water splitting techniques, however, large
energy consumption in AWE and the use
of noble-metal based catalysts in PEM
electrolyzers prohibited the wide applica-
tion of these water electrolysis techniques.
Anion exchange membrane (AEM) water
electrolyzer combines the merits of AWE
and PEM electrolyzers, and is regarded as
a promising future water electrolysis tech-
nology with notable advantages, including
the simple and compact structure and the
use of earth-abundant transition metal
catalysts.>3] However, the development of
the AEM electrolyzer is still in its infancy
to date. Developing high-efficient and
stable electrocatalysts is highly required
to improve the current density and energy
efficiency of the AEM water electrolyzer.
Between the two half-cell reactions in
the AEM water electrolyzer, hydrogen evo-
lution reaction (HER) is more challenging
in alkaline media due to its sluggish
kinetics. The additional water dissocia-
tion step to generate proton (H*) sources
results in 2-3 orders of lower activity than
that in the PEM electrolyzer.¥! Various transition metal (TM)-
based materials have been developed in recent years to improve
HER activity in alkaline media, including TM sulfides,>°! sele-
nides,”8l and phosphides.’" In particular, nickel phosphides
have attracted great attention due to their high electronic con-
ductivity and structural diversity. However, pure-phase metal
phosphides have relatively large absolute values of Gibbs free
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Scheme 1. lllustration for the two-step fabrication of V-Ni,P/Niy,Ps electrocatalysts.

energy on hydrogen adsorption (AGy:), resulting in strong
interaction with hydrogen intermediates, which is unfavorable
to overall kinetics.¥l Heterostructured materials have abun-
dant interfaces and optimal structure, which can significantly
improve the catalytic activity due to the suitable electronic inter-
actions, optimized band structure, and more exposed active
sites. Nickel phosphides-based heterostructured catalysts have
been reported, such as Ni,P/NiSe,, Ni,P/NiTe,,'®l and NiP,/
FeP,, demonstrated excellent catalytic activity in comparison
with their pure-phase counterparts. However, the different
foreign components may increase the system complexity and
there is a limited choice of appropriate components. The poten-
tial of heterostructured nickel phosphide polymorphs has been
demonstrated toward HER. For example, Liu et al. prepared
Ni,P-NiP, polymorphs via phosphatizing NiS, with optimal
H* adsorption energy and enhanced electronic conductivity,
therefore delivering improved performance in comparison
with pure-phased metal phosphide.¥] Wang and co-workers
proposed the water-induced formation of Ni,P-Ni;,Ps inter-
faces to regulate the electronic states and the obtained catalyst
achieves a current density of 10 mA cm™ with an overpoten-
tial of 76 mV.[”] To date, the controllable preparation of nickel
phosphide polymorphs with desirable nanostructure and intrin-
sically high activity remains scientifically intriguing.

Herein, we show a heterostructured Ni,P/Ni;,P5 catalyst for
promoting HER in alkaline electrolyte and AEM electrolyzer
applications. We further dope vanadium (V) into the hetero-
structured nickel phosphide polymorphs to regulate the elec-
tronic structure and improve the intrinsic HER activity. With
low electronegativity and abundant vacant d orbitals, vanadium
has shown to be a promising doping element to form strong
chemical bonding with host materials.'®-20 By taking advan-
tage of both heteroatom doping and strong interfacial coupling
between Ni,P and NijPs, the V-doped Ni,P/Ni;,Ps catalyst
(denoted: V-Ni,P/Niy,Ps) exhibits excellent catalytic performance
in alkaline HER. Density functional theory (DFT) studies further
confirm the important role of V-doping and heterointerfaces in
regulating the water dissociation energy and the adsorption
strength of hydrogen intermediates on V-Ni,P/Ni;,Ps hetero-
structured catalysts. Using the V-Ni,P/Ni;,P5 in a membrane
electrode assembly (MEA) for an AEM electrolyzer, the cell can
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deliver a current density of 500 mA cm™2 at low cell voltages of
1.79 V with prolonged stability.

2. Results and Discussion

2.1. Synthesis and Physical Characterization

The preparation of V-Ni,P/Nij)Ps heterostructured hydrogen
evolution reaction electrocatalyst involves a two-step process
(Scheme 1). First, the thin NiV hydroxide nanosheets with the
precise controlled V-doping amount were grown on nickel foam
(NF) through a facile hydrothermal method. Then, the prepared
Ni;V hydroxide was phosphorized in the tube furnace using
NaH,PO,-H,0 as the phosphorous source to obtain V-Ni,P/
Ni,Ps electrocatalysts. It was noted that the heterostructured
nickel phosphide polymorphs were only obtained when the
Ni;V hydroxide and phosphorus source were placed in the same
crucible. Otherwise, pure-phase nickel phosphide was obtained
if placed apart (denoted: V-Ni,P). The fabricated V-Ni,P/Ni;,Ps
electrode with NiV precursors with a molar ratio of Ni:V equal
to 3:1 shows the highest HER activity and was discussed in the
following sections unless otherwise stated.

The phase structure of the samples was characterized by
X-ray diffraction (XRD). As shown in Figure 1a, the XRD pat-
tern of V-Ni,P/Ni;,Ps agrees with the component of Ni,P
(ICDD: 03-065-3544) and Ni;,Ps (ICDD: 03-065-1623), indi-
cating a phase restructuring process occurred and two types of
nickel polymorphs were evolved during the phosphorization
treatment. The strong peaks at 44.3° and 52.1° belong to the
underlying NF substrate (ICDD: 03-065-2865). For comparison
purposes, pure Ni,P/Ni;,Ps was also fabricated. Compared to
pure Ni,P/Ni;,Ps, the incorporation of V leads to a broadened
XRD pattern of Ni,P and Nij,Ps, indicating that V doping has a
great influence on the crystal structure, resulting in decreased
crystallinity and increased lattice distortion.?! The comparison
between the XRD patterns of V-Ni,P/Ni;,Ps and V-Ni,P demon-
strates the crucial role of calcination conditions in the precise
control of crystalline phases.

Scanning electron microscopy (SEM) image shows that
dense NiV hydroxide nanosheets grow uniformly on the NF

© 2022 The Authors. Small published by Wiley-VCH GmbH
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Figure 1. a) XRD patterns of V-Ni,P/Ni;;Ps and control samples. Characterization of the optimal V-Ni,P/Ni,Ps, b) SEM image and c¢) TEM image,
d) HRTEM image and e) Enlarged HRTEM image at the interface region marked by yellow square in (d); High-resolution XPS spectra of f) Ni 2p3/, and

g) P 2p in V=Ni,P/Ni;,Ps, Ni,P/Ni};Ps, and pure-phase V-Ni,P.

skeleton (Figure Sla, Supporting Information). The subsequent
phosphorization treatment has no significant influence on the
morphology of V-Ni,P, except the smooth nanosheet surface
becomes roughened (Figure S1b, Supporting Information).
However, the morphology of V-Ni,P/Ni;,Ps is completely dif-
ferent from those of NiV hydroxide and V-Ni,P samples, where
the nanosheets fuse into irregular interconnected nanoplate
clusters with a loose and fluffy porous morphology (Figure 1b).
The above morphology changes on V-Ni,P/Ni;,Ps are confirmed
by the transmission electron microscopy (TEM) characterization,
where a porous structure was observed (Figure 1c), suggesting
the impact of calcination conditions in altering the morphology.
Additionally, the morphology of directly phosphating Ni(OH),
without the incorporation of V dopant was also investigated
(Ni,P/Niy,Ps), where the nanosheet structure is completely trans-
formed into a rugged structure without specific morphology
(Figure Slc). Additionally, high-resolution TEM (HRTEM) was
employed to study the crystal structures of V-Ni,P/Ni;,P5 and
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the interface between the two phases (Figure 1d,e). The lattice
fringes with spacings of 0.192 nm and 0.201 nm correspond to
the (240) and (021) planes of Nij,Ps and Ni,P, respectively. This
result demonstrates the formation of phase interfaces between
Niy,P5 and Ni,P.I"22l Moreover, the lattice fringes become vague
near the interface, suggesting the misarrangement of atoms at
the interface.l”l The energy dispersive spectroscopy (EDS) map-
ping results demonstrate the uniform distribution of Ni, V, and
P elements throughout the V-Ni,P/Ni;,Ps catalyst (Figure S2,
Supporting Information).

The chemical oxidation states of Ni, V, and P in the V-Ni,P/
Nij,Ps and the control samples are investigated by X-ray photo-
electron spectroscopy (XPS). Three peaks are observed in the
high-resolution Ni 2p;;, spectrum (Figure 1f). The appearance
of Ni% at 852.4 eV corresponds to the Ni-P bond, along with
surface oxidized Ni species due to the exposure of metal phos-
phide to air, confirming the formation of nickel phosphides./?!
Especially, compared to the Ni,P/Nij;,Ps sample, the binding
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energy of the Ni-P peak in V-Ni,P/Ni;,Ps experiences a nega-
tive shift of 0.2 eV, suggesting an accumulated electron around
Ni atoms and modulated electronic structure by V doping. Such
partially charged species have been demonstrated to play an
important role in accelerating the HER performance.?3! Addi-
tionally, in comparison with the pure-phase V-Ni,P sample, a
more negatively-shifted Ni-P binding energy was observed in
the Ni 2p;, of the V-Ni,P/Ni,P5 sample, indicating the strong
electronic interactions at the Ni,P/Ni;;Ps interface.! In contrast,
the P 2p spectrum of V-Ni,P/Ni;,P5 shows the binding energies
at 129.3 and 130.2 eV for P 2p;;; and P 2py,, attributing to the
Ni-P bond, which is positively shifted in comparison with coun-
terparts (Figure 1g). These results suggest a strong electronic
coupling around the V-doped Ni,P/Ni;,Ps interface, where
the electrons are transferred from P atoms to Ni atoms. In
the V 2p;), spectrum of V-Ni,P/Ni;,P5 (Figure S3a, Supporting
Information), it shows the presence of two peaks at 516.3 eV
(V¥) and 5175 eV (V>*) on the electrode surface.””! The P-O,
peak at =133.5 eV is also observed, originating from the surface
oxidation due to air exposure. The above XPS results suggest
the incorporation of V dopant and the formation of abundant
heterointerfaces lead to an optimized electronic configuration
with higher electron distribution at Ni sites, which can be ben-
eficial to improving the intrinsic catalytic activity (see below).

2.2. Evaluation of Electrocatalytic Performance

The electrocatalytic HER performance of V-Ni,P/Ni;,Ps was
evaluated using a standard three-electrode system in the 1.0 M
KOH electrolyte. To optimize the catalytic activity, a series
of V,~Ni,P/Ni;,Ps electrodes were prepared with different
amounts of V dopant. As shown in Figure S4, Supporting Infor-
mation, the HER performance is improved with the increase
of V dopants up to 0.25. A further increase of doping amount
to 0.5 leads to a decreased HER performance, due to the dam-
aged NF structure that is unfavorable for electron transfer and
exposure to active sites (Figure S5, Supporting Information).
The catalytic performance of the optimal V-Ni,P/Ni;,P5 elec-
trode was further investigated, together with the counterparts
of Ni,P/Niy,Ps, V-Ni,P, and commercial Pt/C (20 wt.%) drop-
casted onto NF. The iR-compensated polarization curves in
Figure 2a demonstrate that the V-Ni,P/Nij,Ps electrode exhibits
a significantly improved HER activity compared to the control
samples. This result suggests the important role of V-doping
and the constructed interfaces in boosting the HER kinetics.
Notably, the V-Ni,P/Ni;,P5 electrode requires an overpotential
of 62 mV to deliver a current density of —10 mA ¢cm™2, much
smaller than that of Ni,P/Nij,Ps (95 mV), V-Ni,P (125 mV), and
bare NF (206 mV). Moreover, a lower overpotential of 146 mV is
required for the V-Ni,P/Ni;,P5 electrode to reach -100 mA cm2
(Figure 2b). In contrast, larger overpotentials are required
for the Ni,P/Nij,Ps (203 mV) and V-Ni,P (248 mV) electrodes
to deliver the same current density. The performance of the
V-Ni,P/Ni;,Ps hybrid electrode is comparable to or outperforms
most recently reported metal phosphides-based HER catalysts
(Table S1, Supporting Information).

To verify the role of V-doping and heterointerfaces in
improving the HER kinetics, Tafel slopes of the as-prepared
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electrodes were investigated. As shown in Figure 2c, the
V-Ni,P/Ni;,P5 electrode exhibits a small Tafel slope of 63 mV
dec’, suggesting that the reaction undergoes the Volmer-Hey-
rovsky process.?l The value is lower than that of Ni,P/Nij,Ps
(75 mV dec™) and pure-phase V-Ni,P (89 mV dec™), indicating
a faster HER kinetic is achieved. The exchange current density
(jo) value is obtained through the extrapolation of Tafel plots at
the overpotential of 0 V (Figure 3b and Figure S6, Supporting
Information). The calculated j, value of V-Ni,P/Ni;,Ps is
1.58 mA cm™, which is 1.6, 2.7, and 14.3 times larger than that
of Ni,P/Ni;,Ps5, V-Ni,P, and bare NF, further confirming the
faster HER kinetics on the V-Ni,P/Ni,Ps hybrid electrode.l?!
The above results demonstrate that the V-Ni,P/Ni;,P5 electrode
with abundant heterointerfaces and V doping can boost the
intrinsic HER catalytic activity.

The long-term electrocatalytic stability of the V-Ni,P/Ni;,Ps
electrode is further investigated. The V-Ni,P/Nij,Ps electrode
demonstrates outstanding stability during the 40 h continuous
hydrogen evolution test at -50 mA ¢cm™2, and the polarization
curves obtained before and after the durability measurement
show no obvious decay (Figure 2d). The chemical compositions
were analyzed by inductively coupled plasma optical emission
spectroscopy (ICP-OES). The atomic ratios of the elements
after normalization to Ni were found to be NiVj Poes and
NiVj 4P 63 before and after HER. The slight variation of chem-
ical compositions is possibly caused by the surface corrosion of
the catalysts by KOH, resulting in slightly decreased catalytic
activity (Figure 2d inset). Furthermore, the XRD pattern and
SEM image reveal that the crystal structure and morphology
of the electrode are well maintained after the stability test
(Figures S7 and S8, Supporting Information). XPS spectra
show the presence of Ni, V, and P after the HER, as well as the
existence of the characteristic metal-phosphide peak (Figure S3,
Supporting Information). Moreover, in comparison to in those
in Figure 1f, the formation of more surface nickel phosphates
during HER can be observed, which is consistent with the
previous studies.?®?] By comparing the relative peak inten-
sity, the partial Ni-P peak is merged with the Ni** peak, and
the intensity of the Ni?* peak increased, demonstrating partial
surface oxidation during the HER process." The partially oxi-
dized surface can be ascribed to the HER mechanism under
alkaline media, where the additional H,O adsorption process
is required, resulting in the locally accumulated OH™ on the
surface of the catalyst.”®! The introduction of O adsorption
sites leads to surface oxidation. However, the formation of the
surface nickel phosphates layer can serve as a passivation layer
to prevent the dissolution of inner nickel phosphide,?” thus
ensuring the favorable stability of V-Ni,P/Nij,Ps.

2.3. Electronic Structure and Activity Analysis

To understand the origin of the improved performance of the
V-Ni,P/Ni;,P5 electrode toward HER, we first evaluated the
charge transfer process of these electrodes by electrochemical
impedance spectroscopy (EIS). It shows that both Vdoping
and constructed heterointerfaces can improve the electron
transfer during HER (Figure 3a). The fitting of Nyquist plots
using an equivalent circuit model (Figure S9, Supporting

© 2022 The Authors. Small published by Wiley-VCH GmbH
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Figure 2. a) iR-compensated HER polarization curves, b) Comparison of overpotentials to deliver -10 and -100 mA cm™ current density, c) Tafel plots of
different electrodes in 1.0 M KOH. d) Long-term durability test of V-Ni,P/Niy,Ps electrode and polarization curves before and after the stability test (inset).

Information) reveals the charge transfer resistance (R.) of
the V-Ni,P/Nij,Ps electrode (R = 4.7 Q) is much smaller than
that of Ni,P/Ni;,Ps (R =78 Q) and V-Ni,P (R = 9.2 Q), sug-
gesting a faster electron transfer kinetic of HER at the V-doped
Ni,P/Ni;,Ps electrode.' Besides, the formation of abun-
dant heterointerfaces between the two nickel phosphide
polymorphs is more important for accelerating the charge
transfer, as smaller charge transfer resistances were found
for the samples with abundant heterointerfaces. Addition-
ally, the electrochemical surface area (ECSA) was measured
by the double-layer capacitance (Cq) using cyclic voltammetry
at different scan rates in a non-Faradaic region (Figure S10,
Supporting Information).? As shown in Figure 3b, the
V-Ni,P/Ni;,P5 electrode displays the largest ECSA among the
tested samples, suggesting it possesses more catalytic active
sites. Two main factors contribute to the enhanced ECSA. First,
V-Ni,P/Ni;,P5 exhibits a loose and fluffy morphology, which is
beneficial for enlarging the surface area with exposure to more
active sites. Additionally, V-Ni,P/Ni;,Ps has a porous structure
that can be seen in the TEM image, resulting in a larger ECSA.
To exclude the effect from the surface area, the current density
was normalized to ECSA (Figure S11, Supporting Information).
Evidently, the V-Ni,P/Ni;,P5 electrode still exhibits a larger cur-
rent density than Ni,P/Ni;,Ps and V-Ni,P, revealing the enhanced
intrinsic activity of each active site. Moreover, the average turn-
over frequencies (TOFs), which also reflect the intrinsic activity
of each active site, are calculated on V-Ni,P/Ni;,Ps, Ni,P/Ni;,Ps,
and V-Ni,P electrodes. The number of active sites and TOFs
were examined by the reported electrochemical characteriza-
tions method (Figure S12, Supporting Information).?32l The
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TOF of V-Ni,P/Ni;,P5 at the overpotential 100 mV is calculated
to be 0.18 s71, which is higher than that of Ni,P/Ni;,P5 (0.1 s7})
and V-Ni,P (0.088 s7), further verifying the promoted HER
intrinsic activity on the V-Ni,P/Ni;,P5 electrode. Based on the
electrochemical results, it can be concluded that the boosted
HER performance is mainly attributed to the excellent intrinsic
activity as well as the enlarged electrochemical surface area.

To obtain insights into the specific active sites of V-Ni,P/
Ni;,Ps for HER, the thiocyanate ions (SCN-) were introduced
into the electrolyte, which is known to efficiently interact with
metal and poison metal-centered active sites.’>**/ As shown
in Figure 3c, upon the addition of SCN-, the HER current of
the V-Ni,P/Ni;,P5 electrode decreased dramatically, confirming
the HER activity dominantly derives from the metal sites
(Ni-V bridge sites, see below). For the control sample Ni,P/
Ni;,Ps, similar to the V-Ni,P/Ni;,P5 electrode, the HER current
of the Ni,P/Nij,Ps electrode also substantially decreased with
the addition of SCN~ (Figure S13, Supporting Information). In
contrast, the V-Ni,P electrode only experiences a slight drop in
HER activity in SCN~ containing solution. These results sug-
gest that for the pure-phase V-Ni,P, the dissociated proton
tends to adsorb on the P sites, due to the negatively charged
P sites would potentially bond with the proton and served as
the main active sites during HER.[33¢3] While for the hetero-
structured V-Ni,P/Ni;,P5 and Ni,P/Ni;,Ps samples, the electron
redistribution at the interfaces would change the main active
sites from P sites to the metal bridge sites.

In situ Raman spectroscopy was further employed to capture
the reaction intermediates of V-Ni,P/Ni;,Ps and gain insights
into the HER mechanism. The measurements were performed

© 2022 The Authors. Small published by Wiley-VCH GmbH
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Figure 3. a) Nyquist plots of V-Ni,P/Nij,Ps and counterparts measured at an overpotential of 233 mV. b) Exchange current density (red) and ECSA
(purple) of as-prepared electrodes. c) HER polarization curves of V-Ni,P/Ni;,Ps with and without 10 mM KSCN in 1.0 M KOH, demonstration of metal
sites is blocked by SCN™ (inset). d) In situ Raman spectra of V-Ni,P/Ni;,Ps at OCP and different applied potentials versus RHE.

with a Teflon in situ Raman cell, and the as-prepared elec-
trodes, gold wire, and saturated calomel electrode were used
as a working electrode, counter electrode, and reference elec-
trode, respectively (Figure S14a, Supporting Information). The
in situ Raman spectra were collected at a potential range from
the open circuit potential (OCP) to —300 mV versus reversible
hydrogen electrode (RHE). As shown in Figure 3d, no obvious
peak was detected at OCP and 0 mV vs RHE. When the applied
potentials were above —100 mV versus RHE, a broad peak cen-
tered at 845 cm™ appeared, which is attributed to a Ni—H,q
vibrational band.?®3% The peak intensity increases when more
negative potentials were applied (from —100 mV to —300 mV
vs RHE), suggesting that Ni-H,4 intermediate species were
formed on the catalyst during the HER. In contrast, no such
peak was observed when the same potential was applied to
the V-Ni,P electrode (Figure S14b, Supporting Information).
The above experimental results demonstrate the metal sites
in the heterostructured V-Ni,P/Ni;,P5 are the major catalytic
active sites for HER.

2.4. Theoretical Simulations

Density functional theory (DFT) calculations were further
carried out to understand the alkaline HER activity of the
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V-Ni,P/Ni;,Ps catalyst. Here, we consider the three main
processes in alkaline HER, including adsorption of H,0O
molecules, H,O dissociation, and the adsorption/desorption
of hydrogen intermediate (H*). Firstly, the optimized adsorp-
tion structure of H* and OH* adsorption on the surface of
V-Ni,P/Ni;,Ps, Ni,P/Ni;,Ps, and V-Ni,P is shown in
Figure 4a and Figure S15, Supporting Information. It is known
that the HER is strongly affected by the adsorbed H,0O mole-
cules because the weak adsorption of H,O on the catalyst leads
to a higher energy barrier for the H,0 dissociation step.4 As
shown in Figure S16a, Supporting Information, the V-Ni,P/
Ni;,P5 surface has the lowest H,O adsorption energy (4Gy,o)
value of —0.93 eV in comparison to Ni,P/Ni;,Ps (—0.61 eV) and
V-Ni,P (-0.31 eV), demonstrating that V-doped Ni,P/Ni;,P5 sur-
face is more energetically favorable for H,0 adsorption, and
thus benefiting for the Volmer process.l*!

Then, the energy barrier required for H,O dissociation and
adsorption of H* is calculated for evaluating the HER catalytic
performance.?? The calculated results of the H,0O dissociation
diagram show a large energy barrier of 1.34 eV on the V-Ni,P
surface (Figure S16b, Supporting Information), which greatly
hinders the water dissociation to form H*, resulting in sluggish
HER kinetics. The H,O dissociation energy barrier is reduced
to 0.90 eV on the Ni,P/Ni;,Ps surface and further reduced to
0.52 eV on the V-Ni,P/Ni;,P5 surface. These results suggest the
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Figure 4. a) The optimized calculation models of adsorption of H* and OH* intermediates on V-Ni,P/Ni;,Ps and V-Ni,P (top view). b) HER free energy
diagram calculated for different electrode materials. c) Calculated charge density distribution at the interface. Yellow and cyan refer to electron-rich and

electron-deficient areas, respectively.

important role of the constructed Ni,P/Ni;,Ps interfaces and
V doping in promoting the dissociation of H,0 molecules to
form H* intermediates.['®l For the pure-phase V-Ni,P catalyst,
the H* tends to adsorb on a P site, which is in accordance with
the literature.'>" In contrast, for the V-Ni,P/Ni;,Ps catalyst,
the dissociated H* tends to adsorb on the Ni-V bridge sites at
the interface, and the V sites in Nij,Ps near the phase junction
exhibits a higher affinity for the OH group (Figure 4a).

As evident by both theoretical calculations and experimental
results, the formation of heterointerfaces would change the
proton-acceptor from P atoms to the Ni—V bridge sites near
the phase junction. The calculated free energies of hydrogen
(AGys) on V-Ni,P/Nij,Ps, Ni,P/Nij,Ps, and V-Ni,P with the
most energetically stable configurations are calculated, and the
V-Ni,P/Ni;,Ps catalyst displays a value of AGy« (—0.24 eV) at
the interface region (Figure 4b), which is smaller than those
on pure-phase V-Ni,P (0.46 eV) and Ni,P/Ni;,Ps (0.32 eV). The
decreased |[AGys| value for V-Ni,P/Ni},Ps catalyst indicates the
synergistic effects of interfacial interactions and V-doping on
optimizing the adsorption of H*. In this way, the subsequent
H, generation process will also be accelerated, thanks to the
optimal binding energy between H* and catalyst surfaces.

To gain insights into the aforementioned effects of the
heterointerface and V-doping on H* binding, the charge dis-
tribution of Ni and P atoms at the interface was investigated
using Bader charge analysis (Table S2, Supporting Informa-
tion).I8! Substantial electrons are accumulated at the interfacial
region in comparison with the region away from the interface
(Figure 4c), indicating a clear electron redistribution at the
interface. According to the calculation results, the formation
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of heterostructure and V-doping leads to =0.023 electrons per
atom migrating from the Ni;,Ps phase to the Ni,P phase and
accumulating at Ni atoms in Ni,P close to the interface. Simul-
taneously, P atoms of V-Ni,P at the interface lose electrons
(=0.034 electrons per atom). Such electronic transfer between
the two components is beneficial for the interactions of reac-
tants with the catalyst surface, thereby improving the interfacial
reactivity of the hybrid structure. The above DFT results sug-
gest that the V-doped nickel phosphide polymorphs can effec-
tively regulate the water dissociation behavior of H,0 mole-
cules, the adsorption energy of H* intermediates as well as the
release of H,. The strong coupling interactions between the
two phases and the optimized electronic structure by V-doping,
synergistically accelerate the reaction kinetics and electrochem-
ical performance in HER.

2.5. Application for AEM Water Electrolyzer

To demonstrate the potential of V-Ni,P/Ni;,Ps catalysts for large
current density water electrolysis, an AEM electrolyzer was con-
structed by coupling the as-prepared V-Ni,P/Ni;,Ps (cathode)
with a NiFeCr layered double hydroxide (LDH, anode)®*!
(Figure 5a). NiFeCr LDH is selected as an anode material
because it exhibits outstanding OER activity (Figure S17,
Supporting Information), and it represents the benchmark
transition-metal-based OER catalysts.*1 The AEM electro-
lyzer (NiFeCr|[V-Ni,P/Ni;,Ps) was tested at room temperature
and 55 °C, respectively (Figure S18, Supporting Information).
Increasing electrolyte temperature significantly decreases cell
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Figure 5. a) Schematic representation for an AEM electrolyzer. b) Polarization curves of NiFeCr||V-Ni,P/Ni;,Ps and commercial IrO,||(Pt/C) AME
electrolyzer recorded at 55 °C in 1.0 M KOH solution (without iR compensation). c¢) Chronopotentiometric curve of the NiFeCr||V-Ni,P/Ni;;Ps AME

electrolyzer at the cell density of 500 mA cm™2.

voltage. For example, the NiFeCr||V-Ni,P/Nij,Ps cell delivers
up to 400 mA cm™ at a cell voltage of 2.0 V at room tem-
perature, while the same current density can be obtained at
1.73 V at 55 °C. In comparison to an AEM electrolyzer made
from commercial catalysts IrO,||(Pt/C) at 55 °C (Figure 5b).
The NiFeCr|[V-Ni,P/Ni;,Ps cell delivers a current density of
500 mA cm™ at the cell voltage of 1.79 V, corresponding to
an energy conversion efficiency of 70%, while the IrO,||(Pt/C)
cell requires 1.91 V to deliver the same current density, corre-
sponding to the energy efficiency of 63%.

The Faradaic efficiency (FE) of the AEM water electrolyzer
was evaluated by collecting the evolved gaseous products over
the cathode at a cell voltage of 1.7 V via gas chromatography
(GC). The average FE of 98.9% was detected when employing
the V-Ni,P/Ni;,Ps cathode in the AEM electrolysis (Figure S19,
Supporting Information). This result suggests the genera-
tion of pure H, without any undesirable side reactions in our
AEM water electrolyzer. The performance is comparable or
superior to the state-of-art AEM water electrolyzers reported
using transition metal-based electrodes (Table S3, Supporting
Information). Furthermore, the long-term stability of the
NiFeCr|[V-Ni,P/Ni;,Ps cell was conducted at a constant current
density of 500 mA cm™ for 40 h. No significant voltage increase
was observed (Figure 5c), demonstrating its great potential for
future practical water electrolysis.

3. Conclusions

A V-Ni,P/Ni;,Ps heterostructured electrocatalyst has been
developed for robust hydrogen production. As confirmed by

Small 2022, 18, 2204758 2204758 (8 of 10)

experimental and DFT calculation results, the strong interac-
tions between two nickel phosphide polymorphs and V dopants
endow V-Ni,P/Ni;,Ps with optimized electronic configura-
tion, large electrochemical surface areas with more exposed
active sites, fast reaction kinetics, and enhanced electrical
conductivity, thus enabling excellent HER activity and robust
durability in alkaline media. The electron redistribution around
the heterointerfaces in the hybrid catalyst promotes adsorp-
tion and dissociation of water molecules as well as optimizing
the binding energy of H* intermediates on the catalytic active
sites. When applied in an AEM water electrolyzer, the catalyst
demonstrated satisfying performance, further highlighting its
potential application for large-scale hydrogen production. This
work provides a strategy to enhance the catalytic performance
of transition metal-based electrocatalysts by regulating the
electronic structure and intrinsic activity.

4. Experimental Section

Synthesis of NiyV, Precursors: Ni foam (NF, 2 X 3 cm, 1.5 mm
thickness) was sequentially sonicated in 3.0 M HCl and deionized (DI)
water for 15 min to remove the surface oxide. The NiV electrode was
prepared by a hydrothermal method. In brief, the desired amount of
NiCl,-6H,0, VCl;3-6H,0, 6 mmol of urea, and 4 mmol of NH4F were
dissolved in 40 mL DI water with vigorous stirring for 30 min. The total
amount of metal ions was kept at 3 mmol, and different molar ratios of
Ni:V (Ni:V equals 1:0, 12:1, 3:1, and 1:1) were used to prepare the NiV
electrode. Afterward, the above solution was transferred into a 25 mL
Teflon-lined stainless-steel autoclave and heated at 120 °C for 12 h. The
as-prepared materials were rinsed with DI water and dried at 60 °C.

Synthesis  of V-Ni,P/Niy,Ps Electrodes: The as-prepared Niy,V,
precursor was mixed with different amounts of NaH,PO,-H,0O and

© 2022 The Authors. Small published by Wiley-VCH GmbH

858017 SUOWIWOD BRI 3(dedl|dde ayy Aq peussnob afe sspiie YO ‘9sh Jo se|nl Jo} Akeid18ul|uO AB|IA UO (SUOTIIPUOD-PUE-SWB)LIO" A 1M A1 1 U1 |UO//:STIY) SUOIIPUOD PUe Swie | 8U1 89S *[£202/20/92] U0 Aiqiaul|uo /8|1 eifesshy 8UI4o0D euoeN OH INHN Ad 85402202 [IWS/200T 0T/10p/uod A3 | 1M Aeiq 1 puljuo//sdiy Wwoly pepeojumod ‘Of ‘220z ‘6289€T9T



ADVANCED
SCIENCE NEWS

Sl

www.advancedsciencenews.com

put into a crucible with a cover. The crucible was placed at the center
of the tube furnace and annealed at 350 °C for 60 min with a rising
rate of 2 °C min™ under Ar atmosphere. After being cooled down, the
final product was collected by rinsing with DI water several times and
vacuum drying. The mass loading is =2.0 mg cm™.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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