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ABSTRACT: Neutral-pH water splitting for hydrogen production features a benign environment that could alleviate catalyst and
electrolyzer corrosion but calls for the corresponding high-efficiency and earth-abundant hydrogen evolution reaction (HER)
catalysts. Herein, we first designed a series of metal oxides decorated on Ni as the model catalysts and found a volcano-shaped
relationship between the Lewis acidity of Ni/metal oxides and HER activity in neutral media. The Ni/ZnO with the optimum Lewis
acidity could balance water dissociation and hydroxyl desorption, thereby greatly boosting the HER. On the basis of this finding, we
further in situ grew the Ni/ZnO heterostructure on a three-dimensional conductive support. The resulting catalyst requires
overpotentials of merely 34 and 194 mV to deliver the current densities of 10 and 200 mA cm 2, respectively, and can stably operate
at these current densities for 2000 h in 1 M phosphate buffer solution (pH 7), representing the most active and durable HER catalyst
in neutral electrolyte reported thus far. Our work provides an effective design scheme for low-cost and high-performance neutral
HER catalysts.

B INTRODUCTION

Hydrogen, as a vital chemical feedstock and an energy carrier,
has been widely used in many industrial fields, including
petroleum refining, ammonia production, and fuel cell
vehicles.' > Compared with hydrogen production from fossil
fuels, water electrolysis powered by renewable electricity can
provide great promise to produce clean hydrogen with an
emission-free route." ® The electrocatalytic hydrogen evolu-
tion reaction (HER) can be performed in either acidic, neutral,
or alkaline media.”~” The HER operating in a mildly neutral
environment has attracted much attention, as it could extend
the catalyst option, alleviate the catalyst and electrolyzer
corrosion, and offer the potential feasibility for the direct

Previous studies revealed that alkaline/neutral HER begins
with the Volmer step (H,O + e~ — H* + OH™) and is
followed by the Heyrovsky or Tafel step (hydrogen
combination step).'”'®™*' Essentially, the Volmer step
involves the initial water dissociation step (H,O — H* +
OH*) and the subsequent OH* desorption step (OH* + e~
— OH™).”>**** Among these earth-abundant HER catalysts,
Ni-based materials with high conductivity and cheap price have
been investigated for alkaline/neutral HER catalysis.”* >
However, metallic Ni usually exhibits the unsatisfactory HER
activity, probably owing to the poor water dissociation

ability.”>™*” To accelerate the HER kinetics of Ni, one efficient

seawater electrolysis.'’~"> Although Pt-based materials have
been well-known as the benchmark catalysts for HER, their
high cost limits the large-scale application.s’lé’17 Therefore, it is
highly required to design and develop nonprecious HER
catalysts with high performance for the low-cost neutral water
splitting.
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Figure 1. HER performance for Ni/MO, catalysts in neutral electrolyte. (a) Schematic illustration of the accelerated Volmer step for HER through
a designed Ni/MO, heterostructure catalyst. (b) HER polarization curves with the iR correction for Ni and Ni/MO, catalysts in 1 M PBS. (c) The
overpotentials at 10 mA cm™2 for Ni and Ni/MO, catalysts. (d) NH;-TPD curves for Ni and Ni/MO; catalysts. (e) Correlation between the HER
activity and Lewis acidity for Ni and Ni/MO,, catalysts, showing a volcano-like relationship. The error bars represent the standard deviation of three

independent HER activity measurements.

strategy is introducing the oxophilic component, where the
oxophilic site binds with OH* and the Ni site binds with H* to
cleave the H—OH bonds of H,O molecule for the facilitated
water dissociation.”>**** Various transition-metal oxides and
hydroxides have been reported as the oxophilic components to
couple with Ni for the formation of the heterostructure
catalysts, such as Ni/NiO,ZG’29 Ni/Ln203,25 Ni/VZO3,3O’31 Ni/
Mn;0,,>* Ni/NiO/MoO;,* Ni/Ni(OH),,**™*° Ni/NiFe-
(OH),,”” and so on. Although these heterostructure catalysts
could efficiently boost the alkaline HER, the HER performance
in neutral media has rarely been explored. In addition,
according to the Brensted—Evans—Polanyi principle, the too-
strong OH* adsorption on the oxophilic species would inhibit
OH* desorption in the Volmer step, resulting in the
accumulation of OH* on the active sites to impede the
water readsorption.”””>** In this regard, how the various
oxophilic species affect the HER activity of Ni and whether the
option of oxophilic species is proper have never been fully
elucidated.

Recently, to investigate the effect of adsorbed OH* on the
HER activity of Pt in alkaline media, Koper et al. used the
Pt(553) single-crystal electrode as a model surface and
deposited various metal atoms with variable OH* binding
energy (OHBE) at the Pt step edge.”’ This specific structure is
sufficiently simple to construct the model and calculate the
OHBE using density functional theory (DFT). Their alkaline
HER activities exhibited a volcano-shape relationship with the
DFT-calculated OHBE, indicating that an optimum OHBE is
required.zo’25 Nevertheless, the structures of Ni-based hetero-
structure catalysts are not well-defined, and the accurate
determination of the OHBE from DFT is relatively time-
consuming.””*” Therefore, it is urgent to experimentally seek a
suitable activity descriptor and correlate the measured activity
descriptor with HER activity, thereby guiding the achievement
of high-performance Ni-based HER catalysts in neutral media.

Herein, we first constructed various metal oxides decorated
on Ni (denoted as Ni/MO,, M = Ti, Cr, Mn, Ni, Zn, Cd, or
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In) as the model catalysts and found that the HER activities of
Ni/MO, catalysts exhibit a volcano-like trend as a function of
the Lewis acidity of catalysts in a neutral electrolyte. As the
Lewis acidity can well-reflect the OH* binding ability, Ni/ZnO
with the proper Lewis acidity can greatly boost the Volmer
step by optimizing the water dissociation as well as the OH*
desorption. Further, the Ni/ZnO heterostructure was in situ
grown on the three-dimensional conductive substrate (denoted
as 3D-Ni/ZnO) to expose more active sites. The obtained
catalyst requires small overpotentials of 34 and 194 mV to
achieve 10 and 200 mA cm™ respectively, which is much
better than that of the Pt/C catalyst in 1 M phosphate buffer
solution (PBS, pH 7). Most impressively, the 3D-Ni/ZnO
catalyst demonstrated excellent stability at both 10 and 200
mA cm™? for 2000 h.

B RESULTS AND DISCUSSION
HER Performance for Ni/MO, Catalysts. Although

different metal/metal oxide heterostructures, such as Ni/NiO
and Co/Co0, catalysts,”**”*>*" have been reported to
accelerate the water dissociation step for HER, how the
oxophilic metal oxides affect their HER activities is not well-
understood. Different Ni/MO, (M = Ti, Cr, Mn, Ni, Zn, Cd,
or In) heterostructure catalysts were fabricated as the typical
example to investigate the effect of MO, on their HER
activities (Figure la). We first synthesized the Ni(OH),
precursor through a simple hydrothermal method (Figures
S1 and S2) and then obtained metallic Ni nanoparticles by a
thermal reduction process (Figure S3). Subsequently, Ni
nanoparticles were mixed with different metal salt precursors
with Ni/M molar ratios of 9/1, which were further annealed at
350 °C under an argon atmosphere to generate these Ni/MO,
catalysts. During the annealing treatment, Ni kept its metallic
state, while metal salt precursors were thermally decomposed
to produce the corresponding MO, species.

Transmission electron microscopy (TEM) images (Figure
S3) showed that bare Ni has a nanoparticle morphology with a
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Figure 2. In-situ Raman spectra and DFT calculations. (a—c) In-situ Raman spectra for Ni (a), Ni/ZnO (b), and Ni/Cr,0; (c) catalysts at
different cathodic potentials. (d) The proportion of K-H,O configuration for Ni, Ni/ZnO, and Ni/Cr,0; catalysts at different cathodic potentials.
(e) The simulated water dissociation process on Ni(111), Ni/ZnO, and Ni/Cr,O; surfaces. The red, white, blue, green, and yellow spheres
represent the O, H, Ni, Zn, and Cr atoms, respectively. (f) The hydroxyl and water adsorption energies on different catalyst surfaces. (g) The

energy barriers for water dissociation on different catalyst surfaces.

smooth surface. After the decoration of different MO, on Nij,
the rough surfaces with small MO, nanoparticles were
observed on all Ni/MO, catalysts. High-resolution TEM
(HRTEM) images and energy-dispersive X-ray spectroscopy
(EDS) elemental mappings (Figures S4 and SS) revealed the
successful formation of the Ni/MO, heterostructure. X-ray
diffraction (XRD) patterns (Figure S6) revealed that the
diffraction peaks for the Ni/MO, catalysts could be well-
indexed to the cubic Ni phase. No or weak MO, phases were
found in the XRD results, probably due to the low content and
poor crystallinity of the MO,. We further performed X-ray
photoelectron spectroscopy (XPS) characterization to probe
the chemical states of the M™' cation and confirm the
composition of MO, for different Ni/MO, samples (Figure
S7).

Then we systematically evaluated the HER activities of Ni
and Ni/MO,, catalysts using a typical three-electrode system in
1 M PBS (pH 7). The HER polarization curves showed that
coupling Ni with different MO, concentrations could improve
the HER activity of Ni (Figure 1b). Especially, Ni/ZnO
exhibited the best HER activity and required the lowest
overpotential of 163 mV to reach a current density of 10 mA
cm™2, much better than that of 323 mV for a pure Ni catalyst
(Figure 1c). The comparison of mass activities revealed a
similar trend for different catalysts (Figure S8). Tafel analysis
(Figure S9) revealed that a high slope of ~140 mV dec™" for
pure Ni catalyst implies the Volmer step as the rate-
determining step.”””® The decreased slopes for Ni/MO,
catalysts (88—115 mV dec™') indicate a more efficient
Volmer—Heyrovsky mechanism behind them, further confirm-
ing the accelerated HER process by oxophilic MO,. In
addition, the HER activities for Ni/ZnO with different Ni/Zn
ratios were optimized (Figure S10).
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The above results demonstrate that the incorporation of
oxophilic MO, on Ni could boost the HER activity, which is
governed by the enhanced OHBE. These Ni/MO, catalysts
prepared by a similar method provide us an opportunity to
systematically investigate it and establish a proper HER activity
descriptor, thus, aiming for the design of more active HER
catalysts in neutral media.

Based on the classic hard and soft acid—base theory, the
M** cation in MO, is the Lewis acid site, and its Lewis acidity
can reflect the binding ability between metal cations and
hydroxyl. We quantified the Lewis acidity of Ni/MO,, catalysts
via a commonly used temperature-programmed desorption of
ammonia (NH;-TPD) method, which is related to the binding
strength between the Lewis acid site and the adsorbed NH;
molecule.””~* As shown in Figure 1d, the obtained NH;-TPD
curves have two desorption peak regions, including the weak
Lewis acid sites at low temperature (50—300 °C) and the
strong acid sites at high temperature (300—600 °C). The
integral area of these two regions can reflect the total number
of Lewis acidic sites, which are used to represent the Lewis
acidity of a catalyst in our study.*’~** We first gained a small
Lewis acidity of 0.084 mmol g™* for a pure Ni catalyst, which
could be attributed to a slight NH; adsorption from the
inevitable oxidation on the Ni surface. Compared with Ni
catalyst, all Ni/MO, composite catalysts exhibited increased
Lewis acidity, on account of the increased NH; adsorption
from the MO, component. As Cr** and Ti* are known as
classic hard Lewis acids,%’47 Ni/Cr,05 and Ni/TiO, showed
the high Lewis acidity of 0.63 and 0.53 mmol g™/, respectively,
larger than other Ni/MO, composite catalysts.

We then plotted the experimentally measured Lewis acidity
of Ni/MO,, as a function of their HER overpotentials at 10 mA
cm™? and mass activities at 200 mV overpotential and found a
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volcano-type trend between them (Figures le and S11). On
the left branch of the volcano, Ni and Ni/CdO have weak
Lewis acidity, resulting in the weak OH* binding ability and
the tough cleavage of H—OH bonds for water dissociation. By
contrast, Ni/Cr,0; and Ni/TiO, on the right branch with the
strong OH* binding ability could expedite the water
dissociation step but might inhibit the OH* desorption and
thus poison the active sites for readsorption of water. Most
impressively, Ni/ZnO located at the top of the volcano has the
optimum OH* binding ability to balance water dissociation
and OH* desorption, thereby achieving the best HER activity.
This volcano relation follows the Sabatier principle, which
reflects that the interaction between the catalysts and the
adsorbate is neither too weak nor too strong,48’49 suggesting
that the Lewis acidity could be an effective HER activity
descriptor for Ni/MO, catalysts in neutral electrolyte. The
Lewis acidity proposed here might be a general activity
descriptor to guide the design of other heterostructure catalysts
to promote the water dissociation step for efficient HER.
In-Situ Spectroscopy Characterization and DFT
Calculations. To further confirm the promoted HER kinetics
by the Ni/ZnO catalyst with the optimum OH* binding
ability, we conducted in situ spectroscopy characterization and
DEFT calculations. Ni and Ni/Cr,0; were also compared as the
control samples with weak and strong OH* binding ability,
respectively. We first performed in situ Raman spectra for Nij,
Ni/ZnO, and Ni/Cr,O; catalysts at different cathodic
potentials to uncover the change of interfacial water
configuration during HER. As shown in Figure 2a-c, all
Raman spectra exhibited broad bands at wavenumbers from
3000 to 3800 cm™', corresponding to the O—H stretching
mode of interfacial water. Gaussian fitting of the O—H
stretching band can result in three distinct regions,”* >
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including 4-coordinated hydrogen-bonded water at ~3200
cm™}, 2-coordinated hydrogen-bonded water at ~3400 cm™},
and weak hydrogen-bonded cation hydrated water (denoted as
K-H,0, K* ion is the electrolyte cation) at ~3600 cm™'.
According to the previous experimental results and ab initio
molecular dynamics simulations,” the transformation of
interfacial water from a disordered distribution to an ordered
structure could be attributed to the formation of the crucial K-
H,O configuration, which can promote the charge transfer
efficiency for the facilitated water dissociation. As the cathodic
potentials decreased, the K-H,O proportion (based on the
peak area®”) for all catalysts gradually increased (Figure 2d),
on account of the electrostatic effect of the K* ion migrating to
the catalyst surface. Compared with Ni and Ni/Cr,0;
catalysts, Ni/ZnO exhibits a prominently higher K-H,O
proportion at all applied potentials (Figure 2d), suggesting
the more ordered interfacial water induced by the Ni/ZnO
catalyst. A lower K-H,O proportion for Ni/Cr,Oj; relative to
Ni/ZnO could be attributed to the strong OH* binding on the
Ni/Cr,0O; surface to impede the water adsorption.

DFT calculations were used to further gain a mechanistic
understanding of the boosted HER activity for the Ni/ZnO
catalyst. We constructed three model surfaces of Ni(111), Ni/
ZnO, and Ni/Cr,0; to determine the difference in OH*/H,0O
adsorption as well as the water dissociation (Figures 2e, S12,
and S13). As proven by the above NH;-TPD experiments
(Figure 1d), the coupling of Ni with the oxophilic metal oxides
can enhance the OH* adsorption to varying degrees. It is also
confirmed by the calculated results that the OH* adsorption
energies for Ni/ZnO and Ni/Cr,0; are —0.15 and —0.50 eV,
respectively, more negative than that of —0.07 eV for pure Ni
(Figure 2f). The strong OH* adsorption can facilely promote
water adsorption on the catalyst surface. As a result, compared
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Figure 4. Electrocatalytic HER performance for 3D-Ni/ZnO in neutral electrolyte. (a) HER polarization curves with iR correction for different
catalysts in 1 M PBS. Scan rate: 2 mV s™". (b) Comparison of the required overpotentials for 3D-Ni/ZnO and Pt/C catalysts at different current
densities. (c) Tafel plots for different catalysts. (d) EIS Nyquist plots for different catalysts at a 100 mV overpotential. (¢) Chronopotentiometric
curves for 3D-Ni/ZnO at 10 and 200 mA cm™> (f) Comparison of HER overpotentials and Tafel slopes for 3D-Ni/ZnO and other reported
neutral HER catalysts. (g) Comparison of stability time for 3D-Ni/ZnO and other reported neutral HER catalysts.

with pure Ni surface, Ni/ZnO and Ni/Cr,0; have a stronger
water adsorption (Figure 2f). We further calculated the energy
barriers for water dissociation on different catalyst surfaces
(Figure 2g). The Ni catalyst with weak OH*/H,O adsorption
shows a very high water dissociation energy of 0.89 eV, which
is responsible for its sluggish HER kinetics and poor HER
activity.25’27 In contrast, Ni/ZnO and Ni/Cr,0; can favor the
water dissociation step by binding with OH* on the oxide site
and H* on the Ni site to expedite the cleavage of H-OH
bonds. Therefore, low energy barriers for water dissociation are
observed on Ni/ZnO (0.59 eV) and Ni/Cr,0; (0.50 eV),
indicating the promoted water dissociation on them. Never-
theless, Ni/Cr,O; exhibits a much stronger OH* adsorption
than Ni/ZnO (Figure 2f), which will hinder the OH*
desorption and water readsorption on Ni/Cr,O; surface,
thereby leading to a worse HER activity for Ni/Cr,0j; relative
to Ni/ZnO. These theoretical results are consistent with the
above volcano trend (Figure le), again verifying that Ni/ZnO
catalyst with the moderate OH* binding ability can balance the
water dissociation and OH* desorption to deliver the best
HER activity.

Synthesis and Characterization of 3D-Ni/ZnO Cata-
lyst. Motivated by the optimum composition of active Ni/
ZnO from the above experimental and theoretical results, we
sought to construct the Ni/ZnO heterostructure catalyst on a
three-dimensional Ni foam (3D-NF) substrate to expose more
active sites and thereby to improve the HER performance
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(Figure 3a). We first in situ grew NiZn-based hydroxide on
3D-NF through an electrochemical codeposition method
(Figures S14—S16). Afterward, the hydroxide precursor was
thermally annealed in an H,/Ar atmosphere at 350 °C to
directly produce a 3D-Ni/ZnO catalyst. During the thermal
reduction process, Ni-based hydroxide was reduced to metallic
Ni and Zn-based hydroxide was converted into ZnO phase. We
can easily obtain a large-sized 3D-Ni/ZnO electrode with an
area of 2 X 14 cm? (Figure S17), indicating a good scalability
for this simple synthetic method.

Scanning electron microscopy (SEM) images of 3D-Ni/
ZnO (Figures 3b and S17) showed that plenty of Ni/ZnO
nanoflakes were loaded onto the 3D-NF skeleton. As imaged
by TEM and scanning TEM (Figures 3c,d and S17), Ni/ZnO
was composed of Ni nanoparticles covered by ultrathin ZnO
nanoflakes. EDS elemental mappings (Figure 3e) further
revealed that the ZnO nanoflakes were uniformly coated on
the surface of the Ni nanoparticles. The Ni/Zn molar ratio for
Ni/ZnO was determined to be ~9/1 from inductively coupled
plasma mass spectroscopy (ICP-MS) measurement, similar to
the initial feed ratio in the electrodeposition process. We also
synthesized 3D-Ni/ZnO with other Ni/Zn ratios by adjusting
the initial feed ratios (Figures S18 and S19). In addition, pure
Ni and ZnO samples grown on a 3D-NF substrate (denoted as
3D-Ni and 3D-ZnO, respectively) were also prepared through
a similar method (Figures S20 and S21).
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HER Performance for 3D-Ni/ZnO Catalyst. We then
investigated the HER performance for the 3D-Ni/ZnO catalyst
and other control samples in 1 M PBS. Commercial Pt/C (20
wt %) catalyst coated on 3D-NF with Nafion binder was also
tested for comparison. Figure 4a shows the typical HER
polarization curves for different samples. 3D-ZnO exhibited
the approximate polarization curve with the 3D-NF substrate,
indicating the poor HER activity for ZnO. 3D-Ni can
moderately improve HER activity with an overpotential of
231 mV at a current density of 10 mA cm™> Most
impressively, 3D-Ni/ZnO showed outstanding HER activity
(Figures 4b and S22), which requires small overpotentials of
34, 121, and 194 mV to reach the current densities of 10, 100,
and 200 mA cm™?, respectively. It outperformed the Pt/C
catalyst with 43, 213, and 369 mV overpotentials to achieve the
corresponding current densities. The overpotential of 43 mV at
10 mA cm ™2 for Pt/C catalyst is close to many reported Pt/C
catalysts in the literatures."#*"**7>° It is remarkable that 3D-
Ni/ZnO shows significantly lower HER overpotentials than
that for Pt/C at large current densities (>100 mA cm™?),
indicating the prominent benefit of the in situ growth of active
Ni/ZnO component on the 3D conductive substrate. It was
probably due to the blockage of some Pt/C active sites by
binder polymer, thus leading to the poor mass transfer.”"”>*’

Tafel slope analysis gave values of 127, 49, and 68 mV dec™
for 3D-Ni, 3D-Ni/ZnO, and Pt/C, respectively (Figure 4c).
Compared with 3D-Nij, the decreased Tafel slope for 3D-Ni/
ZnO implies that the HER mechanism shifts from the Volmer
rate-determining step to Volmer—Heyrovsky mechanism. We
further carried out the electrochemical impedance spectrosco-
py (EIS) tests and found that 3D-Ni/ZnO catalyst had the
smallest charge transfer resistance of ~4 Q (Figure 4d),
indicating the fastest charge transfer kinetics. The evolved
hydrogen amount was detected via gas chromatography,
yielding approximately 100% Faradaic efficiency for 3D-Ni/
ZnO catalyst (Figure S$23). We also optimized the Ni/Zn
molar ratio and found that 3D-Ni/ZnO with a Ni/Zn molar
ratio of 9/1 had the best HER activity (Figure S24).

Apart from the catalytic activity, long-term stability is
another vital metric for catalyst evaluation. We thus performed
chronopotentiometry tests at constant current densities of 10
and 200 mA cm™> to examine the HER durability. The
voltage—time curves in Figure 4e demonstrate that 3D-Ni/
ZnO could stably operate at both 10 and 200 mA cm™ for
>2000 h without any degradation. The post-mortem character-
izations displayed the robust morphology and structure for 3D-
Ni/ZnO after HER stability tests (Figures S25—527). In terms
of the overpotential, Tafel slope, and stability time, our 3D-Ni/
ZnO surpasses most of the reported neutral HER catalysts,
representing the best active and durable HER catalysts in
neutral electrolyte (Figure 4f,g and Table S1).

1

B CONCLUSION

In summary, we found a volcano-like relationship between the
HER activity and Lewis acidity of Ni/MO, heterostructure
catalysts and proposed Lewis acidity as an effective activity
descriptor for Ni/MO,-based catalysts in a neutral electrolyte.
Especially, Ni/ZnO located at the top of the volcano has the
optimum OH* binding ability to balance the water
dissociation and OH* desorption, thereby achieving the best
HER activity. Based on our finding, we further constructed the
active Ni/ZnO component on the 3D conductive substrate to
expose more active sites. As a result, the obtained 3D-Ni/ZnO
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can efficiently and robustly catalyze the HER in 1 M PBS,
greatly exceeding other reported neutral HER catalysts in the
literature. The outstanding HER activity and durability for our
developed catalyst reveal the rational design strategy for the
achievement of active and nonprecious HER catalysts in
neutral electrolyte.

B EXPERIMENTAL SECTION

Synthesis of Ni/MO,. We first prepared Ni nanoparticles through
a simple hydrothermal method, followed by a thermal reduction
process. Briefly, 2 mmol of Ni(NO;),-6H,0, 10 mmol of urea, and 30
mL of water were mixed and transferred into a 50 mL Teflon-lined
stainless autoclave at 120 °C for 6 h. After centrifugation and washing,
the resulting Ni(OH), precursor was annealed in an H,/Ar
atmosphere at 350 °C for 1 h to produce the Ni nanoparticles.
Then MO, (M = Ti, Cr, Mn, Ni, Zn, Cd, or In) was decorated on Ni
nanoparticles through a thermodecomposition method. Different
metal salt precursors (0.1 mmol), including Ti(OC,H,),, Cr-
(CH,;COO);, Mn(CH;COO),, Ni(CH,COO), Zn(CH,;COO),,
Cd(CH;C00),, or In(CH;COO0);, were dissolved in ethanol and
mixed with 0.9 mmol of Ni nanoparticles, which were annealed at 350
°C in an argon atmosphere to produce different Ni/MO, samples.

Synthesis of 3D-Ni/ZnO. The 3D-Ni/ZnO electrode was
prepared through an in situ electrodeposition method, followed by
a thermal treatment process. Typically, Ni/Zn hydroxide was
electrodeposited on the Ni foam substrate (1 X 2.5 cm?) at a
constant current density of —6 mA cm™> for 30 min in a mixed
aqueous solution (50 mL) of 45 mM of Ni(NO;),:6H,0 and 5 mM
Zn(NO;),'6H,0 with Ni/Zn molar ratio of 9/1. The resulting
electrode was rinsed with deionized water and ethanol to remove the
unstable sediments, and the mixture was further annealed in a H,/Ar
atmosphere at 350 °C for 1 h to produce the 3D-Ni/ZnO electrode.
We can easily obtain the electrode with a larger size (2 X 14 cm?) by
simply increasing the electrode area, and we kept the same solution
concentration but increased the solution volume to 200 mL. For
comparison, 3D-Ni or 3D-ZnO was prepared through the similar
method but without adding Zn(NO;),-6H,0 or Ni(NO;),-6H,0
during the electrodeposition.

Material Characterizations. Powder XRD patterns were taken
on an X-ray diffractometer (Japan Rigaku SmartLab 9 KW) with Cu
Ka radiation (1 = 1.5418 A). SEM images were carried out on a
scanning electron microscope (FEI Verios 460L). TEM and EDS
elemental mapping images were obtained from a transmission
electron microscope (FEI Talos F200X). XPS spectra were recorded
on an ESCALAB250Xi spectrometer (Thermo Scientific) with Al Ka
radiation. ICP-MS measurements were carried out with a Thermo
Scientific iCAP RQ_instrument. In-situ Raman spectra were taken on
a LabRAM HR Evolution Confocal Raman Microscope (HORIBA
JY), which were first performed at different applied potentials for §
min and then were recorded. NH;-TPD was carried out on a
multifunctional automatic adsorption instrument (AUTO CHEM
2920). Before NH; adsorption, the sample was first treated at 300 °C
for 1 h in a He atmosphere. After the adsorption of NH; at 50 °C for
1 h, the NH; desorption process was performed from 50 to 700 °C at
a heating rate of 10 °C min™".

Electrochemical Measurements. The electrocatalytic HER
measurements for different samples were carried out via a typical
three-electrode system in an electrochemical workstation (CHI 760E,
Shanghai Chenhua) at room temperature. The electrolyte is 1 M PBS
(pH 7). Different Ni/MO,, catalysts (~2.0 mg cm™2) coated on NF (1
X 1 cm?) with 10% Nafion binder were used as the working electrode.
3D-Ni/ZnO with active mass loading of 2.5 mg cm™ was used
directly as the working electrode. For comparison, commercial Pt/C
(20 wt %, Johnson Matthey) with loading of 2.5 mg cm™ on 3D-NF
was also tested. The Ag/AgCl (3.5 M KCl) electrode and graphite rod
electrode were used as the reference and counter electrodes,
respectively. The potential used against the Ag/AgCl electrode was
converted to the reversible hydrogen electrode (RHE) scale using
Epue = Eag/agar + 0.089 pH + 0.196 V. The HER polarization curves
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were recorded at a scan rate of 2 mV s™'. The EIS tests were carried
out under the frequencies ranging from 10° to 0.1 Hz with a voltage
amplitude of S mV at an applied potential of —0.1 V versus RHE. The
long-term stability for the 3D-Ni/ZnO catalyst was examined via a
chronopotentiometry method at constant current densities of 10 and
200 mA cm ™2 All the potentials here were reported with iR-correction
unless otherwise stated.

DFT Calculations. Spin-polarized DFT calculations were
performed with the Vienna ab initio simulation package
(VASP).>**” The generalized gradient approximation (GGA) of
Perdew—Burke—Ernzerhof (PBE)*® functional was adopted for the
electron exchange—correlation. And the projected augmented wave
(PAW) method™ was used to describe the electron—ion interaction.
During the calculations, the valence states were expanded in a plane-
wave basis set with a cutoff energy of 420 eV and the Ni(3d4s),
Cr(3d4s), Zn(3d4s), O(2s2p), and H(1s) electrons were treated as
the valence states.

Ni(111) surface was modeled with four layers of slab in (4 X 6)
lateral cells. During the calculations, the top two layers were relaxed,
and the bottom two layers were frozen. For Ni(111)/ZnO and
Ni(111)/Cr,05, ZnO and Cr,O; clusters are loaded on the Ni(111)
surface. A 15 A vacuum layer was set to the three computational
model to avoid the interaction between two adjacent layers. And the
Brillouin zone was sampled by a Monkhorst—Pack mesh with a 2 X 2
X 1 grid in the reciprocal space. To balance the computational cost
and accuracy, the convergence tolerance was set to 107 eV for energy
variation and 0.02 eV/ A for force on each atom. The climbing-image
nudged elastic band (CI-NEB) method®® was used to search the
transition states (TS) of the water splitting on the three computa-
tional models. To verify the obtained TS structures, vibrational
frequency analysis was conducted. For each TS structure, only one
imaginary frequency over the reaction coordinate existed.

The activation energy for the water dissociation was computed by
AE, = Erg — Ejs, where Epg represents the energy of the transition
state (TS) and Ejg represents the energy of the corresponding initial
state (IS). The absorption energy for OH* was calculated by AEqy =
Eonsstab — Egab — Emo + 0.5Emy, where Eotqstab and Egap represent
the energies of the surfaces with and without OH adsorbate,
respectively, Ey,q is the energy of a H,O molecule, and Ey, is the
energy of a H, molecule. The absorption energy for H,O was
calculated by AEp,0 = Exyorsab — Equb — Empoy Where Epppo.gq and
Eq.p represent the energies of the surfaces with and without H,O
adsorbate, respectively, and Ey,( is the energy of a H,O molecule.
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