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With the aim of the rational design of industrial electrocatalysts working at high current densities over
100 mA cm~2 toward electrochemical water splitting, in this paper, we proposed a strategy to prepare
porous arrays of NiMo alloy based hydrogen evolution reaction (HER) electrodes with high activity and
good stability using the combination of the hard template method and electrodeposition technology,
which showed high intrinsic activity, rapid mass transfer due to the structure of multi-scale pores and
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super-wetting surfaces ensuring the timely removal of evolved H, bubbles. The as-obtained electrodes
can provide a high current density up to 500 and 1000 mA cm™2 at overpotentials of 306 and 491 mV,
DOI: 10.1039/d3ma00151b respectively in 1.0 M KOH. Our study makes it possible to design alloy HER electrodes with high activity

and stability working at an industrial scale of current density and promotes the development of a
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Introduction

Presently, the energy shortage and environmental crises in the
world seriously threaten the survival of humans, prompting the
transformation from the conventional fossil fuel-based energy
structure into a sustainable energy structure." As a renewable
clean energy, hydrogen exhibits no pollution and high energy
density, far superior to other fossil energy sources, and has been
considered as the next generation energy carrier.>® The key
prerequisite for hydrogen-based energy systems is to develop
efficient and low-cost methods for H, production. However,
traditional hydrogen production technologies still rely on fossil
fuels with low utilization of raw materials and high pollutant
emissions, causing serious harm to the environment.

Among the current accessible techniques, electrochemical
reduction of water by the hydrogen evolution reaction (HER) is
preferred, which shows the inherent benefits of cleanliness,
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hydrogen economy resulting from electrochemical water splitting.

durability, and higher brand purity.®*™*" Currently, the most
efficient catalyst for the HER is platinum (Pt). However, its low
cost-effectiveness, rarity, and limited abundance greatly restrict
its use in commercial large-scale hydrogen generation."*™*® On
the other hand, for industrial applications, the current density
for high-speed H, generation may be more than 500 or
1000 mA ecm >, which calls for a high intrinsic activity for the
catalyst, a wealth of active sites, rapid mass transfer of liquid
electrolytes, continuous release of bubbles, and good electro-
chemical and mechanical stability.'®*° Therefore, the develop-
ment of base metal based electrocatalysts with high activity and
good stability toward the HER working at high current density
is highly demanded.

NiMo alloy has been studied and widely used for its low cost
and easy production. It has good mechanical properties, stabi-
lity and corrosion resistance under alkaline conditions. The
element Mo is electron-deficient, while Ni is electron-rich. The
alloying of Ni and Mo promotes the electron transfer and
produces synergistic effects, which improves the adsorption
and desorption of hydrogen, enabling it to be a promising
electrocatalyst with much higher catalytic activity than that of
other counterparts.”"** Using the template supported electro-
deposition, NiMo hollow alloy nanorods arrays were reported to
be endorsed on a titanium mesh with an overpotential of 310
mV in 1.0 M KOH;>* MoNi, electrocatalysts supported by MoO,
cuboids on foam nickel were reported to exhibit a zero initial
overpotential with a low Tafel slope of 30 mV every decade and
in 1 M KOH electrolyte.>* In spite of these achievements, these

© 2023 The Author(s). Published by the Royal Society of Chemistry


https://orcid.org/0009-0008-3887-5626
https://orcid.org/0000-0003-2893-9418
https://orcid.org/0000-0002-0676-308X
https://orcid.org/0000-0001-6767-5633
https://orcid.org/0000-0002-1938-7730
http://crossmark.crossref.org/dialog/?doi=10.1039/d3ma00151b&domain=pdf&date_stamp=2023-06-23
https://doi.org/10.1039/d3ma00151b
https://doi.org/10.1039/d3ma00151b
https://rsc.li/materials-advances
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ma00151b
https://pubs.rsc.org/en/journals/journal/MA
https://pubs.rsc.org/en/journals/journal/MA?issueid=MA004013

Open Access Article. Published on 07 June 2023. Downloaded on 4/4/2026 4:13:57 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

alloy-based studies for HER catalysts were assessed at modest
current densities (generally <100 mA cm ™). Differently, at high
current densities, the mass transfer of reactants in the electrolyte
and gaseous products become increasingly rate-limited. In parti-
cular, the newly generated H, bubbles will severely block the
catalytically active surface area, resulting in significant Ohmic
resistance, thereby limiting hydrogen production efficiency and
energy conversion.>>*® Another problem associated with H, bub-
bles is that the catalyst tends to flake off due to the concentrated
local stress created by bubble shedding, resulting in a decrease in
activity and stability.>” "' Thereby, the operation of the NiMo alloy
HER catalyst at a high current density still presents a challenge
and is not solved yet.

In this paper, we propose a strategy to prepare a self-
supported electrode of NiMo alloy porous arrays on nickel foam
(NiMoPA@NF) toward HER with high activity, good stability
and industrial scale current density using the combination of
the hard template method and electrodeposition technology,
which shows unique advantages including exact composition
control, porosity, and low-temperature growth. The as-obtained
NiMo alloy porous electrodes exhibited the following advantages:
(1) high activity (initial n-intrinsic overpotential near to zero) and
low charge transfer resistance; (2) unimpeded transfer of ions
and gas large due to the formation of vertically aligned pores via
the SiO, temple; (3) extreme hydrophilicity and buoyancy in the
presence of water, which is advantageous for the entrance of an
alkaline electrolyte and the discharge of tiny-H, bubbles formed
during electrolysis. Based on these features, the as-obtained
NiMo porous arrays are allowed to function as an excellent
HER electrode, delivering high current densities of 500 and
1000 mA cm 2 in 1 M KOH with overpotential values of 306
and 491 mV, respectively, and excellent stability, especially at
high current density.

Experimental
Preparation of SiO, templates

In this work, the modified Stober method was selected to
prepare spherical silica with controllable particle size and good
monodispersibility. Deionized water, anhydrous ethanol, 25%
ammonia solution and orthosilicate (TEOS) were sequentially
added into a beaker in different proportions with stirring by a
magnetic stirrer for 8 h. After the reaction of the solution was
completed, a series of centrifugations, washing and drying were
carried out, obtaining spherical silica with a diameter of 50 nm,
100 nm, 200 nm, and 500 nm.

Preparation of NiMo PA@NF

The slice of foam nickel (1 cm x 1 cm) for the electrodeposition
was treated as follows: firstly, being ultrasonically cleaned in
ethanol and deionized water for 15 min to remove surface
grease; secondly, being dried in a 60 °C oven for 6 h, then
soaked in a 5% hydrochloric acid solution for 12 h at normal
temperature to remove surface oxides; lastly, being cleaned by
deionized water, and dried again at 60 °C. 24 h of being soaked
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in SiO, solution is needed for the treated nickel foam with the
aid of gravity at room temperature to ensure the formation of
SiO, sphere three-dimensional ordered arrays, which were used as
a template for the electrodeposition of NiMo alloy porous arrays.
NiMo electroplating solution was composed of sodium citrate
(0.3 mol L"), nickel sulfate hexahydrate (0.15 mol L"), and
sodium molybdate dihydrate (0, 0.02, 0.05, 0.1, 0.15 mol L™).
The current density for the deposition of NiMo alloy is
25 mA cm 2, and the electrodeposition time is set as 100 s, 300
s, 600 s, and 900 s, respectively. The obtained samples were
immersed in 1 mol L' KOH for 24 h to remove the original SiO,
sphere template by chemical etching. When the electrodeposition
time was 900 s, the as-obtained samples using silica spheres of
50 nm, 100 nm, 200 nm and 500 nm in diameter as templates were
labeled as NiMo PA-50 nm, NiMo PA-100 nm, NiMo PA-200 nm and
NiMo-PA-500 nm, respectively. Similarly, when silica spheres of
200 nm in diameter were used as a template, the as-obtained samples
with electrodeposition time of 100 s, 300 s, 600 s, and 900 s were
labeled as NiMo PA-100s, NiMo PA-300s, NiMo PA-600s and NiMo
PA-900s, respectively. When silica spheres of 200 nm in diameter
were used as a template, and the electrodeposition time of 900 s was
adopted, the as-obtained sample was labeled as NiMo PA@NF.

Electrochemical test

The electrocatalytic properties of the OER (oxygen evolution
reaction) and HER for the prepared NiMo PA@NF were studied
and analyzed in alkaline solution. A typical conventional three-
electrode arrangement was used to assess the electrochemical
performance at ambient temperature using the as-obtained
sample as the working electrode, graphite rod as the counter
electrode, saturated Ag/AgCl as the reference electrode, and
1 mol L™ potassium hydroxide solution (PH = 14) as the electro-
Iytic solution. No extra conductive binders or additives were
utilized due to the self-supported nickel foam. Linear sweep

voltammetry (LSV) was performed at a scan voltage of 5 mV s~ .

Results and discussion
Material synthesis and characterization

SiO, nanospheres with a diameter of about 200 nm were evenly
deposited on the surface of nickel foam, serving as a template
for NiMo electrodeposition (Fig. Sla-c, ESIT). After electrode-
position of 900 s and removal of SiO, spheres using 1 mol L™*
KOH, NiMo alloy particles aggregate and form an inverted
bowl-like array (Fig. 1a—c) (defined as NiMo PA). All the diffrac-
tion peaks of the NiMo alloy particles scraped off the nickel
foam are indexed to the Ni;Mo phase (JCPDS no. 65-5480). It is
composed of a network of connected pores with an average
diameter of about 210 nm, a little larger than the diameter of
silica spheres (Fig. 2e), whose pore walls are made of many
small thin intersecting nanosheets (the magnified TEM image
(Fig. 2f). Well-resolved lattice fringes with an interplanar dis-
tance of 0.208 nm confirms the formation of the (121) plane of
MoNi, (high resolution transmission electron microscopy
image, Fig. 2g). The selected area electron diffraction (SAED)
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Fig.1 The schematic diagram of the NiMo PA@NF electrode for high
current density hydrogen generation, which exhibits a lot of active sites
around the two-phase contact area between the catalyst and the electro-
lyte, hierarchical structure and super-wettability (superhydrophilic and
superaerophobic), greatly boosting the mass transfer efficiency.
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Fig. 2 (a—c) SEM images of the NiMo PA@NF; (d) XRD patterns of the
NiMo alloy porous array; (e) and (f) TEM image of the NiMo alloy porous
arrays; (g) HRTEM image of a NiMo alloy particle; (h) STEM image and (i)
EDX element mapping images of Ni, Mo and O.

pattern (the inset in Fig. 2g) reveals the polycrystalline feature
of the tetragonal MoNi,.>*> No obvious morphological changes
are detected between the samples with different electrochemi-
cal plating time and silica spheres with different diameters
except for the pore sizes. Element mapping shows the even
distribution of Ni and Mo in the porous nanoplatelets (Fig. 2i).
Additionally, the EDX spectrum revealed that the atom ratio of
Ni to Mo is 4:1 (Fig. S4, ESIt). The chemical composition and
surface valence state of NiMo PA@NF were investigated by
X-ray photoelectron spectroscopy (XPS), which confirms the
presence of Mo, Ni, and O with a molar ratio of Mo to Ni of
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1:4 (Fig. S5a, ESIt). Mo® 3ds,, and Mo° 3d;,, can be decon-
volved to 227.6 and 230.8 eV, respectively, and the peaks at
852.5 and 869.7 eV belong to Ni® 2p/, and 2py,, (Fig. S5b and c,
ESIt), which further proves the existence of Mo and Ni° on the
NiMo PA@NF surface.>**

“Superaerophobic” catalyst structure

The characteristics of the solid-liquid contact interface between
the catalyst and the electrolyte are crucial to the diffusion of the
generated H, bubbles, particularly those generated at high
current density, which are often locked or condensed on the
catalyst surface, reducing the surface area where electrons may
move between the solid and liquid. Recently, three-dimensional
porous ordered nanoarrays are reported to be superhydrophilic
and believed to effectively improve this issue.”>® For NiMo
PA@NF, the measured water contact angle is nearly 0°, indicating
that its surface is superhydrophilic, which allows the electrolyte
to penetrate deeply into the NiMo PA@NF electrode, obtaining a
highly exposed solid-liquid interface (Fig. 3a). For the sample of
direct deposition of NiMo on the surface of foam nickel (defined
as NiMo@NF), the measured water contact angle is about 103°,
much less hydrophilic. In contrast, once the subaqueous bubble
is introduced, the contact angle for NiMo PA@NF is 142°, much
higher than that of NiMo@NF (110°) (Fig. 3b). Once the gener-
ated H, bubbles adhere to the NiIMo@NF surface, they are easily
immobilized, resulting in the reduction of the contact interface
and the subsequent decline of the HER performance; while for
the superaerophobic NiMo PA@NF, its surfaces would rapidly
release the formed H, bubbles, keeping the original catalytic site.
This is of favor to the improvement of mass transfer efficiency by
promoting electrolyte entry and bubble release, and is of sig-
nificance to the electrodes working at high current capability.

Electrocatalytic performance

Before the test of electrocatalytic HER activity, the optimum
parameters of the electrode were investigated including the
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Fig. 3 Surface wettability characterization. (a) Contact angle of water
droplets with NiMo@NF and NiMo PA@NF surfaces, (b) underwater bubble
contact angles of NiMo PA@NF and NiMo@NF, respectively; digital images
of H, bubbles on (c) NiMo@NF and NiMo PA@NF.
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pore size and the mass loading, which can be tuned by the sizes
of the silica spheres and plating time, respectively. Silica
spheres with a size of 50 nm, 100 nm, 200 nm and 500 nm
were chosen as the template and the corresponding as-obtained
electrodes were named as NiMo PA@NF-50 nm, NiMo PA@
NF-100 nm, NiMo PA@NF-200 nm and NiMo PA@NF-500 nm,
respectively, which were prepared with 900 s of plating time.
With the increases of the pore size from 50 nm to 200 nm, the
activity and bilayer capacitance for the electrodes increase
accordingly. However, the further increase of the pore size to
500 nm results in a decrease of activity (Fig. S6, ESIT). Similarly,
100 s, 300 s, 600 s and 900 s of plating time were adopted and
the corresponding as-obtained electrodes were named as NiMo
PA@NF-100s, NiMo PA@NF-300s, NiMo PA@NF-600s and
NiMo PA@NF-900s, respectively, which were prepared using
silica spheres of 200 nm as a template. With the increase of the
plating time from 100 s to 900 s, the electrochemical double-
layer capacitance increases. However, when the further increase
of plating time is over than 900 s, the increase magnitude of the
electrochemical double-layer capacitance is not as anticipated
(Fig. S7, ESIY). Therefore, silica spheres with 200 nm in dia-
meter and 900 s of plating time are chosen as the optimum
parameters and the corresponding mass load was determined
to be 5.8 mg cm 2,

At a current density over 600 mA cm™?, NiMo PA@NF exhibits
better electrocatalytic activity than that of the commercial Pt/C
(20 wt%) catalyst (Fig. 4a). At overpotentials of 306 and 491 mV,
NiMo PA@NF can maintain current densities of 500 and
1000 mA cm ™, respectively, while for commercial Pt/C catalysts,
307 mV is required to achieve a current density of 500 mA cm ™2,
which cannot even achieve 1000 mA cm ™ under test conditions.
Compared with NiIMo@NF and blank NF, NiMo PA@NF always
shows overwhelmingly better catalytic activity (Fig. 4b). The Tafel
analysis was performed based on Fig. 4b and the corresponding
slopes for NiMo PA@NF, NiMo@NF, Pt/C and blank NF are 107,
149, 101 and 134 mV dec ', respectively (Fig. 4c). The Nyquist
diagram of electrochemical impedance spectroscopy (EIS) shows
that the charge transfer resistance (R.) for NiMo PA@NF is
10.5 Q, much smaller than that of NIMo@NF (17.2 Q) and blank
NF (89.5 Q) at the overpotential of 100 mV, indicating that the
charge transfer kinetics of the NiMo PA@NF catalyst are accel-
erated (Fig. S8, ESIt). To estimate the effective electrochemically
active surface area of the catalyst, bilayer capacitance values are
calculated. For NiMo PA@NF, the value of bilayer capacitance
(6.77 mF cm ™ ?) is greater than that of NiMo@NF (2.68 mF cm ™ ?)
and the blank NF (0.43 mF cm™?) (Fig. S9, ESIt), suggesting more
exposed active sites on the NiMo PA@NF catalyst.

The bubble release behavior of NiMo PA@NF, NiMo@NF,
and Pt/C at a current density of 50 mA cm ™~ was recorded using
a high speed camera. For NiMo PA@NF, a large amount of
newly generated H, bubbles with size less than 0.2 mm quickly
escaped from the electrode (Fig. 4d and e). In contrast, H,
bubbles are strongly immobilized on the NiMo@NF surface
and coalesce into a larger size (more than 50% of the bubbles in
the range of 0.2-0.5 mm) before fleeing the surface. While
for the Pt/C electrode, it is hydrophobic and has a stronger

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Electrocatalytic performance toward the HER. (a) HER activity
evaluated by linear sweep voltammetry in 1 M KOH at the scan rate of
5mV st (b) enlarged part of the low overpotential region in (a); (c) Tafel
slopes of different catalysts obtained from the polarization curves in (b); (d)
snapshots of H, bubbles detached from NiMo PA@NF, NiMo@NF and Pt/C
at the current density of 50 mA cm™2; (e) bubble size distribution on NiMo
PA@NF, NiMo@NF and Pt/C; (f) stability of NiMo PA@NF evaluated by
multi-step chronopotentiometry curves at different current densities from
100 to 1000 mA cm™2; (g) polarization curves of NiMo PA@NF before and
after the galvanostatic stability test.

adhesion of H, bubbles, which can grow to a size larger than
0.6 mm gradually and cannot detach from the electrode surface
anymore. The difference of bubble release behavior between
these electrodes can be attributed to their different surface
wettability. For NiMo PA@NF, its superhydrophobic surface
can timely release H, bubbles and re-expose its catalytic sites to
the electrolyte, making it possible for the continuous genera-
tion of high throughput H, supply.

In addition to electrocatalytic activity, stability is also a key
parameter for the achievement of large-scale hydrogen production.
The HER stability of the NiMo PA@NF catalyst was evaluated by a
variety of methods. Multi-step chronopotentiometry curves at
different current densities from 100 to 1000 mA ¢cm > show that
the electrocatalytic activity remains unchanged at each step during
the test (Fig. 4f). The polarization curves collected after constant
current measurement almost overlap with the initial curves
(Fig. 4g). In addition, the long term -chronopotentiometry
(500 mA cm ) test shows that the overpotentials keep almost constant
with little fluctuation after 24 hours of continuous electrolysis
(Fig. S10, ESIt). SEM, TEM, and XRD were used to characterize
the NiMo PA@NF catalyst after the electrolytic testing.
Obviously, the characteristic diffraction peak of Ni4Mo (JCPDS
No. 65-5480) was clearly observed on the NiMo PA@NF catalyst
after the electrolytic test (Fig. S11a, ESIT). More intuitively, the
NiMo PA@NF catalyst maintained its original morphology after
long term operation (Fig. S11b-d, ESIt). All of these test results
support that the NiMo PA@NF catalyst exhibits excellent sta-
bility, especially at high current density. All of these test results
support that the NiMo PA@NF catalyst exhibits excellent sta-
bility, especially at high current density.

Mater. Adv., 2023, 4, 2868-2873 | 2871
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Conclusions

In conclusion, the morphology of the electrodes themselves
and the formation and transport of bubbles, which are affected
by factors such as electrode thickness, pore spatial distribution,
porosity, and pore size, constrain the conductivity and catalytic
activity of the NiMo PA@NF catalyst at high current densities.
The NiMo PA@NF catalyst was synthesized by electrodeposition
by means of using an opal template, which was constructed by
self-assembled silica nanospheres. The template method was
used to alter the morphology and composition of the electrodes
to establish a porous structure, optimizing the time parameters
of electrodeposition and template pore sizes to expose more
active sites in order to improve the hydrogen binding energy of
the catalyst. The three-dimensionally ordered macroporous
(3DOM) NiMo film alloy catalysts with reasonable pore size
distribution, excellent morphology and high HER catalytic activity
supported on nickel foam can be prepared in the electrodeposition
system. In 1 M KOH alkaline solution, the catalysts have excellent
electrical conductivity and electrocatalytic performance. NiMo
PA@NF as a HER electrode can provide high current density up
to 500 and 1000 mA cm ™2 at overpotentials of 306 and 491 mV,
respectively in 1 M KOH. The improvement in electrocatalytic
performance can be attributed to the following characteristics:
(1) areasonable electrode film thickness can reduce the Ohm value
on the premise of ensuring the conductivity of the electrode.
(2) The introduction of a 3D ordered porous structure enhanced
the gas-liquid transport capacity, facilitated the release of internal
bubbles and avoided the loss of active sites due to bubble trapping
at high current densities. (3) NiMo PA@NF’s superhydrophilicity
ensures electrolytic water infiltration, achieving a highly exposed
solid-liquid contact interface at high current density. This project
optimizes the existing electrode catalytic structure, thus providing
a potential solution for large-scale electrolytic water industrial
applications.
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