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Owing to the depletion of renewable energy sources, manufacturing stable, efficient and economical non-
noble electrode materials for the hydrogen evolution reaction (HER) through electrochemical water
splitting is a promising avenue. In this work, Ni-Mo alloy films containing different Mo concentrations
were synthesized via potentiostatic technique, and the mechanism of Ni>* and Mo®* co-deposition in an
ethylene glycol system (EG) was recorded. The co-deposition mechanism of Mo®* and Ni?* in the EG
shows that the existence of Ni?* can facilitate the reduction of Mo®*, while Mo®* can impede the
reduction of Ni%*. Furthermore, both functions could be reinforced owing to the improved content of
Ni2* and Mo®" in the EG system. Ni-Mo alloy films containing different Mo concentrations could be
obtained from the EG solution, and their microstructures could be changed by changing the Mo

. . ber 2024 content. Scanning electron microscopy micrographs exhibit that Ni-Mo alloy films with 10.84 wt% Mo
eceived 7th September . . . . . . . .
Accepted 11th October 2024 show a cauliflower-like pattern. Benefiting from the alloying technique to modify the Ni electronic

structure with Mo, coupled with the concurrent presence of an appropriate cauliflower-like structure,

DOI: 10.1039/d4ra06466f Ni—-Mo alloy films with 10.84 wt% Mo show remarkable catalytic activity and durability with an HER
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1 Introduction

At present, economic development is still dependent on the
massive application of fossil fuel, such as coal, petroleum, and
natural gas. Nevertheless, potential crises, including the
immense lack of fossil energy and environmental problems
resulting from the huge consumption of carbon-based fossil
fuel, are becoming increasingly serious." Owing to its high
calorific value and environment friendliness, hydrogen has
been considered a viable energy carrier that will supersede these
fossil fuels in the future.> Thus, the development of low-cost,
efficient, and sustainable hydrogen production technology is
important and urgent for realizing the hydrogen economy.** In
the past few decades, plentiful hydrogen production techniques
such as hydrogen generation using fossil fuels (including
partial oxidation, steam reforming, autothermal reforming and
fossil hydrocarbon reforming technologies),” bio-hydrogen
production technology, and electrochemical water splitting
have been developed.®” Hydrogen generation from fossil fuels is
still the principal technique to obtain hydrogen owing to the
fact that it can be maturely applied in industrial production and
shows a relatively low cost.®? However, the main disadvantage is
the unavoidable generation of vast quantities of the greenhouse
gas CO, and other noxious gases (including CO, NO,, and H,S),

School of Packaging and Materials Engineering, Hunan University of Technology,
Zhuzhou 412007, PR China. E-mail: lyxk999@163.com; Fax: +86 731 22182168;
Tel: +86 731 22182088

© 2024 The Author(s). Published by the Royal Society of Chemistry

overpotential of 74 mV (510, overpotential was recorded at j = 10 mA cm™2) in 1.0 M KOH solution.

thus worsening environmental problems.*® Bio-hydrogen
production technique exhibits a few advantages such as mild
reaction conditions, low energy consumption, and a wide range
of raw materials (including algae, anoxygenic photosynthetic
bacteria, and agricultural waste).*'® Nevertheless, it is difficult
to commercialize bio-hydrogen production technology as the
technique shows high production costs and low hydrogen
yield.""*> Compared with hydrogen production from fossil fuel-
based hydrogen generation and bio-hydrogen production
technology, electrochemical water splitting is supposed to be
a clean, effective and sustainable technique to obtain hydrogen
because of its advantages of high purity of hydrogen, high
hydrogen production efficiency, and zero-emission of polluted
gases.” Electrochemical water splitting principally has a few
technologies, including anion exchange membrane (AEM),
proton exchange membrane (PEM), solid oxide electrolytic cell
(SOEC), and alkaline water electrolysis (ALK)."* Among these
technologies, ALK is a promising method because it has greater
maturity, lower equipment cost, larger commercial outreach,
longer lifetime, higher stability and more reliability.*>*
Electrochemical water splitting generally includes two half-
cell reactions, namely, oxygen evolution reaction (OER) occur-
ring on the anode surface and hydrogen evolution reaction
occurring on the cathode surface.”””* In accordance with the
Volmer-Heyrovsky model, HER is a representative heteroge-
neous catalytic multistep reaction. The HER principle origi-
nates from the adsorption of hydrogen atoms on the
electrocatalyst surface, known as the Volmer reaction step.
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Based on the electrocatalysis nature, the following step can go
on with the reaction of two adsorbed H, which is referred to as
the Tafel reaction, or to a reaction of H with the H" in the
electrolyte, which is referred to as the Heyrovsky reaction, to
generate the H, molecule, respectively. Irrespective of the
reaction mode, the reaction of H adsorption is vital. Thus, it is
imperative to research an electrocatalyst to accelerate the
adsorption reaction step.>®** Therefore, it cannot be overlooked
that there is an appropriate hydrogen adsorption energy for the
Volmer step, signifying that the adsorption level should not be
excessively high to impede hydrogen desorption, nor too low
that the reactant hydrogen atoms on the catalyst surface are so
insufficient.”»* Generally, alloy electrocatalysts show a better
HER activity due to the fact their d orbital electronic structure
can be modified, which give rise to suitable binding energy,
thus, the stability for the adsorbed hydrogen atom can be
improved and the formation of H, can be promoted.**>®
Therefore, alloying and doping techniques to modify their
electronic structure using other nonmetallic atoms or metals
have been considered to be one of the most feasible ways to
enhance their intrinsic HER electrocatalytic activity. Further-
more, the electrodeposition technique is regarded as an effec-
tive approach to preparing functional membrane materials,
including nanometer materials, metallic oxide, carbon nano-
tubes and transition metal-based catalysts.*”*®

It is well-known that the electronic configuration of metal Ni
belongs to the typical hypo-d-orbital configuration. Thus, it can
show a definite HER catalytic activity.>®*® For instance, the
nickel deposits prepared on a graphite electrode from a NiCl,-
-6H,0 and acetate buffer mixture system show an electro-
catalytic property with an HER over-potential of 164 mV (10).*
Nevertheless, the electrocatalytic activity can be obviously
enhanced when Ni metal is alloyed with other metals such as
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Fe, W, Ti, Zn and Mo or doping with suitable nonmetallic atoms
such as S, P and B based on the fact that the doping or alloying
methods could result in a notable synergistic enhancement
effect.’*

For example, Ni-Mo alloy films containing various Mo
concentrations were obtained by Chao Xu et al.*®* They found
that the Nigy14M019 59 deposited catalyst showed a HER over-
potential of 152 mV (7140). Furthermore, Ni-based composite
deposits were also synthesized and employed as electrocatalysts
for HER (Table 1). It is worth mentioning that these Ni-Mo alloy
films were normally synthesized in aqueous solutions. Recently,
the Ni-Mo alloy electrocatalyst films with different morphol-
ogies could be prepared from ionic liquids (ILs). For example,
the Ni-Mo alloy films with a spherical particle microstructure
were synthesized from deep eutectic solvents, and these films
showed a HER overpotential of 53 mV (1,0).** The organic
solvent system possesses plenty of advantages over ILs, such as
a lower cost, milder electrolytic deposition environment and
more outstanding electrochemical stability.>**” In our
preceding research, a Ni-Co alloy deposit with a spherical
structure/fibrous structure surface morphology was electro-
deposited from a pure EG system, and it presented impressive
catalytic performance and durability with a HER overpotential
of 133 mV (n14) in 1 M KOH.*® Furthermore, there have been few
reports on the successful deposition of Ni-Mo alloy films from
organic solvents. Consequently, during the work, a pure EG
organic solvent was employed as the electrolyte to synthesize
Ni-Mo alloy film catalysts using a galvanostatic electrodeposi-
tion technique, anticipating that the obtained catalyst could
exhibit better catalytic activity for HER.

The electrochemical reduction of Ni*" and/or Mo®" on a GC
electrode is recorded by cyclic voltammetry (CV). The surface
morphology, crystal structure, and components of the obtained

Table 1 Contrast of the her performance with previously studied nickel-based alloy electrocatalysts

Alloy coating film Employed electrolytes N1 (MV) b (mV dec ™) Reference
Ni(OH),@Ni Water-based solution 106 88 34
Ni/MoC@NC Water-based solution 111 38 35
Fe-B@Ni Water-based solution 379 29 36
MoS,@Ni/RGO Water-based solution 92 31.97 37
Ni,Co;_,@Ni,Co;_,O/NCNT Water-based solution 74 — 38
NiFe/Ni-Mo-S@CC Water-based solution 72 123 39
C@NiCoP Water-based solution —45 43 40
Ru-Ni@Cu Water-based solution 2461100 87.08 41
Co(OH),@P-NiCo-LDH Water-based solution 226 134 42
CuO/Cu,O@Ni-B Water-based solution 194.2 — 43
Ni-Co-Fe-Se@NiCo-LDH Water-based solution 113 44.87 44
Ni**-rich Ni/NiO,@C Water-based solution 80 77 45
C@NIiO/Ni Water-based solution 407 152 46
Ni@Ni;C nanochain-SWCNT Water-based solution —74 46.9 47
Oxide@Ni-Cu@Ni Water-based solution 70 57 48
Ni-Cu-P@Ni-Cu Water-based solution -70 76 49
Ni@Pt/N-doped Water-based solution 76.327,0 46.73 50
Ni/NiO@C Water-based solution 204 137 51
Ni/NiO@MoO;_, Water-based solution 7 34 52
Ni-Sn@C Water-based solution — 35 53
Ni-Mo In EG 74 80.6 This work
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Ni-Mo films are characterized using scanning electron
microscopy (SEM), X-ray diffraction (XRD) and energy dispersive
spectrometer (EDS). Moreover, the catalytic performance of the
Ni-Mo films for HER is assessed by electrochemical impedance
spectra (EIS), CV, linear sweep voltammetry (LSV), and chro-
nopotentiometry in the KOH electrolyte.

2 Experimental

2.1. Chemicals

Ammonium molybdate tetrahydrate ((NH,)¢Mo0,0,4-4H,0, AR),
nickel chloride hexahydrate (NiCl,-6H,0, 98%), potassium
hydroxide (KOH, AR), ethylene glycol (EG, AR), and citric acid
monohydrate (C¢HgO--H,0, AR) were purchased from Aladdin
Bio-Chem Technology Co, Ltd (Shanghai, China). Copper sheets
(99.9 wt%) used in this work were obtained from the relative
commercial market and underwent pretreatment as described
in the relevant literature.>»*>* It should be noted that the above
EG solvent and all chemical agents were dried at 353 K for 24 h
to eliminate any remaining water before use.

2.2. Processing of the alloy film

The Ni-Mo alloy films were prepared on a copper matrix
(exposed area: 1 cm x 0.5 cm) by the potentiostatic technique at
333 K for 20 minutes at —1.40 V in an Ar atmosphere, with
oxygen and moisture levels below 3 ppm within a glove box.
Here, NiCl,-6H,0 and (NH,4)sMo0,0,,-4H,0 were used as the
Ni*" and Mo®" sources, respectively; 0.15 M sodium citrate
(H3Cit) was also used in each plating solution as a complexing
agent. Five plating cells were used for obtaining Ni-Mo films by
adding 0.03, 0.06, 0.09, 0.012 and 0.015 M of (NH,),-
Mo,0,,-4H,0 into the EG solution containing 0.3 M NiCl,-
-6H,0, respectively. During plating, the distance between the
anode and cathode was separated by 2 cm. After deposition, the
obtained Ni-Mo alloy films underwent cleaning procedures as
described in the referenced literature.**

2.3. Ni-Mo alloy characterization

The scanning electron microscope (TESCAN MIRA4) was
utilized to examine the surface morphologies of the Ni-Mo alloy
films containing varying Mo contents. The accelerating voltage
for morphology analysis is 20 kV. The energy-dispersive X-ray
spectrometer was utilized to characterize the elemental
composition and elemental mapping of alloy films. The phase
evolution of Ni-Mo alloy films was investigated by X-ray
diffraction (Bruker D8) at a scan rate of 3° min~" in the 26
ranges from 30° to 100°, employing Cu Ko (A = 0.1541 A)
radiation.

2.4. Electrochemical tests

The electrochemical tests were performed using a CHI660B
electrochemical workstation (Shanghai Chenhua Instrument,
Inc.) with a three-electrode structure. In the cell, the reference
electrode was a saturated calomel electrode, the working elec-
trode was a glassy carbon electrode (0.07 cm?), and the counter
electrode was a platinum sheet. It could be emphasized that the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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GC electrode was pretreated based on the published litera-
ture.’>>%* For CV measurements, the scan rate was 50 mV s~
and the potential range was from +2.00 to —3.00 V. The elec-
trocatalytic performance of the Ni-Mo alloy films for HER in
a 1 M KOH electrolyte was evaluated at 298 K by various tech-
niques, including EIS, CV, LSV, and chronopotentiometry.
These measurements were conducted using the aforemen-
tioned electrochemical workstation and a three-electrode
structure. It should be noted that the detailed measuring
parameters can be referenced to our previously published arti-
cles,*® and the potentials utilized in this work were trans-
formed into a reversible hydrogen electrode (RHE) potential by
the approach outlined in these published literature.

3 Results and discussion

3.1. Electrochemical behavior investigation

Fig. 1 exhibits the standard cyclic voltammograms of the EG
system with 0.084 M Mo®" or/and 0.30 M Ni** obtained with
a scan rate of 50 mV s~ at 323 K. For curve 1, there are no
obvious reduction or oxidation peaks between +2.00 and
—3.00 V, indicating that the EG electrolyte solution demon-
strates significant electrochemical stability. However, the other
CV curves (curves 2, 3 and 4 in Fig. 1) exhibit changes upon the
introduction of 0.084 M Mo®" or/and 0.30 M Ni** into the EG
electrolyte solution. Compared with curve 1, it can be found that
the cathodic current density increases from —0.58 (the so-called
starting potential, Ngtarting potential) t0 —1.73 V (displayed in the
inset of Fig. 1) in curve 2, after which an obviously cathodic
shoulder is observed from —1.73 to —2.20 V. It could be
emphasized that the current density loop (crossover) is absent,
suggesting that the Mo nucleation does not happen in the EG
system, and the electrochemical behavior corresponds to the
synthesis of oxides and hydroxides of Mo. To further confirm
the electrochemical behavior of Mo®" in the EG system, an
electrodepositing test on a copper substrate at various poten-
tials (—1.0, —1.2, —1.4, —1.6 V) using the potentiostatic tech-
nique was performed. However, the Mo deposits cannot be
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Fig.1 Cyclic voltammograms of the EG + 0.15 M HzCit system (curve
1), EG + 0.15 M HsCit system with 0.084 M Mo®* (curve 2), EG + 0.15 M
HCit system with 0.30 M Ni2* (curve 3) and EG + 0.15 M H3Cit system
with 0.084 M Mo®*" + 0.30 M Ni2* (curve 4) measured on a glassy
carbon electrode with a scan rate of 50 mV s~* at 323 K.
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obtained. The consequence is consistent with the reported
reduction behavior of Mo®" in ionic liquid systems.** However,
it shows a completely different characteristic in the electrode-
position process of Mo®" in the EG system containing trace
water because of the presence of a current density loop (cross-
over), and the crossover of the anodic and cathodic branches
can be attributed to the nucleation and growth process of the
Mo layer on the cathode electrode surface.®® During the reverse
potential, a weak anode shoulder can be observed between 0.17
and 1.31V, confirming the desorption of the synthesis of oxides
and hydroxides of Mo.

During the cathodic scanning for curve 3, it is noted that the
cathodic current density additional from —0.99 (Ni: Nhycleation)
to —1.71V, after which a distinct cathodic shoulder is detected
in the range of —1.71 to —2.13 V. It is a consistent characteristic
in the electrodeposition mechanism of Ni** in aqueous
systems®® and ILs.®” For curve 4, a well-defined cathodic plateau
from —0.07 to —1.32 V (Ni-Mo0: Npycleation) could be observed in
the stage of cathodic scanning, which is caused by the forma-
tion of molybdenum hydroxides. The consequence shows that
the Ni-Mo co-deposition behavior follows the synthesis of
oxides and hydroxides of Mo.®® In the process of reverse scan-
ning, a pair of typical current density loops (crossovers) are
recorded at —1.13 (curve 3) and —1.53 V (curve 4), as well as
a pair of homologous anodic current density peaks can be
observed at 0.70 (curve 3) and 0.69 V (curve 4). The presence of
two current density loops (crossovers) indicates the occurrence
of nucleation and the subsequent crystallization process, whilst
the two anodic density peaks are due to the associated
desorption of Ni and Ni-Mo film, respectively. It should be
noted that pure Ni (—0.99 V) has more positive nucleation
overpotential than Ni-Mo alloy in the EG system, suggesting
that Ni-Mo alloy co-deposition is more difficult compared to
monometallic Ni and the existence of additional Mo®" in the EG
system can suppress the reduction of Ni**.3* Furthermore, all
these results also suggest that it is consistent with the standard-
induced co-deposition phenomenon. Thus, the Mo®" reduction
can be promoted by introducing Ni** and its function can be
reinforced by the improved content of Ni** in the EG system. To
notarize the result, the next set of CV tests with a scan rate of
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50 mV s ' on a glassy carbon electrode was conducted in the
EG-0.084 M Mo®" system, varying the Ni** content from 0 to
0.5 M, as depicted in Fig. 2a. It can be observed that as the Ni**
content varies from 0 to 0.30 M, the current density for the
cathodic peak (jp) also escalates and then fluctuates slightly
with a further increase of the Ni** content, proving that
increasing the Ni** content in the system can probably intensify
the promotion effect for Mo®" reduction. Interestingly, during
the cathodic scanning, the starting potential corresponding to
the current density, initially increasing from 0, shifts positively
from —0.30 t0 —0.20 V (Nstarting potential)- Importantly, these
values of the starting potential for the EG system with 0.084 M
Mo°®" and various Ni** concentrations are more positive than
that of the system containing only 0.084 M Mo®" (—0.58 V,
Tstarting potential), Suggesting that the co-deposition of Ni-Mo is
more readily achieved than that of Mo alone, and that the
additional Ni*" in the EG system facilitates the Mo®" reduction.
The consequence also confirms the presence of a potential-
induced deposition mechanism, which is a generally accepted
process for the electrodeposition of Ni-Mo, consistent with the
findings reported in previous studies.**”* Moreover, the
potential of the anode peak exhibits a direct correlation with the
content of Ni** in the EG system, suggesting that the corrosion
resistance and stability of Ni-Mo alloy films can be enhanced
significantly by increasing the Ni*" content in the EG system.

To research the effect of Mo®" content, the next set of CV tests
using a scan rate of 50 mV s~ on a glassy carbon electrode was
conducted in the EG-0.30 M Ni** system, varying the Mo®"
content from 0.021 to 0.105 M, as depicted in Fig. 2b. It can be
found that the increase of Mo®" content in EG system could
restrain the electrodeposition process and the effect can be
improved as a result of the starting potential shifting slightly
negative. It should be noted that the potential for reduction peak
shifts negatively, suggesting that increasing the Mo®" content in
the EG system could enhance the cathodic polarization.

3.2. Composition and crystal structure characterization

Fig. 3a exhibits the representative EDS spectrum of the Ni-Mo
alloy film synthesized from the EG system for 20 min at 333 K,
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Fig.2 Cyclic voltammograms of different Ni2* contents in the EG + 0.15 M H3Cit system with 0.084 M Mo®* (a) and Mo®* contents in the EG +
0.15 M H3Cit system with 0.30 M Ni2* (b) measured on a glassy carbon electrode with a scan rate of 50 mV s * at 323 K.
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Fig.3 EDS (a) and XRD (b) pattern of Ni—Mo alloy films obtained from the EG system at 333 K for 20 min, including 0.30 M Ni2* and 0.084 M Mo®*

at —1.40 V.

including 0.084 M Mo®* and 0.30 M Ni** at —1.40 V. As depicted
in Fig. 3a, the EDS spectrum exhibits that the alloy film contains
Ni (about 78.80 wt%) and Mo (about 10.84 wt%) with a small
residual amount of C (about 4.79 wt%) and O (about 5.57 wt%)
species, suggesting the Ni-Mo alloy film is enriched in nickel.
Significantly, the content of O species in this film is due to the
oxidation of the alloy film in the air after being extracted from
the cell****7* and the C species are because of the role of EG
molecule in the electrolyte during the -electrodeposition
process.**® Moreover, the coating thickness is estimated at 9.32
pum according to the reported method.*

Fig. 3b displays a standard XRD of the Ni-Mo alloy film
prepared at 333 K with 0.30 M Ni*" and 0.084 M Mo®" from the
EG system. As depicted in Fig. 3b, the structural phases and
compositions correspond to the Mo, ,,;Ni, 53 alloy. The four
diffraction peaks located at 43°, 50°, 74° and 90° can be
ascribed to the (111), (200), (220) and (311) crystalline planes of
the Mo, ,,Nij ;3 phase according to PDF#04-004-4497. It can be
found that the diffraction peak (220) is the most intense, sug-
gesting that there is a preferred orientation direction. The
average size of Ni-Mo crystalline grains is calculated at
approximately 58.4 nm, determined from the full-width at half-

maximum (FWHM) of the Ni-Mo peak (220). Generally, the
films of crystalline nanoscale grains possess a greater specific
surface area. Therefore, it can be inferred that there is a supe-
rior HER catalytic activity with the nanocrystalline Ni-Mo alloy
film obtained from the pure EG system.

Fig. 4 depicts the surface morphology of these electro-
deposited Ni-Mo alloy films with various Mo concentrations
obtained at a temperature of 333 K. As exhibited in Fig. 4, these
Ni-Mo alloy films consist of spherical particles, and the size of
the spherical particles can be affected by Mo concentration.
When the Mo concentration increases from 1.95 to 10.84 wt%
(Fig. 4a-d), the average size of these tiny spherical particles can
be decreased. However, it can be found that when the Mo
concentration reaches 14.12 wt% (Fig. 4e), the average size of
these tiny spherical particles can be increased. It should be
noted that these spherical particles exhibit obvious agglomer-
ation phenomena as the Mo concentration exceeds 6.32 wt%
(Fig. 4d and e). In Fig. 4d, it is evident that the Ni-Mo alloy films
possess a notably rough and homogenous surface due to the
presence of a cauliflower-like pattern. In Fig. 4e, whereas the
Ni-Mo alloy films also exhibit a cauliflower-like pattern, the
morphologies of the cauliflower-like pattern exhibit irregularity

Fig. 4 SEM micrographs of Ni-Mo alloy films with different Mo concentrations obtained from the EG system at 333 K for 20 min at —1.40 V, (a)

1.95 wt%, (b) 3.01 wt%, (c) 6.32 wt’, (d) 10.84 wt%, (e) 14.12 wt?%.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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and nonuniformity.* It is attributed to the fact that the increase
in the Mo®" content in the cell leads to a small enhancement in
the inhibition of Ni*" reduction, resulting in better cathode
polarization. Nevertheless, once the Mo®" content surpasses
0.084 M, further enhancement of the Ni** reduction inhibition
is not observed. Generally, the enhanced inhibition ability
could improve cathodic polarization, leading to a reduction in
crystal particle sizes. Therefore, the consequence also conforms
to the above CV measurement results. Generally, the size of the
spherical particles is smaller, and the film could exhibit a larger
specific surface area, thereby offering an increased number of
available active sites for electrocatalytic reactions, suggesting
the Ni-Mo alloy films with 10.84 wt% Mo will show a more
outstanding catalytic property.

3.3. Electrocatalytic HER activity of films

To investigate the electrocatalytic properties of these Ni-Mo
alloy films with different Mo concentrations for HER, four
electrochemical techniques (CV, EIS, LSV and chro-
nopotentiometry measurements) are conducted on these Ni-Mo
alloy film surfaces in an alkaline solution of 1 M KOH. The
steady-state polarization curves acquired for the prepared Ni-
Mo alloy films containing various Mo concentrations are
exhibited in Fig. 5. It is evident from the figure that the Ni-Mo
alloy films show evident HER electrocatalytic activity compared
to metallic Ni (710 = 183), and this activity is related to the Mo
concentration. The overpotential values for the catalytic current
density achieving 10 mA cm ™2 (11,) decrease from 159 to 74 mV
with the increase in Mo concentration from 1.95 to 10.84 wt%.
Conversely, when the Mo concentration exceeds 10.84 wt%, the
overpotential value is increased. The result is analogous to the
previously documented Ni-Mo HER catalysts in alkaline envi-
ronments.”"”® The superb alkaline HER activity stems from the
synergistic function of the Ni-Mo dual sites.”*” It is evident that
the Ni-Mo alloy films containing 10.84 wt% Mo shows the most
superior electrocatalyst activity for HER with an overpotential of
74 mV (n10), which is in line with the results acquired by SEM
investigation that the Ni-Mo film with the Mo concentration of
10.84 wt% exhibits a greater electrochemical active surface area

'
=)
'

TTydrogen evolution -

i maicri:tl N1o™
Ni 183

1.95 wi.% Mo 159

3.01 wL.% Mo 109
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Fig. 5 LSV curves of metallic Ni and Ni—Mo alloy films containing
different Mo concentrations obtained at 298 K in 1 M KOH solution
from the EG system.
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Fig. 6 Tafel plots of metallic Ni and Ni—Mo alloy films with different
Mo concentrations obtained at 298 Kin 1 M KOH solution from the EG
system.

(ECSA) because of the rougher and regular cauliflower-like
surface structure (Fig. 4d).

Fig. 6 exhibits the Tafel plots obtained from LSV plots
(Fig. 5). It should be noted that these exchange current densities
(o) corresponding to the Tafel plots are calculated by j, = 10~
b (ref. 76 and 77) and exhibited in Table 2. As displayed in Fig. 6,
all of the Tafel slopes of Ni-Mo films are between 80.6 to
159.6 mV dec™ ', suggesting that the HER rate on Ni-Mo alloy
film catalysts is governed by the Volmer-Heyrovsky mechanism,
and the Volmer reaction is the rate-determining step.®>7*% It
can be found that the Tafel slope for the Ni-Mo alloy film with
10.84 wt% Mo is smaller than that of metallic Ni (179.5 mV
dec™") and other Ni-Mo alloy films with various Mo concen-
trations. Meanwhile, the exchange current density (j, = 1.30 mA
cm?) for the Ni-Mo alloy film with 10.84 wt% Mo is also the
largest among these Ni-Mo alloy film catalysts and metallic Ni.
The above consequences also show that the Ni-Mo alloy film
with 10.84 wt% Mo is more suitable for HER catalytic kinetics,
which is consistent with the LSV techniques.

Generally, the relevant useful results on interface properties
and HER kinetics related to the Ni-Mo alloy film electrocatalyst
surface also can be acquired by EIS tests (0.01-100 000 Hz).
Fig. 7 exhibits the EIS test results of these Ni-Mo alloy films
containing metallic Ni and various Mo concentrations
employed as electrocatalysts for HER. Furthermore, the EIS
information statistics are adjusted by Zsimpwin software
according to the electrical equivalent circuit (EEC) (inset in

Table 2 Kinetic parameters of the HER on metallic Ni and Ni-Mo alloy
films with different Mo concentrations

Ni-Mo alloys

with various Mo concentrations a (V) b (mV dec™) j, (mA cm™?)
Ni 0.5432 179.5 0.99
Ni-1.95 wt% Mo 0.4828 159.6 0.94
Ni-3.01 wt% Mo 0.3249 111.8 1.24
Ni-6.32 wt% Mo 0.3694 125.2 1.12
Ni-10.84 wt% Mo 0.2326 80.6 1.30
Ni-14.12 wt% Mo 0.2586 87.1 1.07

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 EIS curves of metallic Ni and Ni-Mo alloy films obtained in 1 M
KOH solution at 298 K from the EG system.

Fig. 7), and the computed values are presented in Table 3. This
circuit includes R, CPE (constant phase element) and Ry, rep-
resenting the electrochemical charge transfer resistance,
double-layer capacity of the electrodes and the internal resis-
tance contained solution resistance and catalyst resistance,
respectively.®* As displayed in Fig. 7, the HER electrocatalytic
performance and conductivity for the Ni-Mo alloy films are
related to Mo concentration. The semicircle diameter dimin-
ishes as Mo concentration changes from 0 wt% (only metallic
Ni) to 10.84 wt%, suggesting that both the HER electrocatalyst
activity and conductivity are enhanced. On the contrary, when
the Mo concentration is over 10.84 wt%, the semicircle diameter
increases inversely, suggesting that both the HER catalytic

View Article Online
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activity and conductivity are weakened. Furthermore, the Ni-
Mo alloy film electrocatalyst with 10.84 wt% Mo also displays
the highest double-layer capacitance, as well as the lowest
charge transfer resistance and internal resistance for HER,
indicating that the rate of electron transfer is the highest on the
Ni-Mo alloy film electrocatalyst and the electrocatalyst exhibits
the largest ECSA, thus presenting the best electrocatalyst
activity for HER.

Commonly, the ECSA value can be determined by utilizing
the specific capacitance (Cy4;) obtained from a flat standard with
1 cm? of actual surface area.®>®* Besides, the typical range for
the Cq value on a flat surface is generally supposed to be
between 20 and 60 uF cm ™2, with a common assumption often
setting it at 20 uF cm™~2.7° Thus, in this investigation, the ECSA
values of these Ni-Mo alloy films are gained using 20 puF cm >
according to the methodology outlined in the reported
literature®**” and displayed in Fig. 8. According to Fig. 8, the Ni-
Mo alloy film electrocatalyst with 10.84 wt% Mo exhibits the
largest ECSA value (1595.0 cm?®) and indicates the most superior
electrocatalytic activity for HER. Besides, the C4 can be ob-
tained through CV tests in a potential range where there are
non-faradaic behaviors by varying scan rates.*® Therefore, the
potentials are measured over a range of 0.35 to 0.45 V vs. RHE at
various scan rates from 10 to 90 mV s~ in 1 M KOH alkaline
solution. The CV test results for the Ni-Mo alloy film with
10.84 wt% Mo, which displayed the superior HER electro-
catalytic activity, are presented in Fig. 8a. The recorded capac-
itive current densities are fitted into a function of scan rates and
displayed in Fig. 8b. The obtained Cy; value for the Ni-Mo alloy

film containing 10.84 wt% Mo is approximately 29 mF cm™?,

Table 3 The analyzed data and ECSA data of EIS curves based on Ni—Mo alloy films with different Mo concentrations

Ni-Mo alloys

with various Mo concentrations R, (Q cm?) R (Q cm?) Ca1 (MF cm™?) ECSA (cm?)
Ni 2.06 93.1 4.6 230
Ni-1.95 wt% Mo 2.03 43.64 9.8 490
Ni-3.01 wt% Mo 2.00 14.32 17.1 855
Ni-6.32 wt% Mo 2.01 12.51 31.2 1560
Ni-10.84 wt% Mo 3.47 6.63 31.9 1595
Ni-14.12 wt% Mo 2.13 7.59 20.1 1005

Q
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Fig. 8 (a) CVs of Ni-10.84 wt% Mo tested in a non-faradaic region of the voltammogram in 1 M KOH at different rates from 10 to 90 mV s~ (b)
The corresponding capacitive current at 0.40 vs. SCE as a function of scan rate for as-deposited samples.
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After the stability test

Initial LSV curves and after 1000 CV cycles (a) and E—t curves at different current densities (b) measured for Ni-Mo films in 1 M KOH

containing 10.84 wt% Mo. SEM image before (c) and after (d) the stability test.

showing that the ECSA result of the Ni-Mo alloy film (10.84 wt%
Mo) electrocatalytic electrode is 1450 cm?. It is near the recor-
ded data of EIS tests (1595.0 cm?), signifying that the
measurement results are reasonable and dependable.

Moreover, the durability of the electrocatalyst electrode is
also a vital factor in evaluating its properties for HER. Therefore,
Fig. 9a shows the LSV curve after completing 1000 CV cycles and
the original LSV curve, revealing only a slight variation of 11 mV
in HER overpotential. This minimal change highlights the
outstanding catalytic durability of the Ni-Mo alloy film elec-
trode containing 10.84 wt% Mo. To confirm its durability, the
chronopotentiometry experiments have been implemented by
altering the current density range of 10 to 50 mA cm > and
maintaining a residence time of 3 h at various current densities
(Fig. 9b). As displayed in Fig. 9b, the potentials stay nearly
consistent at each current density. Fig. 9c and d, respectively,
show SEM images taken before and after the stability test. It can
be found that the surface morphology did not change during
the stability test due to the electrolysis of water, indicating that
the Ni-Mo alloy film electrocatalysts containing 10.84 wt% Mo
shows satisfactory HER durability in KOH electrolyte.

4 Conclusions

(1) It is difficult to obtain metal Mo films individually from the
EG system and the Ni-Mo co-deposition mechanism presents
a representative induced co-deposition in the EG system.

34172 | RSC Adv, 2024, 14, 34165-34174

(2) In the EG system, the Mo®" reduction can be promoted by
introducing Ni**, whereas Ni** reduction can be suppressed by
introducing Mo®*. Furthermore, both functions can be rein-
forced owing to the improved content of Ni*" and Mo®" in the
EG system, respectively.

(3) Ni-Mo alloy films containing various Mo concentrations can
be prepared from the EG system, and the Mo content in the film
can influence the surface morphology of Ni-Mo alloy films.
Cauliflower-like pattern Ni-Mo films with rough and homogenous
surfaces can be obtained when the Mo concentration is 10.84 wt%.

(4) The electrocatalytic property of the Ni-Mo alloy films can be
reinforced with the Mo concentration increasing from 1.95 to
10.84 wt% and the obtained Ni-Mo film containing 10.84 wt% Mo
exhibits superior catalytic activity for HER with an overpotential of
74 mV (ny0) in 1 M KOH electrolyte because of the high ECSA value
(1450.0 cm?). Therefore, the EG system shows promise as a poten-
tial contender for commercial use in the plating of Ni-Mo alloys.
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