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Scalable production of foam-like nickel-molybdenum
coatings via plasma spraying as bifunctional electrocatalysts
for water splitting

This work investigates the scalable production of foam-like
nanostructured Ni-Mo coatings containing the highly active
Ni,Mo via atmospheric plasma spraying. The Ni-Mo coatings
exhibit high activity towards both hydrogen evolution and
oxygen evolution reactions in alkaline media. Large-area
electrodes are produced in seconds with variable material
loading without compromising the foam-like structure.
Theoretical activity maps reveal that Ni,Mo exhibit reduced
hydrogen adsorption energies and enhanced water dissociation
which ultimately results in improved catalytic activity.
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Foam-like NiMo coatings were produced from an inexpensive mixture of Ni, Al, and Mo powders
via atmospheric plasma spraying. The coatings were deposited onto stainless-steel meshes forming a
highly porous network mainly composed of nanostructured Ni and highly active NizMo. High material
loading (200 mg cm™2) with large surface area (1769 cm? per cm?) was achieved without compromising
the foam-like characteristics. The coatings exhibited excellent activity towards both hydrogen evolution
(HER) and oxygen evolution (OER) reactions in alkaline media. The HER active coating required
an overpotential of 42 mV to reach a current density of =50 mA cm™2 with minimum degradation
after a 24 h chronoamperometry test at —10 mA cm™2. Theoretical simulations showed that several
crystal surfaces of NizMo exhibit near optimum hydrogen adsorption energies and improved water
dissociation that benefit the HER activity. The OER active coating also consisting of nanostructured
Ni and Ni;Mo required only 310 mV to achieve a current density of 50 mA cm~2. The OER activity
was maintained even after 48 h of continuous operation. We envisage that the development of scalable
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production techniques for Niz;Mo alloys will greatly benefit its usage in commercial alkaline water
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Introduction

Nowadays, alkaline water electrolysers can reach efficiencies of
~70%, where nickel plays a key role due to its good electro-
chemical activity and stability.' However, Ni exhibits a strong
hydrogen adsorption energy, resulting in large overpotentials
for the hydrogen evolution reaction (HER).* Therefore, decreas-
ing its interaction strength with hydrogen is a key parameter
that is currently being investigated. Alloying Ni with other
transition metals such as Fe, Co, and Mo has been a successful
strategy to improve its catalytic activity.”'® Previous studies
have shown that nickel-based binary and ternary alloys containing
Mo have great potential for the HER in alkaline media,"®™?
where among the most active electrocatalysts reported in recent
years is tetragonal Ni;Mo.”'"'? The high activity of Ni;Mo
has been attributed to its band structure that mimics Pt.° Ni-
Mo nanostructures are commonly fabricated by electrochemi-
cal deposition,”® a hydrothermal method,”'""* and chemical
vapor deposition,'* where typically, multi-step synthesis is used
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to achieve large-surface-area nanostructures. For example,
Zhou, Y., and co-workers reported the production of highly
porous NisMo via a hydrothermal process, followed by thermal
annealing in a H, atmosphere.’ In a similar process, Zhang,
J. et al. produced Ni;Mo nanoparticles onto MoO, cuboids
deposited onto nickel foam."" Xiao, J. used a carbon fiber array
covered with carbon tubes, which are then covered with Ni;Mo
sheets.'? Finally, Ding, H. et al. used nitrogen-doped graphene
foam as a substrate for NiMo nanosheets."* These works high-
light the advantage of hierarchical structures where a large
surface area and excellent catalytic performance are observed,
but these approaches ultimately complicate the material pro-
duction and limit their large-scale production.

Therefore, in this study, we report the scalable production
of Ni-Mo coatings containing highly active Ni;Mo onto stain-
less-steel meshes via atmospheric plasma spraying. A foam-like
structure was obtained, where nanostructured Ni and Ni;Mo are
dominant crystal phases, resulting in high electrochemical activity
towards both HER and OER in alkaline media. Large-area electro-
des were produced in just 30 s with variable material loading
without compromising the foam-like structure. Theoretical
activity maps reveal that diverse crystal surfaces of Ni;Mo exhibit
reduced hydrogen adsorption energy and improved water disso-
ciation, contributing directly to the HER activity.
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Experimental section
Electrode preparation

NiAlMo electrodes were produced by atmospheric plasma
spraying (APS). An APS (Metallisation, Met-PCC(PLAS)) equipment
fitted with a PL50 pistol and a 6 mm nozzle was used. Ar and N,
were used as primary and secondary gases, respectively. The
precursor material is a uniform powder (Metallisation 99627/
16 - P627) mixture of individual Ni, Al, and Mo metals with a
composition of 89.5, 5.5, and 5.0 wt%, respectively, and particle
size ranging from 45-90 um. The powder was injected into the
plasma plume via an external nozzle with the use of a volumetric
feeder with a disk rotation speed of 20 rpm and 8.0 NL min "
of N, as a gas carrier. Stainless-steel meshes (SS316) with a sieve
size of 150 pm were used as a substrate. The steel meshes
were cleaned in an ultrasonic bath with a mixture of deionized
water and ethanol (50:50) for 30 min. The power used during
the coating process was varied (16, 17, 20, 24, and 38 kW) by
modifying the flow and ratio of the primary and secondary gases
and the electrical current used to generate the plasma, see Table
S1 in the ESLt A robotic arm (ABB 2600) was used to manipulate
the plasma torch. A raster spraying pattern with a lateral velocity
of 250 mm s~ and a vertical displacement of 4 mm per turn was
employed. 13 cycles were used to cover an area of 20 cm x 22 cm;
the steel mesh substrate (7 cm x 5 cm) was collocated at the
centre to assure a homogeneous coating. The final coating was
achieved by applying a total of 5 layers on the substrate; these
samples were labelled NiAlMo. After spraying, a sample of size
3 cm x 5 cm was immersed in a 30 wt% KOH and10 wt% K-Na-
tartrate-tetrahydrate (Sigma-Aldrich) solution (50 mL) for 24 h at
80 °C to partially remove Al After Al leaching, the samples were
stored in Ar-saturated DI water; these are labelled NiMo.

Material characterization

X-ray diffraction (XRD) studies were carried out on a PANalytical
X'pert diffractometer (1 = 1.5406 A, Cu Ko) within the range
of 5 to 80 degrees (a step size of 0.01395° with 0.5 s per step)
under ambient conditions. Scanning electron microscopy (SEM)
studies were performed on a Carl Zeiss Merlin equipped with
energy dispersive X-ray spectroscopy (EDS). X-ray photoelectron
spectroscopy (XPS) analyses were conducted on a Kratos Axis
Ultra DLD electro-spectrometer equipped with a monochromatic
X-ray source (an Al K line of 1486.6 eV).

Electrochemical characterization

The electrochemical studies were performed using a potentiostat
(Ivium Technologies) in a three-electrode cell filled with Ar-
saturated 1 M KOH electrolyte at room temperature. Ag/AgCl
(3 M KCl) and a graphite rod were used as the reference and
counter electrodes, respectively. The working electrode consisted
of the activated (Al leached) NiMo coating with an area of 1 cm?;
the electrical contact was made through the stainless-steel mesh
with crocodile clips. The catalytic activity was measured by cyclic
voltammetry (CV) in the range of —1.036 to —1.236 V vs. Ag/AgCl
for HER (scan rate of 5 mV s~ ') and 0.194 to 0.594 V vs. Ag/AgCl
for OER (1 mV s~ ). A total of 9 (30) CV cycles were used for HER
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(OER) to achieve a stable polarization curve, and the last
cathodic (anodic) scan was used in this work. The measured
potential was converted to the reversible hydrogen electrode
(RHE) potential by using the Nernst equation, Eryg = Ecen +
0.059pH + Epg/agct; Eagiagct = 0.210 V vs. SHE, where Ecg is the
experimental measured potential. The /R compensation was
performed by subtracting 90% of the voltage drop caused by
the Ohmic resistance (Rgp) obtained from EIS studies using the
expression Eig.free = Emeasured(vs. RHE) — 0.90-iR,.

Electrochemical impedance spectroscopy (EIS) was performed
at 0 V (vs. RHE) with an amplitude of 10 mV in the frequency
range of 10 kHz to 0.1 Hz for the NiMo sample sprayed at 20 kW at
100 mm and 10 kHz to 0.01 Hz for all other samples deposited at
20 kW. Detailed sample labels and spraying conditions are listed
in Table S1 (ESIt). The operational stability was evaluated by
applying 1000 CV cycles from —0.15 to 0.05 V (vs. RHE) for HER
and from 1.0 to 1.6 V (vs. RHE) for OER at a scan rate of 50 mV s~ ".
A subsequent chronoamperometric (CA) study was carried out at a
constant potential to achieve a current density of —10 mA cm™>
for HER for 24 h. For OER, two CA studies were conducted at
10 and 50 mA cm > for 24 and 48 h, respectively. The double-layer
capacitance (Cyq;) of NiMo electrodes was evaluated by a series of
CV studies at different scan rates (5 to 100 mV s~ ') at +50 mV of
the open-circuit potential.*>*¢

The double-layer capacitance was determined in a non-
aqueous electrolyte by CV experiments in a conventional
three-electrode electrochemical cell, using the NiMo coatings
on stainless-steel meshes as working electrodes, 0.1 M NBu,PF¢
(Sigma-Aldrich, >99.0%) prepared in CH;CN (Fisher scientific,
99.99%) electrolyte as the working solution, Pt wire as the
counter electrode, and Ag/Ag" (0.1 NBu,PF with 0.01 M AgNOs,
Sigma-Aldrich, >99.8%) as the reference electrode (0.54 V vs.
NHE)."” Before any measurement, the reference electrode was
calibrated versus the Fc/Fc' redox couple (0.63 V vs. NHE)'®
using a solution 0.1 M NBu,PF¢ with 1.0 mM of ferrocene
(Sigma-Aldrich, 98.0%) in CH;CN. All the working electrodes
were cycled at different scan rates (5 to 100 mV s~ ') in the
potential window of —0.43 to —0.22 V vs. Ag/Ag" (0.01 M) at
20 °C under an Ar atmosphere.

Computational details

The adsorption free energy of hydrogen (AGy) was evaluated
using the computational hydrogen-electrode model using the
relation AGy = AEy + AEzpg — TAS,*'?*° where AEy is the
hydrogen adsorption energy using a H, molecule as the refer-
ence state. The term (AEzpr — TAS) involving the zero-point
energy and entropy contributions has been previously estimated
for metallic surfaces to be 0.24 eV;'° this value is used in our
calculations. AGy was evaluated at high hydrogen coverage as
expected for Ni-based alloys.* The computations were performed
using density functional theory (DFT) as implemented in the
SIESTA code.”" A double-{ polarized basis was used to represent
the valence electrons, and an energy cut-off of 350 Ry was used
for charge and potential integration. A K-grid of 6 x 6 x 1 was
used to sample the Brillouin zone of the Ni;Mo slabs. All systems
were relaxed using conjugate gradient minimization until the
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maximum forces were <0.04 eV A", The bottom three layers
of the metal slabs were kept fixed during optimization. The
dissociation energy (Eg;ss) of water was evaluated using Egiss =
Eyon-surf — EHZO—surﬁ where En_on-surf (EHZO—surf) is the energy
of the H and OH intermediates (H,O) adsorbed onto the
metal surface.

Results and discussion
Characteristics of nickel-molybdenum coatings

The fabrication process of the initial metallic NiAIMo coating
was performed by APS using a metallic powder precursor of
individual Ni, Al, and Mo (particle size 45-90 pm, not alloyed), as
illustrated in Fig. 1(a). The powder is injected into the plasma
plume via an external nozzle located just outside the anode.
A robotic arm is used to manipulate the plasma torch, and the
coating is carried out using a raster spraying pattern where
the entire substrate area (35 cm?) was coated in ~30 seconds.
This process was repeated 5 times to increase the coating
thickness, see the experimental section for further details. The
resulting coatings were robust and easy to handle. Afterwards,
the coatings were treated in an alkaline solution to partially
remove aluminium and increase their porosity and surface area
(Fig. 1(b)).>>>*

Before performing Al leaching, we carried out a series of
XRD studies to identify how the spraying distance and power
affected the constituents and catalytic activity of the as-sprayed
NiAlMo coatings. As a first optimization step, we kept the
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Fig. 2 XRD patterns of as-sprayed NiAlMo coatings using 20 kW of power
and different spraying distances.

spraying distance (distance between the nozzle and the sub-
strate) constant at 250 mm and then we prepared coatings
using 20, 24, and 38 kW. Afterwards, a second optimization
step was performed by varying the spraying distance (100, 200,
250, and 300 mm away from the substrate) while maintaining
the power at 20 kW (spraying conditions and sample labels are
listed in Table S1, ESIT). The selection of the power was based
on the observed HER performance, as discussed later. Overall,
all sprayed NiAlMo coatings contained similar types of crystal-
lites but with different phase distributions. The XRD image in

Substrate

(a) Schematic of the plasma torch spraying NiAlMo onto stainless-steel meshes using a raster spraying pattern (the arrows indicate the direction of

the torch motion). (b) The as-sprayed coatings were later subjected to an Al leaching process to increase the porosity; the circles indicate the formed
hollow structures due to Al removal. The green- and blue-coloured particles represent remaining Ni and Mo, respectively.
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Fig. 2 indicates the existence of pure Ni (AMCSD 0011153) with
peaks at 44.53 (crystal plane (111)), 51.89 (200), and 76.45 (220).
Al peaks are also seen at 38.50 (111), 44.76 (200), 65.16 (220),
and 78.30 (311), while Mo (AMCSD 0011221) features are seen
at 40.54 (110), 58.67 (200), and 73.74 (211). The coatings clearly
contain a simple mixture of the three individual metals (Ni, Al,
and Mo) present in the initial metallic powder (see Fig. S1,
ESIt). However, there are some significant differences after the
spraying process. The XRD features corresponding to Ni, Al,
and Mo are significantly broader when compared to those seen
in the powder precursor (Fig. S1, ESIt), indicating a much
smaller crystalline size. Another difference is the formation of
the tetragonal Ni;Mo'>*® with characteristics peaks at 31.27
(200), 43.58 (211), 50.44 (310), 51.4 (002), 74.12 (420), and
74.8 (312) as well as the equimolar NiMo alloy with peaks at
39.6 and 65.1, as reported by previous studies.’*® The as-
sprayed samples are not subject to any annealing procedure, so
the observed Ni-Mo alloys are formed in-flight after powder
injection into the plasma and subsequently deposited on the
substrate. This is further confirmed when producing samples
with a spraying distance of 300 mm, where a significant
contribution of alloyed Ni;Mo and NiMo was still observable.
At this distance, a maximum substrate temperature of 170 °C
was reached, which is too low to significantly affect the already
attached and solidified coating. On the other hand, using a
shorter spraying distance of 100 mm resulted in a substrate

NiAlMo powder i

C | & Leachingfor0.5h
S e }‘\ 7

63.02 wt%

¢ 175.92 wt%
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temperature of nearly 300 °C. Under these conditions, the
splats might grow and de-alloy, leading to larger Ni particles
(as seen by sharper Ni peaks) and sharper features corres-
ponding to Al and Mo. A similar trend was observed when
increasing the power from 20 to 24 kW while maintaining the
spraying distance constant at 250 mm, see Fig. S2 (ESIt), which
results in a higher substrate temperature. Note that using
shorter spraying distances (<100 mm) or a higher power
causes (>38 kW) deformation and oxidation of both the
stainless-steel substrate and coating occurred.

After the plasma spraying process, all coatings underwent an
Al-leaching process for 24 h. The removal of Al is evidenced by
XRD studies (reduced Al features in Fig. S3(a), ESIT) and EDX
elemental mapping (Fig. 3). Due to the strong alkaline treatment,
a partial oxidation of the surface is also expected, but the overall
bulk samples are still metallic, as evidenced by XRD studies
(Fig. S3(a), ESIT). Note that the removal of Al mostly occurs
within the first 30 min of treatment, and only minor changes in
morphology and catalytic activity were observed for longer Al
leaching processes (Fig. 3, 4, and Fig. S3(b), ESIt). We noticed
that the as-sprayed NiAlMo coating (20 kW@100 mm) exhibits a
larger Al content than the powder precursor (Fig. 3(a and b)); this
might be related to a preferential Al accumulation at the surface
during the spraying process. The Al content is later reduced to
16.08 and 9.24 wt% after 0.5 h and 24 h of the leaching process.
These results also indicate that the majority of Al is removed

-8
11.59 wt% + 14.30 wt%

8.25 wt% 8.57 wt%

Fig. 3 SEM images and elemental EDX mapping of Ni, Mo, and Mo. (a) NiAlMo powder precursor. NiMo 20 kW@100 mm sample (b) before Al leaching,

(c) after Al leaching for 0.5 h, and (d) after Al leaching for 24 h.
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Fig. 4 SEM images of NiMo 20 kW@100 mm after Al leaching: (a and b) low magnification micrographs of the coating, and (c—f) higher magnification

images showing the nanostructured features of the coating.

within the first 30 min. However, we kept the 24 h Al-leaching
treatment to reduce the potential interference of Al removal
during the catalytic tests. In addition, we evaluated changes in
double-layer capacitance (Cyq)) to identify the increase in surface
area caused by the Al leaching step. Here, we used the optimal
NiMo electrode for the HER, as discussed later, which was
produced by using a power of 20 kW at a distance of 100 mm
(labelled NiMo 20 kW@100 mm). To avoid side reactions, we use
a non-aqueous electrolyte consisting of 0.1 M NBu,PF, prepared
in CH;CN, Ag/Ag" (0.1 NBu,PF, 0.01 M AgNO;) as reference
electrode (0.54 V vs. NHE), and a Pt wire as a counter electrode
(see further details in the Experimental Section). The measure-
ments were performed in triplicate. The voltammograms and
evaluation of the Cy; of a representative sample are shown in
Fig. S4 and S5 (ESIT), while a summary of all results is listed in
Table S2 (ESIt). The as-sprayed sample exhibited a Cq value of
3 mF cm ™2, while those exposed to a 24 h Al-leaching process
achieved a Cg of 14 mF cm > This represents an increase
of 366%, which directly correlates with a similar increase in
surface area.

The surface morphology and microstructure of NiMo 20 kW@
100 mm, the optimal electrode, were examined by scanning
electron microscopy (SEM). As shown in Fig. 4(a, b) and Fig. S6
(ESIt), the sample presented an overall foam-like configuration
with regions of dense solidified lava-like lamellar structures as
well as porous structures under low magnification. Lamellar
structures are formed when fully melted particles hit the substrate
at a sufficient high velocity to spread over the substrate before
solidification. These areas are dense and have a rather low surface
roughness. On the other hand, particles that solidify before
reaching the substrate form sliced and clustered structures as

20798 | Phys. Chem. Chem. Phys., 2023, 25, 20794-20807

seen in Fig. 4(c-e). In addition, there are also defects as a result of
unmelted particles and unsuccessful sputtering as well as gas
pockets.>® At higher magnification, it is possible to observe that
the surface is composed of nanostructures and pores smaller than
200 nm seen in Fig. 4(f) and Fig. S6 (ESIt). As can be seen in
Fig. S6 (ESIt), the surface structure before and after Al leaching
exhibits similar features. The latter indicates that the sponge-like
features and nanostructures had already formed before the Al-
leaching processes.

The surface chemical state of the NiMo 20 kW@100 mm
sample was investigated using X-ray photoelectron spectro-
scopy (XPS). The XPS survey spectrum (Fig. 5(a)) confirms the
existence of Ni and Mo on the electrode surface. Fig. 5(b) shows
the high-resolution XPS spectrum of Ni 2p; the main peaks are
assigned to Ni(OH), with two spin-orbit doublets at binding
energies of 856.0 eV (Ni 2p;/,) and 873.6 eV (Ni 2py,). NiO
(854.0/871.5 €V, 2p3/5/2p1,,) and metallic Ni®" (852.5/869.8 eV,
2ps2/2p1/2) are also observed. This information indicates that
most of the surface is composed of oxidized Ni. Fig. 5(c) shows
the Mo 3d spectrum in which deconvolution was performed by
keeping a spin-orbital split distance of 3.15 eV and a 3:2 area
ratio between 3ds;, and 3d;,.>° Here, we detected the doublets
associated with metallic Mo®" (228.07 €V/231.22 €V, 3dss, 3d3/2)
and partially oxidized Mo with three distinct oxidation states
such as Mo®" (0 < 0 < 4:229.09 €V/232.24 eV, 3ds/, 3ds)),
Mo"" (230.27 €V/233.42 eV, 3ds,, 3ds),), and Mo®" (232.17 eV/
235.32 €V, 3ds,, 3d;5).>"** The XPS spectrum of O 1s pre-
sented in Fig. 5(d) reveals the presence of metal hydroxides
seen as a peak at 531.5 eV, in agreement with the Ni spectra.
There are also two features at 529.9 eV and 533.3 eV attributed
to lattice oxygen in metal oxides and adsorbed water at the

This journal is © the Owner Societies 2023
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Fig. 5 (a) XPS survey spectrum; (b) core level spectra of Ni 2p, (c) Mo 3d, and (d) O 1s for the NiMo 20 kW@100 mm sample after Al leaching.

electrode surface, respectively. The presence of Mo®" and Mo*",
as well as metallic Ni and Mo, suggests that the Al leaching
produced a mild oxidation in a relatively thin surface layer.

Hydrogen evolution

The activity towards the hydrogen evolution reaction (HER) of the
NiMo coatings was evaluated in the alkaline (1 M KOH) electrolyte.
As previously mentioned, we first investigated the effect of the
power used when creating the plasma while keeping the spraying
distance at 250 mm. The results are summarized in Fig. 6(a).
The observed trend in the overpotential (17;0) at —10 mA cm >
(Tafel slope) was 19 (54 mV dec '), 65 (62 mV dec '), and
125 mV (106 mV dec ') for samples produced at 20, 24, and
38 kW, respectively. Uncoated stainless-steel meshes did not reach
—10 mA cm ™ under the selected potential range (Fig. S7, ESIT).
The best performance was obtained when using a power of 20 kW.
The optimal spraying distance was later found by spraying elec-
trodes at 100, 200, 250, and 300 mm away from the substrate while
maintaining the power at 20 kW. The first major consequence
of increasing the spraying distance from 100 to 300 mm is the
decrease in catalyst loading from 200 to 78 mg cm ™ (see Table S3,
ESIt), which also reduces the electrochemical active surface area

This journal is © the Owner Societies 2023

from 1769 cm?® per cm® of geometric area to 455 cm” per cm?®
(Table S3 and Fig. S8, ESIt). This resulted in different values
for 1150 (Tafel slope) of 42 mV (36 mV dec™ ), 46 mV (40 mV dec ™),
62 mV (52 mV dec '), and 88 mV (74 mV dec ') for samples
sprayed at 100, 200, 250, and 300 mm, respectively (Fig. 6(b and c)).
The polarization curves in Fig. 6 have been corrected for iR drop,
and the uncorrected curves can be seen in Fig. S9 (ESIt). For the
best NiMo coating (20 kW@100 mm), the main HER process is a
combined Volmer-Tafel mechanism.**** The observed evolution
of the Tafel slope from 36 to 74 mV dec” " with reduced catalyst
loading indicates a change from the Volmer-Tafel to Volmer—
Heyrovsky route. The change in rate determining step suggests
that samples with poor loading have less available active sites
nearby for the Tafel step being relevant, and so, the Heyrovsky step
dominates.*****> The observed HER activity exceeds previously
reported values for complex hierarchical Ni;Mo nanostructures
described by the group of Luo, X,'* where an overpotential of
108.5 mV to reach —50 mA cm > was reported. Meanwhile, our
NiMo 20 kW@100 mm coating required solely 42 mV (iR-corrected),
an excellent HER activity even when compared to the state-of-the-art
Ni;Mo produced by the group of Feng, X,"" with an 7, of just
15 mV and a Tafel slope of 30 mV dec *. In addition, the NiMo
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(a) Polarization curves of samples sprayed at 250 mm but different spraying powers (without iR correction). (b) Polarization curves of samples

sprayed at 20 kW but different distances (iR-corrected). (c) Tafel plots of samples in (b). (d) Polarization curve of NiMo 20 kW@100 mm before and after
the 1000 CV cycles (iR-corrected). () Chronoamperometric response at constant potential to reach —10 mA cm™2 for 24 h. (f) Nyquist plot (0 vs. RHE);

the inset represents the equivalent circuit.

20 kW@100 mm exhibits a good performance at high current
densities requiring only 200 mV to reach 310 mA cm >
(Fig. S10(a), ESIY), resulting in a mass activity of 0.65 A g~ at
this overpotential. This is an excellent value when compared to
other noble-metal-free electrocatalysts,** % see Table S4 (ESIT).
The operational stability of NiMo 20 kW@100 mm was evalu-
ated by a continuous CV cycling (1000 cycles), followed by a
chronoamperometric test for 24 h. From Fig. 6(d), we observed
that the activity was slightly increased by 10% as derived
from the reduced n,, attributed to improved wetting and
removal of oxides produced during the Al leaching. The sample
was subsequently subjected to a chronoamperometric test at a
constant potential required to reach —10 mA cm ™~ for 24 hours
with negligible signs of degradation (Fig. 6(e)), in line with
previous Ni;Mo studies.”'"'* Electrochemical impedance
spectroscopy (EIS) was used to evaluate the Nyquist plots
(Fig. 6(f)). These exhibit two semicircles that can be modelled
using the equivalent circuit diagram shown in the inset of
Fig. 6(f) comprising two parallel CPE-R (CPE: constant phase
element) components connected in series. The semicircle in the
high-frequency range is commonly observed in highly porous
electrodes,*' and it has been associated with a variety of processes
such as pseudocapacitive charge storage (e.g., ion intercalation)*' or
electrolyte resistance inside the porous electrodes.”” The second
semicircle in the low-frequency range corresponds to the reaction
kinetics for the HER.**** The bulk electrolyte resistance is repre-
sented by the element R;. In Fig. 6(f), both semicircles decrease, and
so the value of the resistor R;, at smaller spraying distances. R; is
associated with the charge-transfer resistances with a value of 1.07,
4.67, 6.65 and 8.73 Q cm ™2 for NiMo electrodes sprayed at 100, 200,

20800 | Phys. Chem. Chem. Phys., 2023, 25, 20794-20807

250, and 300 mm away, respectively, in agreement with the electro-
chemical response and Tafel slopes.

Theoretical simulations were carried out to evaluate the
hydrogen adsorption energy on the predominant Ni;Mo phase.
We prepared four crystal surfaces ((101), (110), (121), and (211))
that have been previously reported to be active towards
HER."***> We then evaluated the hydrogen adsorption free
energy (AGy), a measure of the hydrogen-surface interaction
strength, to estimate its catalytic activity. The usage of AGy as a
descriptor towards the HER activity can be understood via the
Sabatier principle, which states that optimal binding energies
should be neither too strong nor too weak.”'® In other words,
electrocatalysts with strong hydrogen-surface interactions will
experience an inhibited HER activity due to slow hydrogen
recombination (e.g., Heyrovsky or Tafel step). On the other hand,
weak hydrogen-surface interactions will result in a slow proton
transfer (e.g.,, Volmer step) since hydrogen adsorption is no
longer favourable. As a result of this interplay, the optimal value
of AGy for the HER is zero. This relationship gives rise to a
Volcano-like plot of the logarithm of the exchange current
density (j,) with AGy, where the top of the Volcano lies at the
optimal value of AGy = 0, as seen in Fig. 7(a). For the sake of
clarity, we delimited a green region (—0.07 < AGy < 0.07 eV)
that we consider to be optimum, and it is in this region where
the highly active Pt(111) surface can be found, while the bare
Ni(111) surface lies towards the left side with values of AGy < 0
(strong H-interaction).” As seen from the Volcano plot, the
selected Ni;Mo surfaces exhibit a large variety of adsorption
sites due to their unique surface termination. These are mostly
Ni atoms with different local atomic coordinations (see Fig. S11

This journal is © the Owner Societies 2023
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optimum adsorption free energy of hydrogen was defined as —0.07 < AGy < 0.07 eV, highlighted by the green area. The pentagon and star indicate the
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of AGy indicate weak (strong) hydrogen adsorption seen in blue (red). The red dashed line indicates the unit cell used during the study. Only the top two
atomic layers are shown for clarity. Colour code: blue (cyan) represents Ni (Mo).

(ESIt)), which leads to a large variety of hydrogen adsorption
energies spanning from —0.5 up to +0.2 eV. The latter results in a
clear heterogeneity in the HER activity that is often seen in
defective systems.*®*” Interestingly, there are several sites, in
particular in the (211) and (101) Ni;Mo surfaces, that exhibit
AGy in the optimal range similar to Pt (111). This can be
understood by considering that in the tetragonal Ni;Mo, the
twelve nearest neighbours of Mo are Ni, while for Ni, three out of
the nearest neighbours are Mo. In this configuration, the Ni-Ni
and Ni-Mo bond lengths are nearly identical (2.55 A)*® but have
larger values than the Ni-Ni distance in pure nickel (2.49 A). This
stronger interaction leads to unique band structures with par-
tially empty d-orbitals similar to Pt effectively tuning the
hydrogen adsorption energy.

Fig. 7(b-e) depict the activity maps indicating the spatial
distribution of the catalytic sites. The optimum adsorption
energy is indicated in green. We noticed that the most active
sites (those with AGy near the optimum) are the fcc sites near
Mo atoms, where only Ni atoms constitute the fcc site. In other
words, Mo was not part of the adsorption site, but its nearby
influence directly tuned the hydrogen-surface interaction and
so the HER activity. These results suggest that the excellent
HER activity seen in Niz;Mo is originated from the multiple sites
in diverse crystal structures that exhibit near optimal hydro-
gen-surface interaction. In addition to hydrogen adsorption,

This journal is © the Owner Societies 2023

water dissociation plays a key role in the multi-step alkaline
HER since it is the source of adsorbed H. Therefore, we
evaluated the dissociation energy (Eq;ss) of water into adsorbed
H* and HO* intermediates as an indicator of how feasible the
sluggish water dissociation step can be accomplished. We
found that the E4;ss on NisMo surfaces (see Fig. S12 and S13,
ESIY) is generally larger than that on pure Ni. For example,
Ni(101) and Ni(111) surfaces exhibit an Eg;ss of —0.89 and
—0.40 eV, respectively, while the (101), (110), and (121) Niz;Mo
surfaces showed an Eg;ss of —0.51, —0.96, and —1.16 eV, respec-
tively. Note that negative values of Eg4; indicate a favourable
configuration. The stronger interaction of H* and HO* intermedi-
ates on Ni;Mo can result in a reduced energy barrier of the Volmer
step, effectively improving the overall HER activity.**™>°

Oxygen evolution

We carried out a similar optimization scheme for the oxygen
evolution reaction (OER) where the best electrocatalyst was the
NiMo coating sprayed at 100 mm with 16 kW of power (Fig. S14,
ESIT). This coating exhibits a similar phase composition and
morphology to the samples produced for the HER, with XRD
studies (Fig. S15, ESIt) showing the presence of the three
individual metals (Ni, Al, Mo) and the alloyed (Ni;Mo, NiMo)
phases. Due to the lower power, NiMo 16 kW@100 mm has a

lower catalyst loading of just 147 mg cm 2. SEM images
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Fig. 8 SEM images of NiMo 16 kW@100 mm coating after Al leaching: (a and b) low magnification micrographs of the coating, and (c—f) higher

magnification images showing the nanostructured features of the coating.
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(a) iR-corrected polarization curves of NiMo 16 kW@100 mm before 1000 cycles of CV activation, after activation and after 24 h of

chronopotentiometry test. (b) Chronoamperometric response at a constant potential to reach 10 mA cm™2 for 24 h. (c) iR-corrected polarization
curves of NiMo 16 kW@100 mm before activation (black line), after activation (red line), and after 48 h at a constant potential to reach 50 mA cm~2. (d) iR-
corrected polarization curves of 2 month-aged NiMo 16 kW@100 mm after activation (1000 CVs). (e) Nyquist plots at different potentials indicated in (d);

the equivalent circuit model is shown, and the inset represents a closeup at high frequencies. (f) Tafel plot of (d) evaluated from 50 to 150 mA cm

(Fig. 8(a—f) and Fig. S16, ESIt) revealed that the coating exhibits
a lamellar structure (Fig. S16(d), ESIt), where at higher magni-
fication, a porous structure with thin flakes (Fig. 8(b-e) and
Fig. S16(e), ESIT) is observed. A closeup to the surfaces also
reveals the presence of nanosized bumps and particles well
under 200 nm (Fig. 8(f) and Fig. S16(f), ESIT). A major differ-
ence with coatings fabricated at a higher power is the apparent
larger porosity with a foam-like structure formed by intercon-
nected bridges surrounded by large voids. Note that the porous
structure is formed during the spraying process and not after Al
leaching as seen in Fig. S16 (ESIt).

Fig. 9(a) shows the XPS survey spectrum for the NiMo 16 kW@
100 mm sample. We noticed a substantial higher oxidized surface
when compared to NiMo 20 kW@100 mm coating due to
the appearance of NiOOH and less Ni metallic. We also found a
larger Mo oxide to Mo metal ratio (22.3 for NiMo 16 kW@100 mm
and 20.1 for NiMo 20 kW@100 mm). The high-resolution Ni 2p
spectrum (Fig. 9(b)) is now dominated by Ni(OH), (856.9 €V/874.5 eV,
2P3/2P12) and NiOOH (859.4 €V/876.6 €V, 2psp/2pip),° > with
a slight contribution from metallic Ni®* (852.5 eV/872.8 eV,
2P3/2/2P1/2)- Similarly, the Mo 3d spectrum (Fig. 9(c)) shows a
larger contribution of high-valence Mo, such as Mo®" (232.66 eV/
235.81 eV, 3ds,, 3d;,) and Mo** (230.3 eV/233.45 eV, 3ds,, 3d3.),
while metallic Mo®" (228.0 eV/231.15 eV) and Mo®" (229.12 eV/

This journal is © the Owner Societies 2023
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232.27 €V) are present in a lower extent.>* The XPS spectrum of O
1s in Fig. 9(d) agrees well with the increased hydroxides (531.2 eV)
and oxo-hydroxides (532.3 €V) seen in the Ni and Mo spectra,”"*

Before evaluating the OER activity, the electrode was first
activated by cyclic voltammetry (1000 cycles) under anodic
conditions (1.0 to 1.6 V vs. RHE, 50 mV s '). The reported
activity was recorded by performing a final CV scan with a scan
rate of 1 mV s~ in a potential range of 1.23 to 1.63 V vs. RHE.
Note that the contribution of the stainless-steel mesh (Fig. 517,
ESIT) is minimal under the studied potential range. As can be
seen in Fig. 10(a), the performance of the electrocatalyst was
enhanced after 1000 CVs, evidenced by the reduction of #s,
from 310 to 303 mV. The observed activity is in line with other
previously mentioned NisMo nanostructures reported by Luo,
X,'> where an overpotential of ~290 mV was required to
achieve 50 mA cm 2. In addition, the NiMo 16 kW@100 mm
sample exhibited a good performance at high current densities
(Fig. S10(b), ESIt) as well as a competitive mass activity of
0.3 A g ' at an overpotential of 300 mV, in agreement with
other noble-metal-free electrocatalysts,”> >’ see also Table S5
(ESIT) for further comparison. The stability test was initially
conducted by applying a constant potential large enough to
achieve a current density of 10 mA c¢cm > for 24 h, and
the chronoamperometric (CA) response is plotted in Fig. 10(b).
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The initial variation of the current density can be related to the
transpassivation of Ni. After the stability test, an additional
polarization curve was recorded under the same potential region,
and only a slight increment in catalyst activity was observed (black
line in Fig. 10(a)). To further evaluate the stability of NiMo
16 kW@100 mm, a new sample was subjected to a larger anodic
potential to reach 50 mA cm > for 48 h continuously. The change
in OER activity was evaluated by recording three polarization
curves at different stages in the process: (i) before activation, (ii)
after activation, and (iii) after 48 h stability test. The results are
shown in Fig. 10(c), and we can see that for this sample, the 75,
decreases from 330 to 326 mV after the activation process, and a
further reduction is observed after 48 h CA test to 315 mV. These
results confirm the great operational stability of the NiMo
electrocatalysts.

In addition, we evaluated the OER activity of an aged NiMo
15.6 kW@100 mm sample that was subjected to the Al-leaching
process and then stored in DI water for 2 months. We carried
out the exact same activation procedure as other samples
before evaluating its OER activity. The iR-corrected polarization
curve after activation is shown in Fig. 10d. A clear oxidation
feature related to Ni**/Ni** at ~1.43 V vs. RHE is observed. This
feature is not seen in fresh samples under similar measure-
ment conditions, suggesting the formation of nickel hydroxides
during the sample storage. The latter can also explain the
enhanced OER activity observed (15, = 256 mV) when compared
to fresh samples (15, = 303 mV). We performed EIS measure-
ments at different potentials (1.428 V, 1.453 V, 1.475 V, and
1.494 V vs. RHE), indicated in Fig. 10d, to investigate the
activation of the OER. The corresponding Nyquist plots are
shown in Fig. 10e. Similar to the results in Fig. 6f, the Nyquist
plots exhibit two semicircles that can be modelled by an
equivalent circuit containing two parallel CPE-R components
in series (see the inset in Fig. 10e). We observe that R, (0.42 Q at
1.428 V vs. RHE) and R, (0.36 Q at 1.428 V vs. RHE) are similar
irrespective of the applied potential (see Table S6, ESIf). The
latter is expected for the Ohmic resistance (R;), while R, must
be associated with a process such as charge storage. For the
case of R;, there is a clear reduction from 17.59 to 0.20 Q when
increasing the potential, as expected for a faradaic process in
which there is a decrease in the energy barriers for the electron-
transfer reactions with the overpotential, such as the OER. Finally,
we evaluated the Tafel slope (Fig. 10f) in the current range of 50 to
150 mA cm?, resulting in a value of 86.7 mV dec '; this is
comparable to other highly active Ni-based electrocatalysts such
as NiOOH.®

Conclusions

Nanostructured Ni-Mo coatings were deposited directly onto
stainless-steel meshes via atmospheric plasma spraying. The
material mainly consisted of Ni and Ni;Mo having a highly
porous configuration with a foam-like structure. The material
loading was easily varied from 78 up to 200 mg cm > without
affecting the morphology. The produced Ni-Mo coatings were

20804 | Phys. Chem. Chem. Phys., 2023, 25, 20794-20807
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active towards both HER and OER in the alkaline electrolyte.
An exceptional HER activity was seen for samples produced at
20 kW and 100 mm of spraying distance where an 75, of just
42 mV and a Tafel slope of 36 mV dec " were observed, with a
mass activity of 0.65 A g~ at an overpotential of 200 mV.
Theoretical simulations indicated that the excellent HER
activity was a consequence of near optimal hydrogen-surface
interactions and improved water dissociation seen in several
crystalline Ni;Mo surfaces. For the oxygen evolving electrode, a
lower catalyst loading of 147 mg cm ™ > was beneficial because of
the formation of a thinner catalyst layer, which improved the
formation of NiOOH. The optimized electrode exhibited an #s,
of 310 mV and a mass activity of 0.3 A g~ " at an overpotential of
300 mV, and no deterioration was observed even after 48 h of
operation at a constant potential. These results show the
potential of using APS systems as a scalable production tech-
nique to form the highly active Ni;Mo alloy.
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