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Abstract: To obtain highly efficient yet easily produced water-splitting cathodes, Ni-MoO, composite
coatings were electrodeposited at a Ni foam substrate with an open-pore structure, pore size of
450 um, in a Watts-type bath. The concentration of MoO; particles (about 100 nm) was varied, while
the intensive mixing of the solution was provided by air bubbling with 0.5 L min~!. Electrodeposition
was performed at different constant current densities at room temperature. The morphology and
composition of the coatings were investigated by SEM and EDS. The hydrogen evolution reaction
(HER) was tested in KOH of different concentrations, at several temperatures, in a three-electrode H-
cell by recording polarization curves and EIS measurements. The lowest achieved HER overpotential
was —158 mV at —0.5 A cm~2. Up-scaled samples, 3 x 3.3 cm?, were tested in a single zero-gap
cell showing decreasing cell voltage (from 2.18 V to 2.11 V) at 0.5 A cm 2 over 5 h in 30% KOH at
70 °C with electrolyte flow rate of 58 mL min~!. Compared to pure Ni foams used as both cathode
and anode under the same conditions, the cell voltage is decreased by 200 mV, showing improved
electrode performance.

Keywords: electrodeposition; alkaline water electrolysis; Ni foam; MoO, nanoparticles; co-deposition;
zero gap flow cell; hydrogen evolution reaction

1. Introduction

Alkaline water electrolysis (AWE) is a mature technology for hydrogen production,
with significant benefits such as the use of non-noble metal catalysts and the possibility
of applying electric energy from periodical renewable power sources. Thus, it represents
the most promising technology for green hydrogen production on a large scale. The
need for green hydrogen is ever-growing since it represents an invaluable energy carrier,
and it is also used for demanded green reactions such as carbon dioxide reduction [1,2],
reduction of nitrates [3], and nitrogen fixation [4]. The high demand for green hydrogen
encourages innovations in the AWE technology, changing the electrolyzer types over the
years. Recently, zero-gap flow electrolyzers have emerged at the top of State-of-the-Art
technologies, given the reduced ohmic losses in this cell type and the efficient gas removal
from the electrode surface [5]. To ensure efficient electrolyte flow and dispersion of the
formed gasses, three-dimensional electrodes with complex structures are the best choice
for these systems.

Most hydrogen evolution reaction (HER) catalysts in alkaline environments are Nickel-
based. Even though the industrial standard uses pure Nickel or Raney Nickel electrodes,
these materials are struggling to meet the requirements for higher energy efficiency and the
goals set by the US Department of Energy and the European Commission [6-8]. Luckily,
the catalytic performance can be significantly improved by alloying Ni with other transition
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metals such as Mo [9-12], their oxides [13,14], sulfides [15-18], phosphides [19,20], etc. A
recent review gives an overview of these materials, primarily for seawater electrolysis,
but most of the materials are also used in alkaline water splitting [21]. To obtain a good
quality electrode for industrial use, it has to demonstrate exceptional HER activity with
fast kinetics, good long-term stability, and the ability to operate at high current densities
(=1 A cm~?) for large-scale applications [12]. As mentioned above, zero-gap flow cells
demand three-dimensional materials rather than commonly used Ni or Raney-Ni plates.
The material of choice for these systems is metal foams that can be produced by different
procedures [22]. Nickel foams with open-pore structures are made in a variety of pore sizes
and provide good catalytic activity towards water-splitting reactions in alkaline media, as
well as efficient electrolyte flow and gas removal from active sites [5]. The most efficient way
to improve the catalytic performance of such electrodes is to coat them with a more active
nickel-based alloy or composite. Among the many coating technologies, electrodeposition
stands out as a way to easily control the coating thickness, morphology, and composition
by applying optimal electrodeposition parameters. Additionally, this method can provide
complete coverage of complex surfaces, such as open-pore structures, covering the inner
and outer available sites with electroactive material. This enables the HER to take place
on all available sites, even inside the foam structure. A detailed overview of the literature
for catalyzed Ni foams as cathodes for water electrolysis has also been provided in our
previous publication [23].

The choice of the catalyst among a wide range of nickel-based alloys and composites
led to the use of MoO, nanoparticles, which show excellent conductivity thanks to the
distorted rutile structure and apparent metallic behavior of Mo?* in oxides [13]. Namely,
the role of molybdenum oxide species could be facilitating the hydrogen evolution kinetics
through the spillover effect due to diffusion of the reaction intermediates—preferential
adsorption of H,;, species, formed by Volmer reaction:

H)O+e — Hy3s +OH™ (1)

Molybdenum oxide particles could act as an acceptor of the adsorbed hydrogen atoms,
leading to the more available nickel active sites for further adsorption of hydrogen to
proceed, which would accelerate the whole hydrogen evolution kinetics on nickel-based
coatings with oxide particles inclusion. On the other hand, molybdenum oxide particles are
conductive and could be electrochemically co-deposited parallel to nickel electrodeposition.
Thus, the influence of molybdenum oxide species could be expected to be an effective
way to increase the hydrogen evolution reaction rate through one of the two mechanisms
mentioned above [13,14].

Also, it is shown in the literature that alloying Ni with Mo can enhance its catalytic
activity significantly, especially in the catalysts prepared by electrodeposition [24-27].
When referring to composite coatings, they are produced by embedding Mo-containing
particles during Ni electrodeposition from the same bath. One-step synthesis makes elec-
trodeposition a simple procedure, compared to vacuum plasma spraying or hydrothermal
routes that require several procedure steps with material pretreatment and additional
surface finishing steps. The only requirement for electrodeposition is the removal of surface
oxides/hydroxides from the foam substrate by simple etching and rinsing step [23].

In our previous investigations [14,28,29], we have studied the electrodeposition of
Ni-MoO; coatings at Ni mesh 40 from the solution containing 0.2 M NiCl, + 2.0 M NH,Cl,
while MoO, powder was synthesized by the rheological procedure [8] and added in
the electrolyte up to 3 g L™!. Obtained electrodes showed lower or equivalent HER
overpotential compared to the commercial De Nora Ni-RuO; cathode and slightly better
performance during the accelerated service life test [28].

Based on these results, in this research, an attempt was made to perform electrodeposi-
tion of Ni-MoO, coatings on Ni foam with the average pore size of 450 pm, a substrate that
would suit better the use in zero-gap flow electrolyzer. Considering the porous structure
of Ni foam, the first idea was to use ultrasound-assisted electrodeposition (often used in
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the literature [30-36]) of Ni and commercially available MoO, particles of the smallest
available size (100 nm MoO,) to obtain composite Ni-MoO, coatings uniformly distributed
at the surface and inside the porous structure of Ni foam. Several parameters were changed
(solution composition, MoO; concentration, power of ultrasound probe, etc.), but in all
cases, quite a small amount of MoO; particles was co-deposited with Ni, producing slightly
more active electrodes than pure Ni foam. In the meantime, the ultrasonic probe also
underwent noticeable damage from erosion caused by MoO; nanoparticles present in the
bath, possibly contributed by the present electric field. Although such behavior was not
expected, we believe that the main reasons for these results are:

e the size of MoO, particles (they were bigger than non-metallic particles usually used
in the processes of ultrasound-assisted electrodeposition of metals and non-metallic
particles [30-36]);

e the metallic type of conductivity that MoO, exhibits (1072 S cm ! at room temperature
according to literature data [37]); therefore, it cannot be considered a non-metallic particle;

e in our previous investigations, MoO, powders were obtained by the rheological
process [8], most probably containing not only MoQO, particles but also an unknown
amount of other non-stoichiometric Mo oxides, while in this case pure MoO, powder
(commercially available) was used.

Since ultrasound-assisted electrodeposition of Ni-MoO, composite coatings was not
successful, in this research, we have finally used a Watts-type bath containing different
amounts of MoO, particles of the average size of 100 nm for electrodeposition and provided
intensive mixing of the solution by air bubbling (see Section 2.1). Under such conditions,
much more active coatings for the HER were obtained, and the results are presented
in Section 3. Such prepared electrodes have been tested in laboratories and industrial
conditions and have demonstrated a great potential for high-scale hydrogen production in
an alkaline environment.

2. Materials and Methods

Ni foams with an average pore size of 450 um (designated as Ni foam 450) were
obtained from Alantum (Munich, Germany) and were used in this research as electrodepo-
sition substrates for Ni-MoO; coatings. Preparation steps that precede electrodeposition
were explained in detail in our previous publication [23]. The samples (approximately
1 x 1 ecm?, assuming approximately 1 cm? surface area, see Section 2.4) were made in a
“hockey stick” shape to provide easy liberation of hydrogen bubbles from the pores of the
Ni foam, both during electrodeposition and HER investigations in laboratory conditions
(stationary electrolyte). For the experiments in a flow cell electrolyzer, the electrodes were
cut into 3 x 3.3 cm? rectangle samples (a geometric surface area of about 10 cm?).

2.1. Electrodeposition of Ni-MoO, Composite Coatings on Ni Foam

Ni-MoO, composite coatings were electrodeposited at Ni foam 450 from the Watts type
bath (330 g L~! NiSO,-7H,0O (Alfa Aesar 98%) + 45 g L~! NiCl,-6H,O (Alfa Aesar 99.3%)
+38 g L~ H3BO; (Carlo Erba 99.5%), pH 3.2-3.8) containing 1.0, 1.5, 2.0 and 2.5 g L ! of
MoO; particles of the average size of 100 nm (MoO, Nanopowder, Super Grade 99.99%,
Purple Blue, Nanomaterials Inc., Houston, TX USA). Ni foam substrate was placed between
two larger Ni meshes as counter electrodes. Intensive mixing of the solution was provided
by bubbling air with 0.5 L min~! through the spiral-type glass pipe with the perforation
facing the bottom of the beaker to prevent MoO, precipitation. Electrodeposition was
conducted galvanostatically, most appropriate for industrial upscaling, at three different
current densities: —50, —100, and —150 mA cm~2 at 25 °C for 30 min.

2.2. Physico-Chemical Characterization

Morphology, structure, and composition of the obtained Ni-MoO, coatings were ana-
lyzed by Scanning Electron Microscopy performed on Carl Zeiss SUPRA 35 VP (Carl Zeiss
Microscopy GmbH, Jena, Germany) equipped with energy-dispersive X-ray spectroscopy—
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Oxford SDD Ultim max 100 (Oxford Instruments, High Wycombe, UK). Metallographic
cross-sections of the Ni-MoQO; coatings, prepared by a grinding and polishing procedure,
were investigated by Light Microscopy Axio Observer (Carl Zeiss Microscopy GmbH, Jena,
Germany) as well as by EDS.

2.3. HER Investigation

The HER was investigated in an H-cell with working and counter electrode compart-
ments separated by the Zirfon™ PERL UTP 500 diaphragm. Pt mesh was used as a counter
electrode, and Reversible hydrogen electrode (RHE)-HydroFlex (Gaskatel GmbH, Kassel,
Germany) served as the reference, connected with the cell through a Luggin capillary.
Potentiostat/Galvanostat ZRA Interface 1010E (Gamry Instruments Inc., Warminster, PA,
USA) was used for the electrochemical experiments.

Prior to polarization curve measurements, Ni-MoO; /Ni foam 450 samples were held
atj = —500 mA cm~2 for 10 min to remove any residues from the electrodeposition bath
from the sample and prevent the surface oxidation upon emerging into the electrolyte.
Polarization curves were recorded by linear sweep voltammetry (LSV) from # = =10 mV to
maximum 7 = —300 mV and back (v =1mV s~!) by using the current interrupt technique
for jR drop correction. The first polarization curve measurements were performed in 1.0 M
KOH (Fisher Chemical > 85%) at 25 °C in order to determine the electrode activity for
the HER, while the best-performing sample was additionally tested in 30% KOH at 70 °C
(industrial electrolysis conditions).

Furthermore, electrochemical impedance spectroscopy (EIS) measurements were con-
ducted on the best-performing sample in 30% KOH at 70 °C at four different overpotentials
(=50, =70, =90, —110 mV) in the frequency range from 20 kHz to 0.01 Hz, with the
RMS amplitude of 5 mV and 20 points per decade. This was conducted before each EIS
measurement electrode was kept at the same overpotential for 100 s to reach a stable
current response.

2.4. Zero-Gap Single Cell Measurements

Single-cell experiments were performed in a laboratory zero-gap flow electrolyzer (Mi-
cro Flow Cell from ElectroCell A /S, Tarm, Denmark). The connection of the Ni-MoO, /Ni
foam 450 with the Ni end plate of the cell was realized with bare Ni foam (current collector),
while at the anode side, pure Ni foams served both as anode and a current collector (with
Ni end plate). A Zirfon™ PERL UTP 500 diaphragm was used to separate the cathode and
anode compartments.

The single-cell tests were performed using a slightly modified procedure suggested
by the European Commission (EU harmonized polarization curve test method for low-
temperature water electrolysis) [38]. A polarization curve, starting from the low current
density up to 0.5 A cm~2, was first recorded. In the second step, a constant current
density of 0.5 A cm~2 was applied for 5 h, while during the third step, the polarization
curve was recorded using the same procedure as at the beginning. Additionally, an EIS
measurement close to the reversible cell voltage is performed to evaluate the cell resistance
under conditions where no gas bubbles are being evolved, RI (high-frequency resistance).

3. Results and Discussion
3.1. Physico-Chemical Characterization

The results of SEM-EDS analysis of Ni-MoO,/Ni foam 450 samples are presented
in Figure 1, with coatings electrodeposited at different current densities under different
magnifications: Figure la jgep = —50 mA cm~2; Figure 1b,c Jdep = —100 mA cm~2. A
common characteristic of all samples is the presence of large cracks, particularly on the
thick part of the coatings on the outer surface of Ni foam. Such cracks cannot be detected
deeper in the foam structure, and the thickness of the coatings inside the pores is much
lower. Similar percentages of Mo were obtained for all spectra, while the percentages for Ni
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and O were found to vary depending on the position of analysis. Compositions of samples
at analysis points are given in Table 1.
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Figure 1. SEM-EDS analysis of Ni-MoO, /Ni foam 450 samples electrodeposited at different current
densities: (a) jgep = —50 mA cm~2; (b,c) Jdep = —100 mA cm 2 at different magnifications.

Table 1. Compositions of samples at analysis points marked in Figure la—c.

Figure Spectrum No. at.% Mo at.% Ni at.% O

1 1 12.7 419 454

a 2 124 25.6 62.0

b 3 12.3 51.0 36.7

4 13.5 51.1 35.4

5 16.5 16.7 66.8

lc 6 10.3 61.0 28.7

7 11.1 60.1 28.8

Microphotographs of the Ni-MoO; /Ni foam 450 surface are shown in Figure 2. As
can be seen, the thickest coating (rich in Ni, white coating) is placed on top of the Ni foam
surface, while the thinner coating (rich in Mo, grey coating) is placed deeper in the foam.
According to Figure 1, EDS analysis was mainly performed on top of Ni foam in the region
richer with Ni (Inset—lower magnification).
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: Mo‘ich

10 um.

Figure 2. SEM microphotographs of Ni-MoO; /Ni foam 450 sample surface.

Cross-Section Light Microscopy (LM)

LM results of a cross-section of Ni-MoO,/Ni foam sample electrodeposited at
j=—50mA cm~2 (sample 1) are shown in Figure 3. It is obvious that most of the coating
is placed on the surface of Ni foam and that at some places, the thickness of the coating
reaches approximately 30-50 um. Nevertheless, slim coatings (1-2 pm), marked with the
arrows, can be detected at the Ni struts placed in the middle of the foam (A).

Foam surface

‘7ﬂ SR S O |

Foam surface

Figure 3. Light microscopy of the sample 1 cross-section.
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Similar results were obtained for the Ni-MoO, /Ni foam sample electrodeposited at
j=—100 mA cm~2 (sample 2). SEM-EDS analysis of thick coatings for sample 2 is presented
in Figure 4. The composition of Ni-MoO, coating is given in Table 2, while the cracks in the
coating are marked with arrows.

Figure 4. EDS analysis of a cross-section of certain Ni struts, (a,b), placed at the surface of the Ni foam
450 (sample 2). Composition data acquired at specific positions 1 to 5 (a), and 14 (b) are presented in
Table 2.

Table 2. EDS analysis at specific positions of Ni struts and Ni-MoO, coatings of sample 2.

at.% Ni at.% Mo at.% O at.% Ni at.% Mo at.% O

Spectrum
Position Figure 4a Figure 4b
1 100 100
2 100 100
3 90.14 9.86 17.81 3.51 78.69
4 88.44 11.56 93.32 6.68
5 20.68 3.55 75.77

3.2. HER Polarization Curves in 1.0 M KOH at 25 °C

In order to determine the best-performing sample for the HER, polarization curves
of all samples were first recorded in 1.0 M KOH at 25 °C and are presented in Figure 5.
It can be seen in Figure 5a that the HER overpotential at —500 mA cm~2 decreases with
increasing the concentration of MoO,, reaching a minimum of —187 mV for 2.5 g L~! MoO,.
After determining the optimal MoO, concentration, the same solution was used to vary
the deposition current density. Polarization curves recorded for samples deposited at —50,
—100, and —150 mA cm~2 (Figure 5b) showed the best j— characteristics when the current
density of —100 mA cm~2 was applied, especially regarding the high current range, with
an overpotential of about —150 mV at -500 mA cm 2 (Figure 5b). This electrode was then
subjected to HER testing in industrial conditions.
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Figure 5. Polarization curves for all Ni-MoO, /Ni foam 450 samples recorded in 1.0 M KOH at 25 °C:
(a) j-17 dependencies as a function of MoO; concentration (jgep = —50 mA cm~2); (b) j—1 dependencies
as a function of jgep (2.5 g L~ MoO»).

3.3. HER Investigation in 30% KOH at 70 °C

Polarization curves (j vs. 77) for the HER in 30% KOH at 70 °C recorded at bare Ni foam
450 and Ni-MoO; /Ni foam 450 (Ni-MoO, electrodeposited at ~100 mAcm 2 from the bath
containing 2.5 g L~! MoOj) are presented in Figure 6. It is obvious for both electrodes that
much lower overpotentials were obtained after jR drop correction. It is also obvious that
the catalytic activity of Ni-MoO;/Ni foam 450 is significant, with # being 345 mV lower at
j=—500 mA cm~2 compared to bare Ni foam 450. A similar difference in 7 (335 mV) is
obtained for polarization curves recorded without the jR drop correction.

OFT + T ‘v T 7
Ni foam 450
-200 | not jR corrected -
i 335 mV A
o 345 mV
< /
£ -600 | . -
< 30 % KOH, 70 C
-800 - Ni-MoO,/Ni foam 450 ]
i e ot jR corrected A
-1000 - e /R corrected -
] ) ] ) ] : ] . ] ) ]
-600 -500 -400 -300 -200 -100 0
nlmV

Figure 6. HER polarization curves (j vs. #) in 30% KOH at 70 °C recorded at bare Ni foam 450 and
Ni-MoO, /Ni foam 450 with and without jR correction.

Such notable improvement of catalytic activity, compared to bare Ni foam, outlines
the better performance of Ni-MoO, catalyst than pure Ni, proving the important role of
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MoO; in the intrinsic activity of the coating. Namely, as mentioned in the Introduction part,
the role of molybdenum oxide species is to facilitate HER kinetics through the spillover
effect. These particles cause the diffusion of the reaction intermediates (H,;4;) formed
by the Volmer reaction as they act as H,;; acceptors, leaving the nickel active sites for
further hydrogen adsorption [13,14]. For this reason, the composition of the coating should
be carefully tailored, as small amounts of molybdenum oxide particles contribute to the
spillover effect and provide better HER activity. At the same time, a higher content of MoO,
significantly reduces the number of Ni active sites for hydrogen adsorption, reducing the
coating HER activity [14].

Nyquist plots for the HER at Ni-MoO; /Ni foam 450 in 30% KOH at 70 °C, recorded at
n values of —50, —70, —90, and —110 mV, are shown in Figure 7. As can be seen, all Nyquist
plots are characterized by the presence of two semi-circles, confirming that at elevated
temperatures and high concentrations of KOH, adsorption of intermediate (H,45) depends
on the potential. This process can be presented and fitted by the equivalent circuit given in
the inset. For fitting EIS results, constant phase elements (CPE) had to be used, the values of
the double layer capacitance (Cq4;) and the pseudo-capacitance of the electrosorbed species
(Cp) were calculated using equations defined in our previous papers [39,40]. The correct
determination of parameters for the HER was performed using the same procedure as that
explained in [39]. After calculating all the parameters (Cqy, Ret, and Cp), the values of 7
were corrected for the jRg drop [39], and the corresponding #corr VS. log(Rct_l) and logTt vs.
1corr dependencies were plotted in Figures 8a and 8b, respectively, in order to obtain the
exchange current density (jo corr) and equilibrium relaxation time (7o corr).

v T v T v T : | . ! i L
0.3 - Ni- i Bl
Ni-MoO /Ni foam 450 9
O -50 —fit ‘cpsp
02k O -70 — —fit [Ret | == i

|
- fit

110 —-

- 2"/ O ecm?

=
-—
T
]

30 % KOH, 70 °C
g R A

0.1 0.2 0.3 0.4 0.5 0.6 0.7
Z'l Q cm’

Figure 7. Nyquist plots for the HER in 30% KOH at 70 °C recorded at Ni-MoO, /Ni foam 450 electrode
at different applied overpotentials: # = =50 mV; 1 = =70 mV; 7 = =90 mV; y = —110 mV; with

corresponding fits obtained using the equivalent circuit given in inset.

It should be emphasized that high values for j, corr, and 7, are a consequence of the
fact that only one side of Ni foam 450 (with an area of 0.81 cm?) has been used for the
calculation of current densities (as suggested in Ref. [38] for tests in the single cells). The
electrochemically active surface area must be much higher than geometric, although it was
not calculated due to the lack of a reliable method to compare the surface area of bare and
coated Ni foam. Even though various methods are used to determine the electrochemically
active surface area of non-Pt electrodes [41,42], the question of accurate values of ideal
double layer capacity for Ni foam material and the coated Ni foam complicates this cal-
culation [5,43,44]. Considering the morphology of Ni-MoO, /Ni foam 450 (Figure 1), the
presence of cracks on the top surface of the foam, and the relatively flat and thin coating
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I mV

ﬂCOI'I'

-100

inside the pores, it seems practically impossible to determine the electrochemically active
surface area. In addition, using the geometric surface area is common for industrially
applicable electrodes (as suggested by [38]) as one side is exposed to the membrane in
a single cell; therefore, this value is used for the calculations. It should be stated that,
in addition to the intrinsic activity of the coating, the increase in the electrochemically
active surface area of the coated electrode due to the coating morphology contributes to the
overall improved catalyst activity compared to bare Ni foam.

y

- 2 ———————r———————

Ni-MoO,/Ni foam 450 -
30 % KOH, 70 °C

1
T TTTTYY

.
a0 2 22 adsy

S
=

B -2 °

Y/ =-12.5 mA cm [
Selaad . o* 30 % KOH, 70 °C

4 Ni-MoOlei foam 450
. . L. . ... [ 1 . L . 1 . 1 . L A
o . 10 -100 -80 -60 -40 20 0
R, /1Q cm n__ImV
ct corr

Figure 8. Dependencies #corr Vs. log(Rcfl) (a) and log T vs. #corr (b) for the HER in 30% KOH at
70 °C recorded at Ni-MoQO, /Ni foam 450 electrode.

3.4. Investigations in a Single, Zero-Gap Membrane Cell

The single, zero-gap membrane cell is schematically presented in Figure 9a. The
Teflon frame, which holds the Ni foam electrodes, is schematically presented in Figure %b.
As seen in the cathodic compartment, Ni foam serves as a current collector, while Ni-
MoO;/Ni foam 450 is a catalyst. In the anodic compartment, Ni foam serves as a current
collector, as well as the catalyst. The cell arrangement is as follows: end plate | current
collector | cathode | lanode | current collector | end plate.

Voltage vs. current density (U—j) dependencies recorded for three flow rates in the cell
composed of bare Ni 450 foam as the cathodic current collector, Ni-MoO, /Ni foam 450 as
the cathode catalyst layer, and bare Ni 450 foam as a current collector and anode catalyst
layer are shown in Figure 10a before- and in Figure 10b after the stability test. The U-t
dependency recorded at the highest electrolyte flow during the preliminary stability test is
given in the inset in Figure 10a. High heating value (HHYV) efficiency, which compares the
theoretically required energy to the actual energy applied for the reaction, is also displayed
in Figure 10a,b, depending on the applied current density. The theoretically required
energy represents the enthalpy for the water-splitting reaction, where water is in the liquid
state [45]. The best results were obtained with the flow rate of 58 mL min~! with the voltage
at 500 mA cm 2 being approximately 170 mV lower after the 5 h stability test. The drop in
overvoltage suggests that the surface is cleaned from the impurities collected in the air or
the electrodeposition bath, and no coating detachment is noticed during the experiment.

These results are compared with the cell assembly where bare Ni foam is also used
as a cathode catalyst. Figure 11 shows U-j dependencies recorded for the flow rate of
58 mL min~! before (Figure 11a) and after (Figure 11b) the preliminary stability test for
cells containing bare Ni foams as cathode catalyst and Ni-MoO,/Ni foam as cathode
catalyst. At the current density of 500 mA cm ™2, the voltage on the cell with Ni-MoO,
cathode catalyst is lower than that with bare Ni foam cathode catalyst for 80 mV before the
stability test, while after the stability test, this difference increased to 140 mV.
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Figure 10. Voltage vs. current density (U-j) dependencies recorded in 30% KOH at 70 °C for three
flow rates before (a) and after (b) the stability test, with U-t dependency recorded during the 5 h
stability test at 500 mA cm 2, for electrolyte flow of 58 mL min~! presented as inset in (a), and the
legend presented in (b). Cell arrangement: Ni end plate | Ni foam 450 | Ni-MoO; /Ni foam 450 | | Ni

foam 450 | Ni foam 450 | Ni end plate.
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Figure 11. U-j dependencies recorded for the flow rate of 58 mL min~! before (a) and after (b) the
5 h stability test for cells containing bare Ni foam as cathode and Ni-MoO, /Ni foam as cathode.

Comparing the results obtained in the H-cell with stagnant electrolyte (Figure 6) and
single zero-gap membrane cell with electrolyte flow of 58 mL min~! (Figures 10 and 11),
it is obvious that the catalytic activity of Ni-MoO, /Ni foam 450 is less pronounced in the
zero-gap membrane cell (only 140 mV in comparison with 335 mV for H-cell). However,
several parameters should be considered regarding different resistances present in a zero-
gap cell: the construction of the zero-gap cell (presence of current collector), contact
of the Zirfon™ PERL UTP 500 diaphragm with electrode surface, the flow rate of the
electrolyte (limitations in active surface area of foams), etc. The simulations reported in the
literature [46] also mention different additional resistances: uneven current distribution
due to electrode geometry, the electrode gap (not equivalent to exact zero), bubbles in
the electrolyte, concentration gradient, electrode perforations filled with stagnant bubbles,
etc. Thus, more attention should be paid to designing experiments in zero-gap systems to
overcome these issues and obtain more reliable data on catalyst performance.

Another issue is comparing the obtained results to other reported catalysts, as most
literature refers to overpotential and cell voltage values on low current densities, such
as 10 mA cm~2, which is irrelevant for industrial applications. Although Ni-Mo-based
catalysts are outlined as benchmark HER catalysts in alkaline media and the most promi-
nent replacement for Pt-based catalysts in recent review papers [47-49], even putting a
spotlight on Ni foam and Ni mesh-supported catalysts, it is hard to compare our elec-
trodes to other publications due to a different focus regarding the current density values.
Some of the reported materials stand out: MoNis/MoO,@Ni with an overpotential of
—15mV at —10 mA cm~2 in 1 M KOH [50], which is equal to the catalyst reported in this
paper; NiS/MoO; /NF, which gives a cell voltage of 1.56 V at 10 mA cm~2 in overall water
splitting [51]. These materials seem to outperform our cathodes, but the used electrolyser
is a standard 2-electrode system, rather than the zero-gap used in this paper, and the
results obtained in a 3-electrode cell in 1 M KOH are, by far, exceeded by the electrodes
reported here. The overpotential at —10 mA cm~2 in 1 M KOH reported in that study [51]
is as high as —150 mV, the same as reported for NiMo films [52]. Multimetal alloys such
as NiMoCo/Ni mesh show promising results, with 719 of —13.7 mV in 1 M KOH and
cell voltage of 1.44 V for overall water splitting at 10 mA cm ™2, although in a standard
2-electrode system. Research that stands out regarding the applied testing conditions close
to industrial [53] reports electrodeposited NiMo/NF cathodes that give a cell voltage of
1.64 V at 200 mA cm~2 in a 2-compartment electrolyzer with the NiFe/NF anode.

Given the promising results of our study, compared to other reported Ni-Mo-based
catalysts, our Ni-MoO, composite coatings electrodeposited at three-dimensional Ni sub-
strates represent a promising material that can be tailored to respond to specific demands of
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zero-gap flow electrolyzer systems. The research will continue with further characterization
of the obtained electrode material, more reliable stability tests, and additional optimization
of synthesis parameters, including the structure of the substrate, MoO, nanoparticle size,
bath composition, optimization of experimental procedures in zero-gap arrangement, etc.

4. Conclusions

In this research, an efficient electrodeposition procedure for the production of composite
Ni-MoO, coatings on Ni foam substrate is presented. Using Ni foam with an open-pore
structure and average pore size of 450 um as a substrate, highly functional electrodes for zero-
gap flow electrolyzers are obtained by determining the optimal electrodeposition parameters.

By using a Watts-type electrodeposition bath with a concentration of 2.5 g L~! of
commercially available MoO, nanopowder with an average particle size of 100 nm and
applying a constant current density of —100 mA cm~? for 30 min, composite coating Ni-
MoO; covering the inner and outer surface of the foam is obtained. The thickness of the
coating is higher at the outer surface and lower inside the pores, but the coating does not
block the pore openings necessary for the electrolyte flow. An overpotential of —150 mV
at —500 mA cm 2 (normalized per geometric area) in 1 M KOH at 25 °C and around
—125mV at —500 mA cm~?2 in 30% KOH at 70 °C are achieved in an H-type cell with
stagnant electrolyte.

When used as a cathode in a zero-gap flow cell with 30% KOH at 70 °C, this electrode
provides a current density of 500 mA cm~2 with reduced overvoltage for 140 mV, compared
with pure Ni foam 450 used as the cathode, showing improved catalytic performance.
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