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Highlights

What are the main findings?

e Raising treatment temperature from 750 to 900 °C coarsened and thickened porous
Ni-Co layers.

e  Double-layer capacitance peaked at 825 °C, reaching 6.97 mF cm~2.

e  The 900 °C electrode reached a HER overpotential of 109 mV after 2 h at —10 mA cm~—2.

e Apparent OER Tafel slopes were lowest at 750 °C; final overpotentials were lowest
at 900 °C. Laser energy density governs interfacial diffusion, phase distribution, and
local misorientation.

What are the implications of the main findings?

e Higher double-layer does not indicate better

HER/OER performance.
e  Temperature control enables tuning of porous Ni—Co layers without changing

capacitance necessarily

the precursor.
e  The 900 °C coating is promising as a bifunctional electrode for alkaline HER and OER.

Abstract

In this work, porous coatings were obtained by Co electrodeposition on Ni, followed by
Al deposition and anodic dissolution in a NaCl-KCI-AlF; melt at 750, 825 and 900 °C. The
same Co-coated Ni precursor, applied potentials and 3600 s Al-deposition time were used
at all temperatures; the recorded anodic durations and transferred charges differed. SEM
observations showed a change from a fine sponge-like surface to a coarser porous network.
The estimated layer thicknesses were 8-12, 32-55 and 50-65 um, respectively. The main
XRD reflections were consistent with an fcc metallic phase in Co-rich material, with possible
overlapping signals from Ni. Weak additional reflections were tentatively associated with Al-
containing phases, but their identity was not confirmed. The highest apparent capacitance
estimate was obtained at 825 °C. In 1 M NaOH, the lowest HER overpotentials among
the treated electrodes were registered for the 900 °C sample: 109 and 494 mV after 2 h
at —10 and —100 mA cm~2. For OER, the lowest apparent Tafel slope was obtained at
750 °C, while the lowest end-of-test overpotentials were obtained at 900 °C. Unmodified
Ni showed higher anodic currents in part of the polarisation range, so the treatment did
not give a general improvement in OER compared with Ni. No post-measurement iR
correction was applied. The measured electrodes showed different trends in morphology,

Coatings 2026, 16, 1313

https://doi.org/10.3390/coatings16111313


https://crossmark.crossref.org/dialog?doi=10.3390/coatings16111313&domain=pdf&date_stamp=2026-11-09
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/coatings
https://www.mdpi.com
https://orcid.org/0000-0002-6482-0740
https://orcid.org/0000-0003-2993-4926
https://orcid.org/0000-0002-0332-7725
https://orcid.org/0000-0002-0121-8576
https://orcid.org/0000-0002-5085-2645
https://doi.org/10.3390/coatings16111313

Coatings 2026, 16, 1313

20f 18

apparent capacitance and HER/OER response; statistical significance and between-electrode
reproducibility were not established.

Keywords: co-coated Ni substrates; molten-salt treatment; aluminium electrodeposition;
selective dissolution; porous coatings; hydrogen evolution reaction; oxygen evolution reaction

1. Introduction

Alkaline water electrolysis is an established method of hydrogen production. Further
improvement of this technology requires active, durable and inexpensive electrodes which
can be prepared using scalable coating techniques [1-5]. Nickel is widely used in alkaline
electrolysers due to its electrical conductivity and corrosion resistance [5,6]. However,
compact Ni requires relatively high overpotentials for hydrogen and oxygen evolution. The
performance of the electrodes is connected with reaction kinetics, the number of accessible
surface sites, wetting and gas-bubble release [6-10].

In alkaline HER, hydrogen is formed from water molecules rather than directly from
protons. This reaction includes water dissociation, hydrogen adsorption and subsequent
electrochemical or chemical desorption [7-10]. For porous electrodes, the response also
depends on electrolyte access, removal of OH— and detachment of H, bubbles [8-12]. Dur-
ing OER, the surface chemistry of Ni-based electrodes is strongly affected by the formation
of hydroxides and oxyhydroxides [13-16]. Therefore, a morphology favourable for HER
does not necessarily give the same temperature trend in OER.

Co is often added to Ni-based electrodes used in alkaline electrocatalysis. For electrode-
posited Ni-Co materials, the HER response depends on composition, deposition conditions
and porous morphology [17-22]. When comparing HER and OER, it is therefore necessary
to consider both the coating morphology and the surface state during polarisation.

Another main approach to improving Ni-based electrocatalysts is surface development.
Raney-type Ni is a classical example, usually obtained by selective leaching of Al or Zn
from Ni-based precursor alloys [23-31]. Its high apparent activity is commonly connected
with a large real surface area, a defect-rich metallic skeleton and a porous network that
allows electrolyte penetration into the electrode. However, the activity is not determined
by surface area alone. The phase composition of the precursor, the dissolution process,
ligament coarsening, residual alloying elements and mechanical integrity of the porous
layer also affect the catalytic response [23-31]. During dealloying, the less noble compo-
nent is selectively dissolved, while surface diffusion or rearrangement of the remaining
atoms produces a porous metallic network [32-34]. The pore size, ligament thickness
and connectivity therefore depend on the precursor phases, dissolution conditions and
temperature-dependent diffusion processes. Al-containing precursors are particularly use-
ful for Ni-based porous electrodes because Al can be used as a sacrificial element and Al-Ni
intermetallic phases readily form at elevated temperatures. The Al-Ni system contains sev-
eral stable phases, including NiAl, Ni3Al and Al-rich nickel aluminides. Reaction-diffusion
studies have shown that their growth is strongly affected by temperature, diffusion kinetics
and Kirkendall-type effects [35-38]. Stable aluminides are also present in the Co-Al sys-
tem, including CoAl and Al-rich cobalt aluminides. A Co-rich surface exposed to liquid
Al may therefore follow a different reaction pathway from a Ni-rich surface [39,40]. The
Co-Ni system shows mainly metallic solid-solution behaviour over a broad composition
range, with fcc/hcp stability depending on composition and temperature [41]. The phase
equilibria of the Al-Co-Ni system provide a thermodynamic basis for considering possible
Al-containing reaction products [42]. For a Co-coated Ni precursor, the reaction sequence
may also depend on contact of the outer Co layer with the deposited Al and the underly-
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ing Ni substrate. Molten-salt Al deposition followed by anodic dissolution allows porous
metallic coatings to be obtained without preparing a bulk Al-containing alloy before the
experiment. Al is deposited from a chloride—fluoride melt on the metallic substrate at high
temperature. Above its melting point, the deposited Al is liquid and can react rapidly
with the exposed metal, forming Al-containing intermetallic regions. Subsequent anodic
polarisation selectively removes Al from the modified region and leaves a porous metallic
framework on the substrate [43-49]. Compared with conventional powder metallurgy or
chemical-leaching methods, Al deposition, intermetallic formation and selective dissolution
can be carried out in the same high-temperature electrochemical environment. Coating
preparation, intermetallic transformation and dealloying are therefore combined in one
surface-engineering process.

Previous studies have shown that Al deposition and dissolution in molten salts can be
used to obtain porous Ni, Ni-Co, Ni-Pt, stainless-steel-based and noble-metal-modified Ni
electrodes [44-49]. For porous Nj, this treatment substantially increased the electrochemi-
cally accessible surface and improved the activity in alkaline oxidation reactions [46]. The
results obtained for stainless steel showed that the method is not limited to pure Ni sub-
strates and can also produce porous functional surfaces from multicomponent alloys [48].
For Ni-Pt electrodes, the distribution of Pt inside the porous structure was important.
Electrodes with exposed Pt-rich porous layers showed substantially better HER response
than structures where Pt was less accessible inside the porous body [47]. Work on multi-
component coatings also showed that selective dissolution, surface oxidation and element
redistribution can strongly affect catalytic behaviour, particularly when Al-containing re-
gions modify the surface reactivity [50]. Ni—-Co electrodes are of interest because they
contain no noble metals and are strongly affected by phase-transformation pathways. Re-
cent work on layered Ni-Co and Ni-Co-Ni electrodes showed that the initial arrangement
of the layers controls the main Al-driven reaction route [49]. When Co was directly ex-
posed to liquid Al, the process was mainly connected with Co—Al-derived intermetallic
formation and produced a highly open Co-containing porous network. When the Co-rich
layer was covered by an outer Ni layer, the reaction shifted towards Ni—-Al formation. A
more compact Ni-rich surface was obtained, with different HER kinetics [49]. These results
showed that the response of molten-salt-derived porous electrodes is not determined only
by their nominal elemental composition. The initial layer arrangement can determine the
sequence of intermetallic formation, selective dissolution, element redistribution and the
final electrochemical behaviour.

Earlier molten-salt studies compared substrate composition, noble-metal modification
and different precursor layer sequences [44—49]. The Ni-Co/Ni-Co-Ni comparison showed
the importance of layer arrangement [49]. Treatment temperature can also affect reaction-
layer growth and pore evolution [32-38]. Its influence on the same Co-coated Ni precursor
therefore needs a separate comparison.

In this work, Co-coated Ni substrates were treated at 750, 825 and 900 °C using the same
applied potentials and Al-deposition time. The anodic stage was ended when the current
approached zero, so its duration and the transferred charges differed between temperatures.
In the earlier study, different layer sequences were compared [49]. Here, the starting
structure was kept the same: an electrodeposited Co layer on a compact Ni plate. SEM/EDS,
XRD, capacitance measurements, polarisation curves and 2 h chronopotentiometry were
used to compare the final porous coatings. The comparison describes the electrodes obtained
under these treatment conditions, rather than temperature at matched charge and anodic
duration. The final material is described as a porous coating formed on Nij; this does not
imply a homogeneous Ni-Co alloy with a predetermined composition.
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2. Materials and Methods
2.1. Materials and Substrate Preparation

Compact nickel plates with a purity of 99.9% were used as substrates. The dimensions
of the samples were approximately 15 mm x 10 mm x 1 mm. The geometric surface area
exposed to the electrolyte during electrochemical measurements was approximately 1.6 cm?.
Before electrodeposition, the samples were polished with SiC abrasive paper up to #800 grit.
They were then ultrasonically cleaned in acetone and ethanol, rinsed with deionised water
and dried in air.

2.2. Cobalt Electrodeposition

Co was electrodeposited directly on the Ni substrate (Nilaco Corporation, Tokyo,
Japan) from an aqueous bath containing 500 g L~! CoSO,-7H,0, 15 g L~! NaCland 45 g L!
H3;BO; (Nacalai Tesque, Inc., Kyoto, Japan). The bath pH was approximately 3.5, and
the temperature was 50 °C. Deposition was carried out galvanostatically at 30 mA cm~2
for 60 min (3600 s) with a Pt anode. The continuous Co-rich layer had a thickness of
approximately 30 pm, estimated from cross-sectional observations. After deposition, the

samples were rinsed with deionised water and dried in air.

2.3. Molten-Salt Al Deposition and Selective Dissolution

The Co-coated Ni samples were fixed in a molybdenum holder and immersed in
the molten salt electrolyte. The bath consisted of 48.25 mol% NaCl, 48.25 mol% KCI and
3.5 mol% AlF;. Treatment was carried out at 750, 825 and 900 °C under flowing Ar. A
graphite electrode was used as the counter electrode. The Ag/AgCl reference electrode
consisted of an Ag wire immersed in a NaCl-KCl-AgCl melt in a mullite housing.

Al deposition was carried out potentiostatically at —1.4 V vs. Ag/AgCl for 3600 s. At
these temperatures, the deposited Al is liquid and can react with the Co-rich surface layer
and, depending on temperature, with the underlying Ni-containing region. After deposition,
the potential was changed to —0.7 V to dissolve metallic Al and Al-rich intermetallic regions.
The anodic stage was ended when the current approached zero. This was a practical
endpoint and did not establish complete Al removal. The recorded anodic stages lasted
approximately 2534, 3241 and 2393 s at 750, 825 and 900 °C, respectively. After treatment, the
samples were removed from the melt, cooled and washed with deionised water to remove
residual salt. Equal charges, amounts of Al and current efficiencies were not assumed
for the deposition and dissolution processes. The charge per unit area was calculated by
trapezoidal integration as q = 3.6 [ljldt, with j in mA cm~2 and t in h. The cathodic interval
was 0-1 h, and the anodic interval extended from 1 h to the final recorded point. Values at
the 1 h boundary were interpolated linearly and segments crossing zero were split at the
crossing. The cathodic charge values were 272.96, 384.35 and 491.11 C cm~2, and the anodic
charge values were 235.76, 263.40 and 364.55 C cm~2, respectively. The anodic-to-cathodic
ratios were 86.37%, 68.53% and 74.23%.

2.4. Structural and Phase Characterization

The surface morphology and cross-sections of the samples were examined using a
scanning electron microscope (JEOL 6000, Tokyo, Japan). For cross-sectional observations,
the samples were embedded in conductive resin, ground and polished. The distributions
of Ni, Co, Al and O were analysed by energy-dispersive X-ray spectroscopy coupled with
SEM. The porous-layer thickness was estimated from the cross-sectional images. XRD
measurements were performed using Cu Ka radiation (Rigaku Miniflex, Japan). The
registered patterns were compared with JCPDS/ICDD reference cards. The main reflections
were described as a metallic fcc phase consistent with Co-rich material, with possible
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overlapping signals from Ni. The weak additional reflections were treated as tentative
Co-Al-related phases.

2.5. Electrochemical Measurements

Electrochemical measurements were carried out at room temperature in 1 M NaOH. A
three-electrode cell was used, with the tested sample as the working electrode, Pt mesh as the
counter electrode and Hg/HgO as the reference electrode. Measurements were performed
using a Biologic SP-300 potentiostat (France) with EC-Lab software, version 11.62. Before
polarisation, the electrodes were allowed to stabilise at open-circuit potential. For each
treatment temperature, one selected electrode was tested. Repeated CV scans were recorded
on the same electrode, so variability between independently prepared electrodes could not
be determined. Three CV scans were recorded at each scan rate on the same electrode. These
scans are not independent electrode replicates. Differences in capacitance, apparent Tafel
slopes and overpotentials describe the measured electrodes only; their statistical significance
and between-electrode reproducibility were not established.

All potential values were recalculated to the reversible hydrogen electrode according
to: Erpe = Epg g0 + 0.098 V + 0.0591 x pH, where 0.098 V is the standard potential of the
Hg/HgO reference electrode versus SHE at 25 °C. The pH of 1 M NaOH was taken as 14.0.
The HER overpotential was calculated as Yypr = [Egygl for cathodic potentials below 0 V vs.
RHE. For OER, the overpotential was calculated as 1)ogg = Egryg — 1.23 V.

Linear sweep voltammetry for HER and OER was recorded at 20 mV s~!. The cur-
rent was normalised to the exposed geometric surface area. Apparent Tafel slopes were
determined graphically from selected approximately linear parts of the log;,(ljl)-E curves.

Each line was extended to |j| = 1 and 10 mA cm2

, and the absolute potential difference
was taken as the slope over one decade, reported in mV dec™!. These reference current
densities do not define the measured fitting range. R? values were not obtained by this
graphical method. No post-measurement iR correction was applied. The scan rate and
uncompensated resistance can affect the registered slopes and overpotentials. Other current
contributions cannot be excluded, so the slopes are treated as apparent values and are not
used to identify a reaction mechanism or determine intrinsic activity.
Chronopotentiometric measurements were performed for 2hat —10 and —100 mA cm~2
for HER and at 10 and 100 mA cm~2 for OER. Unmodified Ni was also tested as a compari-
son electrode. Apparent capacitance was estimated from CV recorded in a 100 mV-wide
potential window. Three CV scans were recorded at each scan rate on the same electrode.
The anodic and cathodic current densities were extracted separately and plotted against
scan rate in Microsoft Excel. A straight line with a free intercept was fitted to each branch
by ordinary least squares using scan rates of 0.010, 0.020, 0.050, 0.075, 0.100 and 0.150 V s~ 1.

The apparent areal capacitance was calculated as C,,, = (|s,| + Is.|) /2, where s, and s_ are

aj

the slopes of the anodic and cathodic current-densityI::{)ependences on scan rate, respectively.
For current density in mA ¢cm~2 and scan rate in V. s71, C.pp s obtained in mF cm~2. These
values were not converted to absolute ECSA. Fitting (j, — j.)/2 directly against scan rate
gives the same apparent capacitance when both branches use the same scan rates and

equal weights.

3. Results and Discussion
3.1. Preparation of Porous Coatings on Co-Coated Ni Substrates

The main stages of porous coating preparation are presented in Figure 1. First, Co was
electrodeposited on Ni from an aqueous solution. The obtained sample was then treated
by Al deposition and anodic dissolution in molten salts. Al initially contacts the exposed
Co-rich layer. The coating obtained at 750 °C was fine and relatively thin. At 825 °C, a thicker
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porous network was observed, while treatment at 900 °C gave a coarser structure with
larger openings. The cathodic charge exceeded the anodic charge at each temperature. This
is consistent with incomplete Al removal, and the selected anodic potential may have been
insufficient to dissolve all Co—Al regions. However, current efficiencies were not measured,
so the charge difference cannot be converted directly as proof of Al presence or to identify a

Co-Al specific phase.
. 3. Electrochemical deposition
1. Ni substrate 2. Electrochemical and dissolution of Al
deposition of Co layer inimoitsn salls
@ﬁ@ﬂ“@ | «— Porous
iy — { - Ni-Co-Al
Ni ; layer

Ni .

Ni

Temperature of molten salts

\

Increase of temperature

Figure 1. Graphical description of process. Co electrodeposition on a compact Ni substrate, followed
by molten-salt Al deposition and anodic dissolution to form a porous surface layer.

3.2. XRD Analysis: fcc Metallic Reflections and Weak Additional Diffraction Features

The XRD patterns of the obtained porous electrodes formed on Ni are presented
in Figure 2. The samples were treated at 750, 825 and 900 °C. The main reflections at
approximately 44.18°, 51.65° and 75.90° are consistent with the (111), (200) and (220)
reflections of an fcc metallic phase in Co-rich material. Signals from Ni may overlap with
these reflections. Therefore, the patterns do not allow the separate Ni and Co contributions
to be distinguished and do not confirm a homogeneous alloy. At 750 °C, the pattern was
dominated by the fcc metallic reflections.

For the electrodes treated at 825 and 900 °C, weak additional signals were observed
in the approximate 45.53—49.98° range and near 54.71°. These signals were tentatively
assigned to Co,Al; (Al;Co,) using reference card 00-048-1301 for comparison. Individual
reference positions and Miller indices were not established, so this phase is only a claim.
Screening of ICDD entries for Co-, Al- and Ni-containing phases gave fcc Co and Co,Als as
the candidate matches, but did not resolve the additional feature on the lower-angle side
of the main reflection in the 900 °C pattern. Al detected by EDS and the cathodic/anodic
charge difference do not directly confirm the presence of this or any other specific phase.

The coatings obtained at higher temperatures showed weak additional signals in the
XRD patterns and local Al signals in the EDS maps.
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Figure 2. X-ray diffraction patterns of porous electrodes formed on Ni treated at (A) 750 °C (black),
(B) 825 °C (red) and (C) 900 °C (blue). Circles indicate fcc metallic reflections consistent with Co-rich
material, with possible overlapping Ni contributions. Stars indicate weak signals tentatively associated
with Co,Al;. The peaks positions and interpretation is added in Table 1.

Table 1. Tentative XRD peak assignment for porous electrodes formed on Ni after molten-salt
treatment.

20/° Tentative Assignment Reflection JCPDS/ICDD Card Interpretation

fcc metallic phase: Co-rich

44.18 materia'l, with pgssil?le (111) 00-15-0806 dominant
overlapping contributions metallic phase
from Ni substrate
fcc metallic phase: Co-rich
51.65 matena.l, with p(.)ssﬂ:?le (200) 00-15-0806 dommant
overlapping contributions metallic phase
from Ni substrate
fcc metallic phase: Co-rich
75.90 matena}, with p(.)ssﬂ:.)Ie (220) 00-15-0806 dommant
overlapping contributions metallic phase
from Ni substrate
45.53-49.98 Weak signal: possible 11 1 o established 00-048-1301 phase
Co,Al;, tentative not confirmed
ca. 54.71 Weak signal: possible hK not established 00-048-1301 phase
Co,Al;, tentative not confirmed

3.3. Top-View SEM: Pore Coarsening with Increasing Temperature

The top-view SEM images of the obtained electrodes are presented in Figure 3. A
gradual change in surface morphology was observed with increasing treatment temperature.
The sample treated at 750 °C had a fine, sponge-like surface with many small pore openings
and narrow ligaments. Most openings were in the submicrometre to low-micrometre range.
At 825 °C, larger and more open pores were observed, while the surface still contained
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A) 750 °C

interconnected features. Treatment at 900 °C gave a coarse open-cell structure with larger
pores, thicker ligaments and fewer small openings. The approximate pore-opening ranges
were estimated manually from comparable 4000x SEM images using the scale bars in
Figure 3. The values presented in Table 2 are semi-quantitative estimates.

Figure 3. Top-view SEM images of porous electrodes formed on Ni obtained by molten-salt treatment
at different temperatures: (A) 750 °C, (B) 825 °C and (C) 900 °C. Upper row: 500x; lower row: 4000x.

Table 2. Semi-quantitative surface morphology parameters from top-view SEM images.

Treatment Dominant . . .
Temperature Pore Openings Local Larger Voids Morphological Interpretation
750 °C ca. 0.3-12 um up to ca. 2 pm fine sponge-like layer w1t.h numerous small
pore openings
825 °C ca. 0.7-2.5 pym ca. 3-5 ym intermediate, highly developed porous network
900 °C ca. 1.5-4 ym ca. 5-8 ym coarse open-cell morphology

Table 2 summarises the fine morphology obtained at 750 °C, the intermediate porous
network at 825 °C and the coarse structure at 900 °C.

3.4. Cross-Sectional SEM /EDS: Porous-Layer Growth and Elemental Redistribution

The cross-sectional SEM images in Figure 4 show that the obtained porous layer became
thicker with increasing treatment temperature. The layer thickness was approximately
8-12 ym at 750 °C, 32-55 pm at 825 °C and 50-65 pm at 900 °C. These ranges were estimated
from the images and should be treated as approximate values.

The EDS maps presented in Figures 5-7 show a Co-rich outer region and a Ni-rich
substrate. Local signals from Al and O were also registered. In Figure 5, the dark area on
the left side, outside the apparent sample boundary, is the mounting resin. The local Al
signal in this area is attributed to Al-containing material mechanically transferred from
the coating onto the adjacent resin during polishing. This feature was observed only at
this location in the sample treated at 750 °C. The affected resin region is treated as a local
sample-preparation artefact and is not used as evidence for Al retained in the coating.
The Al map is interpreted qualitatively within the sample boundary. The cathodic/anodic
charge imbalance is consistent with incomplete Al removal, but does not identify the source
of the outside EDS signal. EDS gives information about elemental distribution but does not
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identify aluminide, oxide or hydroxide phases. The general description of the EDS images
is concluded in Table 3.

A) 750 °C C) 900 °C

Figure 4. Cross—sectional SEM images of porous electrodes formed on Ni obtained by molten-salt
treatment at different temperatures: (A) 750 °C, (B) 825 °C and (C) 900 °C. The yellow lines indicate
the estimated thickness of the porous layer.

SEM (frame) SEM o

m Al W Co

30 um

30 pm === 30 um

Figure 5. Cross-sectional SEM images and corresponding EDS elemental maps of the porous coating
formed on Ni treated at 750 °C. Element colours are consistent throughout Figures 5-7: O (green), Al
(magenta), Co (cyan) and Ni (gold). Scale bars: 30 ym. The dark area on the left side outside the
sample is a conductive resin. The local Al signal in this region is attributed to mechanical transfer of Al-
containing material during polishing and is excluded from interpretation of the coating composition.

Table 3. Structural characteristics of porous coatings formed on Ni treated at different temperatures.

Porous-Layer . Residual Main
Temperature Thickness Main XRD Response Al-Containing Regions = Morphological Feature
o . . weak or not clearly . .
750 °C ca. 8-12 ym fcc metallic reflections detected by XRD fine sponge-like surface
o fcc metallic reflections + weak . developed
825°C ca. 32-55 pm additional diffraction features locally visible by EDS porous network
900 °C ca. 5065 pm fcc metallic reflections + weak locally visible by EDS coarse

additional diffraction features open-cell structure
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SEM (frame) SEM o

Figure 6. Cross-sectional SEM images and corresponding EDS elemental maps of the porous coating
formed on Ni treated at 825 °C. Element colours follow the key in Figure 5. Scale bars: 30 pm.

(o]

o= 30 um

SEM (frame) SEM

—— 30um

Figure 7. Cross-sectional SEM images and corresponding EDS elemental maps of the porous coating
formed on Ni treated at 900 °C. Element colours follow the key in Figure 5. Scale bars: 30 pm.

The thicker layers obtained at higher temperatures may be connected with changes in
Al mobility and interdiffusion during treatment. However, the SEM/EDS measurements
show the samples after treatment. They do not allow the separate contributions of these
processes or the extent of Al removal to be determined.

3.5. Apparent Capacitance Estimates from CV

The apparent capacitance estimates obtained from the CV measurements in Figure 8
were 5.87,6.98 and 5.78 mF cm~2 for the electrodes treated at 750, 825 and 900 °C, respectively.

https://doi.org/10.3390/coatings16111313
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The highest value was obtained at 825 °C, although the thickest coating was observed
at 900 °C. Capacitance also depends on the specific properties of the exposed surface.
Therefore, the differences between these values cannot be explained only by the accessible
surface area.

j,mAcm?
j, mA cm?2
j,mAcm?

059 1‘/ —o02vs' 054 054 i/ :gg;ﬁ:
g f—0.05V s’ . - [, |
e F—oorv e 4 oovs 4] oorve
[otovs] —010Vs —o10vs'
15 =015V s 015Vs ——0.15V s’
- 15 . - ; 15 . :
0.2 025 03 02 025 03 025 03 035
EVvsRHE, V Evs RHE, V Evs RHE, V
154D 18 1P
104 / - / _
PR 13 .
%)
T 00+ 1 1
h el \\ _ ] \\
—-1.0 1 g
154 Capp = 5.87 mF cm—2 1 Capp = 6.98 mF cm~2 1 Capp = 5.78 mF cm—2
0.000 0.025 0.050 0.075 0.100 0.125 0.150 0.000 0.025 0.050 0.075 0.100 0.125 0.150 0.000 0.025 0.050 0.075 0.100 0.125 0.150
Scanrate/V s Scanrate/ Vs Scanrate/V s

Figure 8. CV measured at different scan rates for porous electrodes formed on Ni treated at (A) 750 °C,
(B) 825 °C and (C) 900 °C. Graphs (D-F) show the scan-rate dependence of the anodic and cathodic
current densities used to estimate apparent capacitance. Horizontal axes in (D-F): scan rate, V s~
Panels (D-F) use the corrected six-point fits and apparent capacitances of 5.87, 6.98 and 5.78 mF cm™2,
respectively. Green lines and labels mark the corrected fits and values. The intermediate scan rate
used in these fits was 0.075 V s71; it is displayed as 0.07 V s~! in the original CV-graphs legend.

3.6. Hydrogen Evolution Reaction

The HER polarisation curves and apparent Tafel plots are presented in Figure 9. The
registered cathodic current magnitudes were higher for the treated electrodes than for
unmodified Ni over the displayed range. The difference was most visible for the samples
treated at 825 and 900 °C. The apparent slope magnitude was approximately 300 mV dec~!
for Ni and decreased to 241, 138 and 116 mV dec! for the electrodes treated at 750, 825 and
900 °C, respectively. Thus, a decrease was observed for every treatment temperature, with
the largest differences at 825 and 900 °C. These graphical apparent slopes describe the
individual measured electrodes and are not statistically substantiated differences between
treatment temperatures.

The registered potential during the 2 h HER chronopotentiometric measurements is
presented in Figure 10. At —10 mA cm~2, the end-of-test overpotentials were 152, 131 and
109 mV for the samples treated at 750, 825 and 900 °C, respectively. At —100 mA cm~2,
the corresponding values were 559, 518 and 494 mV. The electrode treated at 900 °C gave
the lowest HER overpotential in this temperature series, although its apparent capacitance
estimate was lower than that of the sample treated at 825 °C. This response may be related
to easier electrolyte access and gas removal, but neither process was measured directly. The
overpotential differences are descriptive; between-electrode variability was not determined.
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Figure 9. (A) HER polarisation curves and (B) apparent Tafel plots for unmodified Ni and porous
electrodes formed on Ni treated at 750, 825 and 900 °C. Electrolyte: 1 M NaOH; scan rate: 20 mV s1.
Current densities are normalised to geometric area; no post-measurement iR correction was applied.
Slopes are reported as positive magnitudes. The 1-10 mA cm~2 interval is a reference interval on
extrapolated lines, not necessarily the measured fitting range.
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Figure 10. Short-term chronopotentiometric HER response of unmodified Ni (black) and porous
electrodes formed on Ni treated at 750 °C (red), 825 °C (green) and 900 °C (blue), at (A) —10 and
(B) =100 mA cm~2 in 1 M NaOH. Measurements cover 7200 s (2 h).

3.7. Oxygen Evolution Reaction

The OER polarisation curves and apparent Tafel plots are presented in Figure 11. In
part of the higher-potential range, the registered anodic current densities were higher for
unmodified Ni than for the treated electrodes. These curves therefore do not confirm a
general improvement in OER performance over Ni. The apparent slope magnitudes were
123,134 and 157 mV dec™! for the electrodes treated at 750, 825 and 900 °C, respectively,
compared with approximately 163 mV dec~! for Ni. The lowest slope obtained at 750 °C
alone does not mean that this electrode had the highest OER activity. Changes in Ni/Co
hydroxide or oxyhydroxide surface chemistry may contribute to the anodic response, but
the active species were not characterised. These apparent slope differences were not tested
for statistical significance.
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Figure 11. (A) OER polarisation curves and (B) apparent Tafel plots for unmodified Ni and porous
electrodes formed on Ni treated at 750, 825 and 900 °C. Electrolyte: 1 M NaOH; scan rate: 20 mV s1.
Current densities are normalised to geometric area; no post-measurement iR correction was applied.
The 1-10 mA cm~2 interval is used to read potentials from extrapolated lines and is not necessarily
the measured range used to select the lines.

The registered potential during the 2 h OER chronopotentiometric measurements is
presented in Figure 12. At 10 mA cm~2, the end-of-test overpotentials were 509, 502 and
493 mV for the samples treated at 750, 825 and 900 °C, respectively. At 100 mA cm~2, the
corresponding values were 881, 881 and 870 mV. The lowest end-of-test overpotential among
the treated electrodes was obtained at 900 °C, while the lowest apparent OER Tafel slope
was obtained at 750 °C. These two measurements therefore show different temperature
trends. Resistance, wetting, changes in the surface state and gas evolution may contribute
to this difference, but their separate effects were not measured. The obtained results are
summarised in Table 4A,B. The differences between the end-of-test overpotentials describe
the measured electrodes only; between-electrode variability was not determined.

OER: 10 mAcm2 N1o =561 mV OER: 100 mAcm-?
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Figure 12. Short-term chronopotentiometric OER response of unmodified Ni (black) and porous
electrodes formed on Ni treated at 750 °C (red), 825 °C (green) and 900 °C (blue), at (A) 10 and
(B) 100 mA cm™2 in 1 M NaOH. Measurements cover 7200 s (2 h).
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Table 4. (A). Structural characteristics and provisional capacitance estimates of porous electrodes
formed on Ni. (B). Electrochemical response of porous electrodes formed on Ni.

(A)

Provisional Capacitance

Electrode Layer Thickness Estimate/mF cm~2 Main Morphology
Pgrrloﬁf ;gg toigg ca. 8-12 ym 5.87 fine sponge-like porous layer
Porous coating developed porous network with
on Ni 825 °C ca. 32-55 ym 698 limited coarsening
P(c));OIilT? ;88 toigg ca. 50-65 pm 5.78 coarse open-cell morphology
(B)
Apparent HER Apparent OER
Electrode Tafel Slope NHER After2hat  yHER After2 h at Tafel Slope 1OER After 2 h at 1OER After 2 h at
Magnitude/ —10 mA cm~2/mV =100 mA cm~2/mV Magnitude/ 10 mA cm™2/mV 100 mA cm~2/mV
mV dec™! mV dec™!
Porous coating
on Ni 750 °C 241 152 559 123 509 881
Porous coating
on Ni 825 °C 138 131 518 134 502 881
Porous coating
on Ni 900 °C 116 109 494 157 493 870
Note: Electrochemical values are reported as apparent values because no post-measurement iR
correction was applied. The values describe one electrode per treatment temperature; statistical
significance and between-electrode reproducibility were not established.
The obtained results show that one treatment temperature does not give the best value
for every measured quantity. The highest apparent capacitance estimate was obtained at
825 °C, the lowest end-of-test HER and OER overpotentials at 900 °C, and the lowest appar-
ent OER Tafel slope at 750 °C. These differences show that layer thickness and capacitance
alone do not explain the electrochemical response. Surface composition, resistance and the
state of the surface during polarisation may also contribute.
The Pt-containing electrodes obtained by molten-salt treatment and presented in
Table 5 showed lower HER overpotentials and Tafel slopes than the present porous elec-
trodes formed on Ni. The measurements were performed using different protocols, so
this comparison gives context rather than a direct activity ranking. In our work, treatment
temperature was changed while the same non-noble precursor was used. In the earlier
Ni-Co/Ni—Co-Ni study, changing the layer order changed the Co—Al versus Ni—Al reaction
pathway. Here, the Co-coated Ni precursor was kept the same, while the recorded anodic
durations and transferred charges differed. The coatings obtained at different tempera-
tures were compared using layer thickness, morphology, diffraction features, apparent
capacitance and HER/OER response.
Table 5. Comparison of molten-salt-derived porous systems and their main controlling variables.
System Main Electrolyte Representative Result Main Conclusion
y Controlled Variable y P
Al Cdl increased from 0.29 to molten-salt treatment
Porous Ni deposition/dissolution  alkaline medium 2.16 mF cm~2 in previous strongly increases Ni
on Ni UOR-oriented tests surface accessibility
. . layer order controls
. N precursor Ni—Co-Ni: 111 mV dec™%; . -
Ni—-Co/Ni—-Co-Ni layer architecture 1 M NaOH —0132V at —10 mA cm-2 Co-Al/Ni-Al pathway and

HER behaviour
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Table 5. Cont.
System Main Electrolyte Representative Result Main Conclusion
y Controlled Variable y P v
Pt exposure Ni-Pt: ca. 102 mV at exposed Pt-rich porous

Ni—Pt/Ni-Pt-Ni and dislsribution 10 wt% KOH —100 mA cm™3; surface dominates

32.2mV dec! HER/OER response
Porous coating on Ni 825. C gives hlghest temperatu.re gives .dlfferent
. molten-salt provisional capacitance trends in capacitance
temperature series, 1 M NaOH . ) °C oi . HER
this work treatment temperature estimate; 900 °C gives estimates, response

lowest HER overpotentials and OER behaviour

Note: Values were measured under different protocols and are used for contextual comparison only.

4. Conclusions

In this work, porous coatings were formed on compact Ni substrates by Co electrodepo-
sition followed by Al deposition and anodic dissolution in molten salts at 750, 825 and 900 °C.
The Co-coated Ni precursor, applied potentials and Al-deposition time were kept the same.
The recorded anodic durations and transferred charges differed, so the comparison concerns
the coatings obtained under these treatment conditions rather than temperature at matched
charge and duration. At each temperature, the cathodic charge exceeded the anodic charge.
This is consistent with incomplete Al removal but does not establish retained-Al content or
phase identity.

Increasing treatment temperature changed the obtained coating from a fine and rel-
atively thin porous layer at 750 °C to a thicker and coarser structure at 900 °C. The XRD
patterns were dominated by fcc metallic reflections consistent with Co-rich material, with
possible overlapping signals from Ni. Weak additional reflections were tentatively asso-
ciated with Al-containing phases; the lower-angle feature in the 900 °C pattern remains
unresolved. Local Al signals were registered by EDS, but signals in the resin outside the
electrode were excluded from interpretation of the coating. The Al-containing phase was
not identified.

The highest apparent capacitance estimate was obtained at 825 °C. Among the treated
electrodes, the lowest HER and OER end-of-test overpotentials after 2 h were obtained at
900 °C, while the lowest apparent OER Tafel slope was obtained at 750 °C. The treatment
temperature therefore gave different trends in capacitance and HER/OER response. The
OER polarisation curves did not confirm a general improvement over unmodified Ni. These
trends describe the individual measured electrodes and do not establish a statistically
validated optimum temperature.

In our work, one selected electrode was compared for each treatment temperature.
The sweep rate was 20 mV s~1, no post-measurement iR correction was applied, and the
chronopotentiometric measurements lasted 2 h. These measurements do not establish
reproducibility between independently prepared electrodes or long-term durability. Eas-
ier electrolyte access and gas removal connected with the morphology remain possible
explanations, rather than directly measured mechanisms. The statistical significance of
differences in capacitance, apparent Tafel slopes and overpotentials was not established.
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