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Abstract

The hydrogen evolution reaction (HER) occurring at porous Ni foam (Incofoam) and bulk polycrystalline Ni electrodes in 0.50 M
aqueous KOH solution is studied at low overpotentials (down to —0.35 V vs. RHE) in the 277 <7<308 K range. The exper-
iments are conducted using “as received” and chemically etched Ni foams as well as polished and chemically etched polycrys-
talline Ni rods for comparative analysis. The chemical etching removes the oxide/hydroxide layer from the material’s surface and
modifies its morphology. Scanning electron microscopy and X-ray photoelectron spectroscopy are employed to examine the
surface morphology and the surface chemical composition of the Ni foam prior to and after the chemical etching. Cyclic
voltammetry and steady-state Tafel polarization measurements are conducted to analyze the electrochemical behavior of the
Ni materials. It is found that the electrocatalytic activity of Ni materials towards the HER depends on the material’s pre-treatment.
The electrodes subjected to the chemical etching exhibit higher values of the Tafel slope and the exchange current density as
compared to non-etched surfaces. The most pronounced effect is observed for the etched Ni foam for which the pre-treatment also
affects the activation energy. This behavior is attributed to the removal of surface oxides/hydroxides and to surface roughening
brought about by the “chemical etching.” Together, these results reveal that the mechanism of the HER depends on the mor-
phology and chemical state of the Ni material. In addition, it shows that suitable surface treatment can decrease the overpotential
required to achieve a desired reaction rate (current density).
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Introduction

Porous metallic and carbon-based materials, such as foams,
offer many structural advantages (e.g., high surface area,
open-pore structure, low density) that make them suitable ma-
terials for applications in electrochemical and non-
electrochemical technologies. Carbon-based foams are typi-
cally used as a support and a current collector on which
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electroactive material is deposited [1, 2]. Metallic foams fulfill
several requirements and act simultaneously as a current col-
lector and an electroactive material. Their electrocatalytic ac-
tivity can be enhanced through a suitable surface treatment
and/or addition of catalytically highly active materials. If the
surface modifiers are platinum group metals (PGMs), then
they are often employed in the form of nanoparticles [3].
Some of the most common electrochemical applications of
metallic and carbon-based foams include flow-through cells
[4], batteries [1, 2], water electrolyzers and electrocatalytic
systems [3-9], and specialized setups for spectroscopic mea-
surements under electrochemical conditions (e.g., optically
transparent electrodes) [10, 11].

Nickel is one of the most frequently used metals to manu-
facture metallic foams. It is due to several properties, such as
relatively high (electro)catalytic activity, high corrosion stabil-
ity in alkaline and neutral aqueous media, abundance, and low
cost. Nickel is also one of the most important metals and is
used to prepare various metallic alloys. For instance, Ni-
containing stainless steels and superalloys are used as
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construction materials; nickel-rich intermetallic compounds
are used in hydrogen storage systems and nickel-metal hy-
dride batteries; and nickel-titanium shape-memory alloys are
commonly used in dentistry as archwires.

Commercial Ni foams are manufactured using open-cell
polyurethane foam that acts as a template on which a thin layer
of nickel is deposited by chemical vapor deposition (CVD) or
physical vapor deposition (PVD) using the nickel carbonyl
process. The thickness of the Ni deposit is increased either
by continuing CVD/PVD or using electrodeposition. At the
end, the polyurethane template is removed by sintering and
the final product is a pure Ni foam [12]. The application of
different polyurethane foam templates facilitates control of the
strut thickness and pore size, which is typically in the 450—
3200-pum range [12].

In the emerging hydrogen economy, hydrogen gas is the
energy carrier that is produced by water electrolysis using
renewable energy sources (e.g., hydroelectricity, solar energy,
wind power). Such produced hydrogen gas can then be used in
fuel cells to generate electrical and thermal energies. These
technologies stimulate interest in electrochemical processes
involving hydrogen, such as the hydrogen evolution reaction
(HER) and the hydrogen oxidation reaction (HOR). The HER
taking place in alkaline water electrolyzers is one of the most
important electrocatalytic processes, where Ni-containing
electrodes are applied [6, 13—16]. Although Ni is less active
than noble metals (e.g., Pd, Pt, Rh, or Ir) towards the HER [6,
17], it is the most abundant non-noble metal that shows high
electrocatalytic activity towards the process. The electrocata-
lytic activity of a material towards a given electrochemical
reaction is typically examined by measuring the current (/)
or current density (j) as a function of the overpotential (7).
Then, a Tafel plot (a plot of log j or log I versus 7) is con-
structed, on the basis of which the exchange current (/,) or
current density (j,) as well as the Tafel slope (b) are deter-
mined. The Tafel slope for the HER taking place in alkaline
aqueous media at Ni materials and at the room temperature
reported by majority of authors in the low overpotential region
is ca. 116-117 mV dec ' [18-31]. However, lower values
(e.g., <100 mV dec ") as well as higher values (e.g., > 140
or higher mV dec ™) of the Tafel slope are sometimes reported
for Ni materials having various forms, such as bulk Ni, porous
Ni, and Raney Ni[5, 8, 21, 28, 32—40]. As regards the reaction
mechanism, it is known to follow the Volmer-Tafel mecha-
nism [24, 29, 33, 34, 41-43], the Volmer-Heyrovsky mecha-
nism [18-20, 23, 26, 27, 44], or a mixed mechanism involving
both these pathways [45].

An analysis of the j, values for the HER taking place at Ni
materials in alkaline aqueous media is often complicated, be-
cause they are not always reported with respect to the real
electrode surface area (A,) [7, 27, 46]. In fact, in situ determi-
nation of A, or the electrochemically active surface area (Accsa)
of Ni materials is a challenging task, because it requires a
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probing species that interacts with every Ni surface atom.
Elsewhere, it was proposed that the value of A; or A.., of Ni
materials in alkaline aqueous media can be determined by
analyzing the charge associated with the formation of o-
Ni(OH), [18, 27, 38, 47, 48] or the charge associated with
the formation and reduction of NiOOH in the presence of
oxalates (the so-called oxalate method) [49, 50]. Another ap-
proach is based on the measurement of the double-layer ca-
pacitance [19, 4648, 51, 52]. The most frequently reported
value of j, for the HER taking place at Ni materials is j, =
6.3 uA cm 2, and this value is used in the construction of the
electrochemical volcano plot for the HER [6, 17, 53].

In this contribution, we analyze the influence of the pre-
treatment of bulk and foam-shaped Ni materials on the kinet-
ics of the HER in aqueous KOH solution. The pre-treatment of
bulk Ni materials involves polishing and chemical etching,
while the Ni foams are analyzed as received or chemically
etched. The applied chemical etching of Ni foams is gentle
and removes a surface passive layer while preserving the mac-
roscopic structure. The experimental work is conducted at
various temperatures with the objective of determining the
apparent activation energy of the process. The novel results
reported in this contribution demonstrate that the surface pre-
treatment significantly affects the intrinsic electrocatalytic ac-
tivity of the Ni material towards the HER. They lead to an
important observation that any analysis of the electrocatalytic
activity of Ni materials requires knowledge of their surface
chemical state, thus their surface chemical composition.

Experimental

Because the experimental conditions employed in the course
of research were similar to those reported elsewhere [47], only
the main aspects of the experimental work are described be-
low. The experiments were carried out in a Pyrex glass, three-
compartment cell, thus with separate working, reference, and
counter electrode compartments. Platinum foil was used as a
counter electrode, while the reference electrode was a revers-
ible hydrogen electrode (RHE) in the form of platinized Pt
foil. Ultra-high-purity H,(g) (99.999% in purity) pre-
saturated with high-purity water vapor was passed through
the reference electrode compartment at a pressure of
1.00 atm. All potential values in the contribution are reported
with respect to the RHE. The experiments were carried out in
0.50 M aqueous KOH (Sigma-Aldrich) solution outgassed
using ultra-high-purity N(g) (99.999% in purity). All solu-
tions were prepared using ultra-high-purity water (Millipore,
18.2 M2 cm in resistivity) and were pre-electrolyzed for sev-
eral hours to remove traces of any remaining metals. Two
types of nickel materials were examined: polycrystalline, bulk
rod (5.00 mm in diameter, Alfa Aesar Puratronic, 99.999% in
purity) and a Ni foam (Incofoam®) supplied by INCO
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Technical Services [12, 47, 54]. Incofoam had an open-pore
structure with small and large open pores, ca. 50+ 10 pm and
500+ 100 pm in size, as determined using scanning electron
microscopy (Fig. 1) [47]. Samples of the Ni foam were cut out
of Incofoam sheets and had a square shape; their thickness
was 1.00 mm and their mass was consistently in the 0.02—
0.03-g range (each sample was weighed prior to performing
experiments). A fine Ni wire (99.999% in purity) was weaved
in the top edge of a Ni foam sample for electrical contact; its A,
was negligible compared to that of the Ni foam sample. Each
Ni foam sample was degreased in acetone under reflux (for at
least 30 min) and then repetitively rinsed using ultra-high-
purity water; the final step involved rinsing with water under
sonication conditions. The Ni foam sample prepared using this
procedure is referred to as “as received.” The preparation of
“chemically etched” samples involved the following addition-
al steps: (i) chemical etching in a solution containing 30 cm®
HNO;, 10 cm® H,SO4, 10 cm® H5PO4, and 50 cm® glacial
CH3;COOH [47, 49, 55, 56] for 2 min at the room temperature
[47] and (ii) rinsing in ultra-high-purity water as described
above. As reported elsewhere, the chemical etching removes
the native surface oxide/hydroxide layer and increases the
surface roughness by ca. 50% [47]. Examples of X-ray pho-
toelectron (XPS) spectra acquired for the as-received and
chemically etched foams are shown in Fig. 2a, b. The XPS
analysis focuses on the Ni(2ps,) peak and respective satellite
peaks. Removal of the surface oxides/hydroxides gives rise to
an increase of the intensity of the metallic peak (Ni(0)) at a
binding energy (BE) of 852.7 ¢V [57] and a decrease in the
Ni(2+) signal at 855.9 eV. The latter peak is broad and poorly
defined, and most likely contains contributions from Ni(OH),
(BE=2855.7 eV) [57] and NiO (BE=853.7 eV) [57]. The
satellite peaks at binding energies of 860.9 eV, 861.5 eV, and
858.7 eV are due to the presence of NiO, Ni(OH),, and Ni in
the surface region of the foams [57]. It is important to mention
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Fig. 1 SEM micrograph of a Ni foam obtained at a magnification of 200x
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Fig. 2 XPS spectra for the Ni(2ps,) band and its satellites for the as-
received Ni foam and the chemically etched Ni foam

that some of these features overlap. In the case of the chemi-
cally etched surface, the presence of residual Ni oxides/
hydroxides is due to incomplete removal of the oxides/
hydroxides by the etching or due to re-oxidation of the surface
prior to the XPS measurements. Scanning electron microscopy
(SEM) micrographs shown in Fig. 3a, b reveal that application
of the “chemical etching” also modifies the foam surface by
increasing its roughness and by forming nanostructures within
local surface regions. A high-purity (99.999%), polycrystalline
Ni rod sealed in a Teflon sleeve served as a bulk Ni electrode
[47, 54, 58, 59]. When used as a “polished” bulk electrode, it
was mechanically polished with alumina (down to 0.05 pm,
Buehler Micropolish) to a mirror-like finish followed by thor-
ough rinsing with ultra-high-purity water. Its surface roughness
was R=2.1 due to remaining nano-roughness and surface cur-
vature (R = A/A geom, Where Ageqm is the geometric surface area,
thus a two-dimensional projection of the three-dimensional sur-
face). When used as a chemically etched bulk electrode, it was
mechanically polished as described above, rinsed, and chemi-
cally etched in the above-mentioned solution for 2 min. The
chemical etching was followed by thorough rinsing [47]. The
chemical etching increased the surface roughness which was
found to be R=3.0 [47].

Kinetic studies of the HER were preceded by the electrode
conditioning by applying repetitive potential cycling (typical-
ly 50 cycles) between — 0.15 and 0.50 V at a potential scan rate
of s=100 mV s !, thus in the range of formation and reduc-
tion of &-Ni(OH),. The final cycle was negative-going and
created a metallic electrode surface [60, 61]. The procedure
used to measure Tafel plots is presented in Fig. 4 [62]. The
pre-treatment involved the application of an initial potential of
E;=0.100 V for a short period of time, typically in the 60—
120-s range, and then a given final potential (Ey) in the HER
range (—0.35<Ey<—0.05 V); each chronoamperometry
measurement at £y lasted until a steady-state current was

@ Springer



176

Electrocatalysis (2019) 10:173-183

Fig. 3 SEM micrographs

acquired at a magnification 2500
for a the as-received Ni foam and
b the chemically etched Ni foam

measured (up to several hundred seconds). A comparison of
HER current values recorded prior to and after application of
the potential program depicted in Fig. 4 shows that the elec-
trodes were fairly stable during the HER experiments, which
lasted up to ca. 1-3 h for a single run of the measurements.
Viability of the chemical etching as a pre-treatment procedure
applicable to industrial-scale materials would require their
long-term stability evaluation. The potential values were
corrected for the solution resistance, which was measured
using electrochemical impedance spectroscopy [47]. Such ob-
tained pairs of steady-state / and IR-drop corrected £ values
were used to prepare Tafel plots for both types of materials and
both types of pre-treatments. For consistency and ease of com-
parison of our Tafel plots with those reported in the literature,
the Tafel plots are shown as a graph of the overpotential (7,
1n=E¢—0.00 V) as a function of log j, where j=1/A,. The
experimental approach applied to the determination of A, is
described in detail elsewhere [47]. The specific surface area
(As) of the as-received and chemically etched Ni foams were
found to be 154.5 and 234.0 cm® g, respectively. The elec-
trochemical experiments were carried out using EG&G
PAR263 and 263 A potentiostats and a PAR5210 lock-in am-
plifier. The data were collected and treated using PAR

0.6
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Ray,
Yoy,

conditioning

t (s)

Fig. 4 Program applied to obtain steady-state Tafel polarization curves
for the hydrogen evolution reaction at Ni materials. The inset shows a
typical current density, j, versus time, ¢, transient recorded until a steady-
state current density is established
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PowerCV and PowerSine software packages. Constant tem-
perature (7) values were maintained by using a Haake W13
bath, a Haake C10 circulator, and a Haake EK20 chiller [54,
59]. SEM and XPS analyses were carried out using a VG
Scientific Microlab 310 ultrahigh-vacuum (UHV) surface
analysis system with an Al X-ray source (Department of
Chemistry, Queen’s University) and a LEO 435VP scanning
electron microscope (Faculty of Chemistry, University of
Warsaw).

Results and Discussion
Tafel Plots at the Room Temperature

Figure 5 presents four Tafel plots for the polished Ni rod,
chemically etched Ni rod, as-received Ni foam, and chemical-
ly etched Ni foam at the room temperature. All four plots
reveal linearity over the entire overpotential range, which fa-
cilitates the determination of the values of j, and b, which are
summarized in Table 1. In the case of the Ni foams, the

0.1

e polished Ni rod

e chemically etched Ni rod
0.0 1 e "as received" Ni foam

e chemically etched Ni foam

n (V)

1' 2 3 4
logj (uAcm?)

Fig. 5 Steady-state Tafel polarization plots (1 versus log j) for the
hydrogen evolution reaction in the —0.05 V<7 <—0.35 V overpotential
range and at the temperature of 7'=293 K in 0.50 M aqueous KOH taking
place at the polished Ni rod, the chemically etched Ni rod, the as-received
Ni foam, and the chemically etched Ni foam
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Table 1  Tafel slope (b), exchange current density (j,), specific
exchange current density (j,s), and apparent activation energy (£ app)
for the HER at different Ni materials in 0.50 M aqueous KOH solution.

The values of b, j,,, and j, s are reported for 7'=293 K; reported values are
the average of at least three separate measurements

Electrode material b Jo Jous Eqapp
(mV dec ) (LA cm ?) (mA g " (kJ mol )
Polished Ni rod 115+2 42+ 1.0 - 40+ 3
Chemically etched Ni rod 1255 47+ 1.1 - 42+3
As-received Ni foam 108 £ 6 1.2+03 0.18+0.05 47+5
Chemically etched Ni 123 + 4 41+1.0 0.96+0.17 42 +3

exchange current density is also reported per gram of the ma-
terial (mA g~ '); we refer to it as the specific exchange current
density and use the symbol j, ;. The conversion from j, to j, s is
achieved using Eq. 1:

jo,s =Jo X As (1)

It is important to mention that because the chemical
etching dissolves the topmost surface layers of the Ni foam
samples, the value of A, for the etched Ni foam is different
from that for the as-received one not only due to surface
roughening but also due to a change in the sample mass
[47]. All values of the Tafel slope are in the 108—125-
mV dec ! range, with the lowest values obtained for the
as-received Ni foam and the highest one for the chemically
etched electrodes (interestingly, both chemically etched
materials reveal practically the same value of b). Our range
of the Tafel slope values is in good agreement with previ-
ously reported results for Ni materials [18—30]. The values
of j, for the polished Ni rod, chemically etched Ni rod, and
chemically etched Ni foam are very similar. This behavior
is expected because the pre-treatment procedures generate
surfaces which are mostly metallic [47]. These values
agree with those reported in the literature for metallic bulk
Ni materials [17, 18, 40] and are slightly smaller than the
value of 6.3 pA cm ? reported in the electrochemical vol-
cano plot [17, 53]. A significantly smaller value of j, is
obtained for the as-received Ni foam; this is expected be-
cause a majority of its surface is oxidized [47]. This value
is in good agreement with those reported in the literature
for as-received Ni foam materials [46]. It is important to
emphasize that the chemical etching removes the surface
oxide layer and increases the microscopic and nanoscopic
surface roughness of the Ni foam. For this reason, the value
of j, increases by a factor of 3.4. The chemical etching
increases the values of j, s by a factor of 5.3, thus signifi-
cantly more than the value of j,.

In the case of the Ni foam samples, the experimentally
determined values of the Tafel slope are both lower (the
as-received Ni foam) and higher (the chemically etched
Ni foam) than the theoretical value of 116 mV dec

(Table 1). These two types of behavior suggest that the
experimental values of the Tafel slop are related mainly to
the surface chemical state and the micro- and nanoscopic
surface morphology rather than being due to the presence
of open pores. Thus, the departure from the theoretical
behavior cannot be solely attributed to the macro-porous
structure of these materials [63] but to the chemical and
physical states of their surfaces.

Temperature-Dependent Tafel Plots

In order to further examine the influence of the surface pre-
treatment of Ni materials on the kinetics of the HER, we re-
corded Tafel plots at different temperatures and used these
plots to determine the apparent activation energy (£, app) of
the rate-determining step. Figure 6a—d presents Tafel plots for
the four materials acquired at different temperatures in the
277 K <T<308 K range (the temperature values are not nec-
essarily the same in all four plots). In the case of each material,
the results reveal one linear relationship for the entire
overpotential range and for the entire set of temperatures.
These plots were used to calculate the values of j, and b at a
given temperature for each of the Ni materials. In the case of a
single electron transfer being the rate-determining step of the
two-electron reduction of water to hydrogen molecule, the
slope of the Tafel plot is expressed by Eq. 2 that indicates that
it should depend linearly on 7:

_2.303><R><T
n ax F

b (2)
where « is the charge transfer coefficient (here, it is assumed
to be a«=0.500), R is the gas constant, and F is the Faraday
constant. In the case of 7=293 K, =116 mV dec ' and the
experimental value of b obtained for the polished Ni rod prac-
tically matches this value (Fig. 5 and Table 1). In the case of
the chemically etched Ni rod and Ni foam, the values of b are
slightly higher (125 and 123 mV dec ', respectively) than the
theoretical value. On the other hand, in the case of the as-
received Ni foam, the value of b (108 mV dec_l) is lower than
the theoretical one.
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Fig. 6 Steady-state Tafel polarization plots (7 versus log ;) for the hydrogen evolution reaction in the 277 K < 7<308 K temperature range in 0.50 M
aqueous KOH taking place at a the polished Ni rod, b the chemically etched Ni rod, ¢ the as-received Ni foam, and d the chemically etched Ni foam

Figure 7a—d presents plots of the value of b as a func-
tion of T for the four Ni materials. In all instances, the
value of b increases as 7 rises and these relationships are
linear within the experimental uncertainty. Our results are
in agreement with those reported by other authors, who
also observed an increase in the value of b with rising T
[18, 37, 39]. In the case of the polished Ni rod (Fig. 7a),
the experimentally determined values of b (the black
points) are very close to the theoretical ones (the dashed
black line), thus indicating that the system can be accu-
rately described by the theoretical equation. In the case of
the etched Ni rod (Fig. 7b), the experimentally determined
values of b are higher than the theoretical ones. In the
case of the as-received Ni foam (Fig. 7c), the experimen-
tally determined values of b are lower than the theoretical
ones. Finally, in the case of the chemically etched Ni
foam (Fig. 7d), the experimentally determined values of
b are higher than the theoretical ones. In Fig. 7a—d, the
theoretically expected behavior is represented by the
dashed black line. The results shown in Fig. 7b—d indicate
that the kinetics of the HER at these Ni material systems
cannot be accurately described by the theoretical equation
(Eq. 2). It is interesting to observe that the chemically
etched Ni rod (Fig. 7b) and chemically etched Ni foam
(Fig. 7d) reveal qualitatively the same behavior, although
the actual values of b are different. Only in the case of
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T'=293 K are the values of b for the chemically etched Ni
rod and chemically etched Ni foam the same within the
experimental uncertainty (Table 1).

Figure 8a—d presents plots of the value of In j, as a
function of 7' for the four materials. In all cases, the
values of In j, increase with rising 7} the plots are linear
and the respective correlation coefficient values are R>>
0.98. The existence of a linearity facilitates the determi-
nation of the apparent activation energy (£, ,,,) of the
rate-determining step using Eq. 3:

E
Inj, = ——%PP | A 3
Wo="p gt 3)

where A is the pre-exponential factor. Such determined
values of E, ,5,, Which are summarized in Table 1, vary
from 40 to 47 kJ mol~". In the case of the polished Ni rod,
chemically etched Ni rod, and chemically etched Ni foam,
the E, .5, values are practically the same and in the 40—
42-kJ mol ™! narrow range. In the case of the as-received
Ni foam, the value of E, ., is 47 kJ mol™! (ca. 15%
greater) due to the presence of a surface oxide/hydroxide
layer that is expected to have a lower electrocatalytic ac-
tivity towards the HER than the metallic Ni. It is worth-
while adding that our £, .y, values are in good agreement
with those reported in the literature [27, 39, 64-66].
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Fig. 7 Values of the Tafel plot slopes, b, for the hydrogen evolution reaction in the 277 K <7< 308 K temperature range in 0.50 M aqueous KOH taking
place at a the polished Ni rod, b the chemically etched Ni rod, ¢ the as-received Ni foam, and d the chemically etched Ni foam

Discussion of the Significance of the Experimental
Results

The above-presented results clearly indicate that the pre-
treatment of Ni materials has an impact on the kinetics of
the HER and that the values of both the Tafel slope (») and
the exchange current density (j,) are affected. The chemical
etching also has a noticeable influence on the apparent activa-
tion energy (£, .pp) in the case of the Ni foam. The most
significant changes are observed when the surface oxide/
hydroxide layer is removed by the chemical etching. Here,
we propose that the surface oxide/hydroxide is catalytically
less active than the metallic Ni, because it imposes a barrier to
the charge transfer and/or modifies the adsorption behavior of
the reaction intermediates and products.

Above, we also report that the chemical etching modifies
the values of b and j, in the case of the Ni rod. Because the Ni
rod is polished (it is free of any surface oxide/hydroxide), the
modification of the values of b and j, has to be attributed to
other effects. We propose that the chemical etching modifies
the surface morphology at the micro- and nano-scale levels. If
the changes in the electrocatalytic activity were only due to a
change in the real surface area, then the application of the
newly determined real surface area of the electrode (the value

of A, after the chemical etching) should produce the same
value of j,, which is not the case. Because the values of b
and j, are different for the Ni rod electrode prior to and after
its chemical etching, we propose that the chemical etching
introduces a unique nanostructure, which is absent or poorly
developed in the case of non-etched Ni material surfaces. This
nanostructure modifies the electrocatalytic activity of the ma-
terial through the creation of active surface sites and modifi-
cation of the interfacial behavior of the reaction intermediates
and products (e.g., surface adsorption, surface diffusion, sur-
face recombination, surface desorption).

The existing literature is inconclusive with regard to the
influence of the surface roughness of Ni materials on the kinet-
ics of the HER [25, 33, 34, 45]. However, various authors agree
that the surface coverage by the adsorbed intermediate (the
overpotential deposited H, Hopp) has a decisive influence on
the kinetics of the reaction [31, 33, 41, 44, 67, 68]. Because the
surface coverage by Hopp (07) is expected to depend on the
electrode surface morphology of Ni materials and because the
value of 0 affects the mechanism and kinetics of the HER,
consequently, the kinetics of the HER is expected to depend
on the surface morphology of Ni materials. This observation is
supported by the results of Conway et al. who studied the ki-
netics of the HER at monocrystalline Pt electrode [69].
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Fig. 8 Plots of log j, versus 7' for the hydrogen evolution reaction in 0.50 M aqueous KOH taking place at a the polished Ni rod, b the chemically
etched Ni rod, ¢ the as-received Ni foam, and d the chemically etched Ni foam

Although their materials were atomically flat, the different ge-
ometries of surface atoms gave rise to different values of 6 and
the reaction kinetics. Even greater effects are expected in the
case of polycrystalline materials, the structure of which is very
complex, because they contain ordered and/or disordered grains
as well as grain boundaries. In addition, very similar values of
E, app (Table 1) obtained for the polished Ni rod, etched Ni rod,
and etched Ni foam suggest that the binding energy of the
reaction intermediate (Hopp) is similar in these three cases.
Equation 2 demonstrates that the value of b also depends
on the value of the charge transfer coefficient («). An increase
in the value of b upon the Ni material chemical etching or its
decrease upon the development of the surface oxide/
hydroxide layer can also be attributed to the modification of
the value of a while that of the overall reaction pathway re-
mains unchanged. The good agreement between the experi-
mental values of b and the theoretical one for the polished Ni
rod (Fig. 7a) indicates that the value of « is very close to the
initially accepted value of 0.50. In fact, an average value of o
calculated using the experimental data in Fig. 7a is exactly
0.50. We used the same approach and determined the average
values of « for the experimental data presented in Fig. 7b—d,
and found that o was equal to 0.46 in the case of the etched Ni
rod, 0.54 in the case of the as-received Ni foam, and 0.48 in
the case of the etched Ni foam. Different than 0.50 values of «

@ Springer

for Ni materials were reported by other authors, thus
supporting the validity of our findings [19, 64, 70]. In the case
of the as-received Ni foam, it is reasonable to assign the in-
crease in the value of « to the existence of the surface oxide/
hydroxide layer. Here, we propose that in the case of the
etched Ni rod and etched Ni foam, the decrease in the value
of « is attributed to the development of new micro- and
nanoscopic surface morphological features and associated
with their existence phenomena proposed above.

Evaluation of the electrocatalytic activity of a material to-
wards a given electrochemical process (here, the HER) re-
quires the knowledge of both the Tafel slope and the exchange
current density, because these two parameters together
(through the Butler-Volmer equation) determine the current
density at a given overpotential. In the case of the 7 versus
log j plots, the highest electrocatalytic activity is achieved in
the case of the highest values of j, and the lowest value of b.
An analysis of data presented in Fig. 4 and Table 1 indicates
that although the as-received Ni foam has the lowest value of
b, it also has the lowest value of j,. On the other hand, the
chemically etched Ni foam has a higher value of » and a
higher value of j,, as compared to the as-received Ni foam.
Despite the increase in b, the chemically etched Ni foam is a
better material for the HER in the entire overpotential range
reported in this contribution.
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Conclusions

The kinetics of the hydrogen evolution reaction at the as-
received and chemically etched Ni foams in 0.50 M aqueous
KOH solution was studied. The surface chemical composition
and morphology of the foam surfaces were characterized
using X-ray photoelectron spectroscopy (XPS) and scanning
electron microscopy (SEM). Comparative experiments were
performed using polished and chemically etched bulk, poly-
crystalline Ni rods. The as-received Ni foam was mostly cov-
ered with a surface oxide/hydroxide layer, which was largely
removed by the chemical etching, as confirmed by XPS mea-
surements, while the polished and chemically etched Ni rod
was free of any surface oxide. The chemical etching removed
the surface oxide/hydroxide layer and modified the surface
morphology of the material through the formation of micro-
and nanoscopic roughness, as revealed by SEM analysis. The
modification of the surface morphology also alters the value
of the real surface area of the Ni materials. Both the presence
of the surface oxide/hydroxide layer and modification of the
surface morphology are found to influence the kinetics of the
hydrogen evolution reaction. These are manifested through
changes in the value of the slope and the exchange current
density of Tafel plots. The pre-treatment of the Ni foams also
modifies the value of the apparent activation energy of the
rate-determining step of the HER, and this energy is found
to be higher in the case of the Ni foam covered with a surface
oxide/hydroxide layer. Our results lead to the observation that
the kinetics of the HER at Ni foams depends on its surface
chemical state and the surface micro- and nano-morphology
but does not depend on the macroscopic porosity.
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