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Abstract

The influence of the extent of oxidation of Ni electrodes on the kinetics of the hydrogen oxidation (HOR) and evolution (HER)
reactions has been explored by combining an experimental cyclic voltammetry and chronoamperometry study with microkinetic
modeling. The HOR/HER specific activity of the Ni/NiO, electrodes follows a volcano-type dependence with a maximum at
30% NiO, coverage corresponding to a 14-fold increase (nominally from 2.2 to 32.8 pA cm 2y;) of the specific activity
calculated as the exchange current density normalized by the electrochemical surface area of Ni active sites. The kinetic model
suggests that the experimentally observed changes in the shape of current-potential curves as well as the HOR/HER specific
activities are mostly due to the NiO, coverage—dependent strength of adsorption of hydrogen atoms. The latter is accompanied by
an increase of the rate of the Volmer step and a decrease of the potential of OH,4 adsorption on Ni centers in the vicinity of surface
Ni oxides.

Keywords Nickel - Nickel oxide - Hydrogen oxidation reaction (HOR) - Hydrogen evolution reaction (HER) - Kinetic modeling -
Alkaline media

Introduction includes the Volmer, Heyrovsky, and Tafel steps, which in
alkaline media can be written as follows:
Alkaline hydrogen oxidation (HOR) and evolution (HER) re-

actions are among the most frequently studied processes be- Hy +2Me22Me=Hay (Tafel reaction) (1

cause of their high importance for the development of alkaline
exchange membrane fuel cells (AEMFCs) and water
electrolyzers (AEMWESs). Besides they are ideal model reac-
tions in electrocatalysis with an adsorbed H,q4 being the only
reaction intermediate. The mechanism of the reactions
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Hy + OH + Me2Me—H 4+ H,0 + e (Heyrovsky reaction)
(2)

Me—H,; + OH 2H,0 + ¢ + Me (Volmerreaction)
3)

Among non-noble metals, nickel is currently considered as
the most promising electrocatalyst for the HOR/HER, demon-
strating relatively high activity while being a low cost metal
and possessing high corrosion stability in alkaline electrolytes
[1-4]. It has been shown that the activity of Ni in the HOR/
HER can be significantly enhanced when combined with Cu,
Mo, Cr, or nitrogen [5-13]. Among non-noble electrodes,
these materials are currently showing the best performance
in AEMFCs and in AEMWE:s likely due to an electronic effect
of the second element. Besides, even without addition of an-
other metal, the specific activity of Ni itself can be dramati-
cally (more than 10 times) enhanced by precisely controlling
the composition of the Ni surface [14—17]. To allow high
activity in the HOR/HER, the latter must consist of both
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metallic (Ni% and oxidized (NiO,) sites. Note that adsorption
of the H,q intermediate takes place only on the metallic Ni
centers [18], while the role of NiO, species is still debated.
Two hypotheses have been put forward. The first suggests that
Ni surface oxides decrease the strength of H,4 adsorption on
the nearby Ni’ sites (which is otherwise too high on pure metal
Ni electrode) [14, 19, 20]. The second hypothesis assumes that
Ni surface oxides affect H,O dissociation providing OH,4 and
H.,q species for a bifunctional HOR/HER mechanism [16, 21].
Note that electrodeposited Ni/C nanoparticles with an opti-
mized Ni/NiO, surface state are currently state-of-the-art
platinum-group metal-free electrocatalysts for the HOR/HER
in alkaline media in terms of both specific and mass activity
[15]. Theoretical calculations performed recently by Dong
et al. have shown that the Gibbs free energy of H,4 adsorption
(AaaG1®) on Ni varies depending on the quantity of closely
located O(H) species, the latter correlating with the estimated
exchange current density in the HER which reaches a maxi-
mum at 3/8 surface coverage by oxygen [22]. Pan et al. have
experimentally demonstrated that the activity of Ni/C nano-
particles in the HOR depends on the amount of generated
Ni(OH), species on their surface with a maximum value (in
terms of the total current) obtained for Ni(OH),:Ni surface
molar ratio close to 1.1:1 [23]. However, comparison of the
absolute values of the HOR currents is somewhat confusing
and leaves the question about variation of the intrinsic activity
of partially oxidized Ni samples open. Besides, it is not clear
whether the A,4Gy° value is NiO, coverage dependent, and
whether it is the only reason for the changes in the HOR/HER
activity of the Ni/NiO, electrodes.

In the present work, we analyze the influence of the surface
coverage of a bulk Ni electrode by NiO, species on its activity
in the HOR/HER at low overpotentials. The use of a bulk
polycrystalline Ni electrode allows one to obtain reproducible
initial surface state after polishing and thus ensure precise
determination of the intrinsic electrocatalytic activity of the
Ni/NiO; electrodes in the HOR/HER depending on the extent
of their oxidation. In comparison with the previous studies
where the effect of NiO, species on the HOR/HER kinetics
of Ni has been discussed, this work for the first time compares
specific activities of Ni/NiOy electrodes with various surface
coverage of NiO, species. By performing microkinetic model-
ing, we analyze the influence of the NiO, coverage on the
kinetics of the Heyrovsky and Volmer steps as well as the
adsorption of OH,q4 species on Ni sites.

Experimental and Modeling Details
Materials

For electrochemical experiments, all solutions were prepared
using ultrapure water produced by Mili-Q (Millipore, USA)
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apparatus (18.2 M2 cm, TOC < 5 ppb) and NaOH (50% in
water, Premium quality, Aldrich). High-purity gases (Ar
99.998% and H, 99.99%) were used for the measurements.

Electrochemical Measurements

The working electrode was a polycrystalline Ni rod (@5 mm,
Mateck, 99.99%) fixed in a Teflon holder and sealed with the
Teflon tape so that only the flat top surface of the electrode
was accessible to the electrolyte. Prior to each experiment, the
top surface of the Ni rod was thoroughly polished with an
Al,O5 slurry (0.3 um, Alfa Aesar) and rinsed by H,O. Short
polishing time and utilization of the Al,O3 granules with
0.3-um size (and not 0.05 pwm) while not allowing to obtain
a smooth surface (the roughness factor was typically around 3)
were preferred since they allowed to fully renew the Ni sur-
face (i.e., to remove Ni oxides from the surface) and thus
achieve high reproducibility of the measurements.

Electrochemical measurements were performed in a three-
electrode glass cell thermostated at 25 °C using an Autolab
PGSTAT 30 potentiostat (EcoChemie) equipped with a
Scangen module. The counter electrode (Pt foil) and the ref-
erence electrode (Hg|HgO|0.10 M NaOH) separated compart-
ments were connected with the working electrode chamber via
a glass frit and a Luggin capillary, respectively. All electrode
potentials reported in the manuscript are referred to the revers-
ible hydrogen electrode (RHE, Eyg/tig0/0.10 M Naon = 0.928 V
vs RHE). Prior to each experiment, the glassware was cleaned
by soaking in a H,SO,4:H,0, (1:1 v/v) mixture and then thor-
oughly washed with ultrapure water.

Electrochemical measurements of Ni electrodes were per-
formed right after polishing to avoid (as much as possible)
surface passivation by oxygen from air. After immersion in
Ar-saturated 0.10 M NaOH, the electrodes were cycled 3
times between — 0.20 and 0.40 V at a sweep rate (v) 20 mV
s~! in order to remove oxide species formed on their surfaces
during the transfer to the cell. After that the Ni electrodes were
conditioned by cycling between — 0.06 and 0.40 V at v =
20 mV s ' until stabilization of the cyclic voltammetry (CV)
profiles (with registering typically 3 scans). The latter CVs
were analyzed for estimation of the electrochemical surface
area (ECSA, Sy;) of Ni considering the entire value of the
anodic charge and the 0.514 mC cm 2 conversion coefficient.
In order to study the influence of the surface state of Ni on its
activity in the HOR/HER, the electrode was subjected to elec-
trochemical oxidation detailed in Table 1, followed by partial
reduction of the Ni surface by cycling between — 0.20 and
0.40 Vat v =20 and 5 mV s '. The amount of irreversible
NiO, species left on the electrode surface after such treatment
is supposed to be constant between — 0.20 and 0.40 V. The
ECSA of the resulting Ni/NiO, electrodes (Sniniox) Was esti-
mated from CVs recorded between — 0.06 and 0.40 Vatv =
20mV s . Since the anodic charge corresponds to the amount
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Table1 Pretreatment procedure (by applying either cyclic voltammetry
(CV) or chronoamperometry (CA)) used to obtain Ni electrodes with
different NiO, coverage and corresponding values of the apparent Tafel
slope in the HER determined (with accuracy of + 1 mV/decade) in the
potential interval of —0.20 <7 <—0.07 V

Sample Pretreatment Oniow % Tafel slope,
mV/decade

1 No 0 117

2 CV between — 0.3 and 1.0 V 6.5 122

atv=50mV s ' (1 scan)

3 CAatE=1.0Vfort=60s 15.3 132

4 CAatE=1.1Vfort=120s 29.1 142

5 CAatE=12Vfort=120s 34.0 140

6 CAatE=13V fort=300s 42.1 135

of the metal Ni sites on the electrode surface, the oxide cov-
erage can be estimated as follows:

SNi/Nio,
Onio, = (1— NS/NO’) x 100% (4)

Ni

The example of such calculation is presented in the
Supporting Information on Figure S1. The HOR/HER ex-
change currents were derived from the anodic scans of linear-
sweep voltammograms obtained in Hy-saturated 0.10 M NaOH
atv=>5mVs ' in the potential interval between — 0.20 (or —
0.06) and 0.40 V by linearization of the micropolarization re-
gion (from — 10 to 10 mV). Tafel analysis of the HER branches
of CVs obtained at v = 5 mV s~ was performed in the
overpotential interval of —0.20 << —0.07 V.

Equations for the HOR/HER Kinetic Modeling on Ni
Mean-field microkinetic modeling of the HOR/HER current-

potential curves was performed considering Volmer-Heyrovsky
mechanism for the HOR/HER in alkaline media (Egs. 2 and 3).

Although addition of the Tafel step allows one to better describe
the HOR/HER kinetics close to the equilibrium potential, the
exact contribution of this step compared with the Heyrovsky step
cannot be unambiguously determined [19]. Therefore, it was
disregarded in order to minimize the number of adjustable pa-
rameters. In addition, a proper description of the HOR/HER on
Ni requires consideration of the Ni surface hydroxide formation
and reduction, since it occurs in the same potential range as the
HOR/HER processes. For this purpose, a two-step Ni-(OH), o4
formation process was considered:

OH™ + Ni2Ni—OHy + ¢ (5)
Ni~ OHyq + OH 2 Ni~(OH), 4 + ¢ (6)

The coexistence of both Ni-H,4 and Ni-OH,4 species in the
same potential interval might result in their recombination
with the formation of water through the so called bifunctional
mechanism [21].

Ni—Hyg + Ni — OHyq 2 H,0 + 2 Ni (7)

However, the contribution of the recombination step is rather
unlikely on pure metallic Ni surface, because of the strong
adsorption of H,4 on Ni and the high activation energy barrier
for the reaction [24]. The reaction between H,q and OH,q be-
comes feasible when their adsorption energies are weakened
(AaGyi® of adsorption close to 0 eV), although its contribution
cannot be unambiguously distinguished in this case from the
one of the Volmer step in the microkinetic modeling. Besides,
experimental results suggest a rapid blocking of the Ni surface
by Ni-OH,q species above 0.05 V [14, 19, 24]. Considering
this, we will first perform kinetic modeling disregarding the
recombination step and then show how its inclusion in the
model affects the simulated current-potential curves.

The rates for the elementary steps of the HOR/HER as well
as Ni-OH,4 and Ni-(OH); ,q formation/reduction can be
expressed as:

1—a) F(E—Ey; —aF(E-Ey;
vpi = k%,,' [exp (W) Ch, Conr (1= 0= bou— 9(0H)2>_GXP (a(RTH)> 9H:| (8)
1—a)F(E—Ev; —aF(E—Ev;
Vi k(\)/’i [eXp (( ) R(T = )) Con Oy—exp (404 (RT Y. )) (1* Ou— Oon— 9(01{)2)] 9)
1-0) F(E-Eon, ~aF(E-Eop;
VOH,i = kOOH,i {exp (( ) éT o) ) Con (1= 0u— on— b om), ) —exp (%) GOH] (10)

RT

(1=a) F(E=E(om), i
U(OH),,i = k?OH)Z,i [exp( (E=E, ) Con Bon—exp

—aF(E-Eom),)

RT >H(OH)2‘| (11)
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The total Faradaic current density is then given by:
jr=F ¥ 6i(vui+vvi+ voui+ viom,.) (12)

i=aj,ay

Here, Cyy, and Coyy- are the concentrations of H, (7-107*
M) and OH (0.1 M) in the solution divided by the standard
concentration C° = 1 M. Considering the fact that HOR
on polycrystalline Ni occurs in the kinetic regime [25], these
concentrations are assumed to be the same in the bulk of the
electrolyte and near the electrode surface. 0y, Oon, Oony de-
note the surface coverage of the active intermediate Ni-H,g,
Ni-OH,q4, and Ni-(OH), ,g4, respectively. Subscript i stands for
the type of surface sites (for details see the “Kinetics of the
HOR/HER and its Dependence on the Degree of Ni
Oxidation” section). #; corresponds to the number of Ni active
sites associated with either a; or a, anodic peaks (see
“Kinetics of the HOR/HER and its Dependence on the
Degree of Ni Oxidation” section for further details). In a first
approximation, the diffusion coupling of these sites is
neglected. &, ki, ko', k(OH)zo and Ev, En, Eon, Eony
are the rate constants and standard potentials for the Volmer
and Heyrovsky reactions and the formation/reduction of Ni-
OH,4 and Ni-(OH), .4, respectively. Langmuir adsorption iso-
therms were used with the aim to reduce the number of ad-
justable parameters, being in agreement with the previous
studies [26, 27]. A Butler-Volmer dependence on the electrode
potential £ is assumed for the rate constants of the Heyrovsky
and Volmer steps, where & = 0.5 is the charge transfer coeffi-
cients and F, R, T are the Faraday constant, the ideal gas
constant, and the temperature, respectively.

The value of AyyGy’, reffered to the RHE energy scale, can
be expressed as following:

MG}y = —FEy; (13)

To account for the HOR/HER equilibrium potential at 0 V
vs RHE in the simulated current-potential curves, the relation
between the equilibrium potentials (vs RHE) of Heyrovsky
and Volmer reaction steps has to obey the following equation:

RT
EHJ = _EV,i + 71HCH2 (14)

A detailed description of the kinetic model can be found in
our previous publications [14, 19]. It has been shown [14, 19]
that the developed model could reproduce the shape of experi-
mental current-potential curves for metallic and for partially ox-
idized Ni electrodes. The main experimental features observed
for a partially oxidized Ni electrode could be captured by the
kinetic model assuming a decrease of the adsorption energy of
the hydrogen intermediate along with an increase of the rate
constant of the Volmer step in the presence of surface NiO,.

The main purpose of this work is to study the effect of NiO,.
surface coverage on the kinetics of the HOR/HER on Ni. For
this purpose, the experimental current-potential curves mea-
sured for a freshly polished Ni electrode and for the electrodes
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oxidized up to various extents were fit by adjusting the rate
constants and standard potentials of steps 2 (Heyrovsky), 3
(Volmer), and 4 (surface OH,4 formation) using non-linear
least squares method. Fitting simultaneously the hydrogen
oxidation and evolution reactions (the latter at small
overpotentials) is expected to provide a better understanding
of the influence of oxide species on the kinetics of Ni
electrodes.

Results and Discussion

Electrochemical Properties and Electrocatalytic
Activity of Ni in the HOR/HER

Figure 1 presents typical CV curves for a polycrystalline Ni
electrode electrochemically oxidized up to various extents. In
agreement with the previous findings [14, 19], only one anod-
ic peak (a;) appears for a freshly polished Ni. Increasing ox-
idation of the electrode surface (hereinafter, Ni/NiO, elec-
trodes) leads to a continuous attenuation of peak a; and an
appearance and growth of additional peaks at lower potentials
which are marked as a,. The detailed discussion about the
nature of these two anodic peaks can be found in our previous
contributions [14, 19] as well as the studies of other authors
[28-30]. Briefly, peak a; mostly corresponds to the oxidation
of Ni sites with the formation of «x-Ni(OH),, while being
partially related to the oxidation of hydrogen adsorbed at po-
tentials below 0 V vs RHE (the latter contribution depends on
the negative potential limit of the CV). Peak a, is assigned to
two processes, namely oxidation of adsorbed hydrogen and
the first step of Ni oxidation with the formation of Ni-OH,q4
(step 5). As discussed below, the position of peak a, is mostly
determined by the adsorption energy of H,q on Ni surface,
which depends on the local oxide coverage. Note that NiO,

0.10 . T T . .

6.42.2

-0.20 T T T T T
0.0 0.1 0.2 0.3 0.4

E (V vs RHE)

Fig. 1 Cyclic voltammograms of Ni/NiO; electrodes in Ar-saturated 0.10
MNaOH atv=20mV s ' and 7= 25 °C
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species formed during electrochemical oxidation at high po-
tentials (Table 1) are stable under the applied conditions be-
cause of their ordered structure [31], while the oxides pro-
duced during cycling at potentials below 0.40 V (mainly in
the form of «-Ni(OH),) can be reduced by cathodic treatment
even at potentials close to 0 V.

The CV curves registered in the presence of hydrogen fur-
ther support very strong influence of the amount of NiO,
species present on the surface of Ni/NiO, electrodes on the
kinetics of the HOR and the HER (Fig. 2a, b). From these
curves, one may clearly see that the anodic peak of hydrogen
oxidation shifts from ca. 0.25 V (for metallic Ni) towards
more negative values with the increase of the NiO, coverage.
The specific activity of the Ni/NiO, electrodes calculated from
micropolarization region of Fig. 2 a and b shows a volcano-
type dependence on the NiO, coverage with a maximum at
approximately 30% coverage. The activity increases by a fac-
tor of 14 or 12 when normalized by either the ECSA of the
available metal Ni sites (Fig. 2c) or by the geometric surface
area of the electrode (Fig. 2d), respectively. Interestingly, the
exchange current densities slightly differ depending on the
cathodic limit of CVs either at — 0.20 or — 0.06 V (Fig.
2c, d). This is likely related to the difference in the surface

0.05 4

6.42.2

-0.15

0.0 01 0.2 03 04
E (V vs RHE)

1.0
2020 018 016 0.14 -012 -0.10
E (V vs RHE)

-0.15

-0.1 0.0 01 02 03 04

E (V vs RHE)

Fig.2 Cyclic voltammograms of Ni/NiO, electrodes in H,-saturated 0.10
M NaOH in the potential interval of a — 0.06-0.40 Vand b — 0.2-0.40 V
atv=>5mVs—'and 7= 25 °C; Dependence of the exchange current

state of Ni/NiO, electrodes in these two cases. Indeed, cycling
down to more negative potentials should reduce the electrode
surface up to a larger extent as well as produce some amount
of Ni hydrides which are believed to have negative effect on
the HOR/HER activity of Ni electrodes [32, 33]. Analysis of
the CV curves presented on Fig. 2 a and b also shows that the
Ni/NiO, sample with the highest (42%) coverage of oxide
species on the electrode surface has poor activity in the
HOR, while still showing reasonable performance in the
HER. This is likely due to insufficient amount of Ni° sites
available for the HOR, the latter being rapidly blocked by
adsorbed OH,q4 species at potentials slightly above 0 V vs
RHE. Meanwhile, in the HER potential interval, OH,4 should
not compete with the H,4 adsorption especially at high cathod-
ic potentials.

In order to further examine the influence of the NiO, cov-
erage on the kinetics of the HOR, we performed
chronoamperometric measurements at various applied poten-
tials (25, 50, and 100 mV), which are presented in Fig. 3.
Corresponding transients show similar descending behavior
for all Ni/NiO, samples with reaching quasi-steady-state
values after the initial fast decay. Notably, the current densities
normalized by ECSA (Fig. 3a) show similar to the exchange

5
(C) 4/.
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0 10 20 30 40
@NiOx (%)
4
70+ (d) \5
[
60 e
&
o § 501 . "
§ 40
< 3/‘
230 /
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104 1 —=—E_=-60mV
0 —e—E =-200 mV
0 10 40

20
@NiOx (%)

density normalized by either ¢ ECSA or d geometric surface area of Ni/
NiO; electrodes on the NiO, coverage
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Fig. 3 a Dependence of the HOR current densities of Ni/NiO,, electrodes measured at various potentials on the amount of NiO, at the electrode surface.
b—d Corresponding transients registered in H,-saturateq 0.10 M NaOH at 7= 25 °C

current density (Fig. 2¢) volcano dependence on the extent of
oxidation of Ni/NiO, electrodes with a maximum at ca. 30%
coverage by NiO, species if measured at £ = 25 and 50 mV,
while at £ = 100 mV, higher values were registered with lower
NiO, coverage of ca. 15%. Such a difference is likely related
to stronger passivation of the surface of Ni/NiO, electrodes
with higher than 15% NiO, coverage at £ = 100 mV. Indeed,
as one may see from Fig. 2 a and b, this potential lies on the
descending branch of the anodic peak a, for Ni/NiO, samples
with 29.1 and 34.0% of NiO, on the electrode surface. On the
contrary, the maximum of the anodic peak a; is located above
100 mV for the Ni/NiO, samples with 15% surface coverage
by NiO, species. The effect of the surface passivation for NiO,
coverages exceeding 15% is further evidenced by the compar-
ison of transients presented on Fig. 3d. Even if the initial
values of current densities for samples 4 and 5 are higher than
those observed for the sample 3, they are decaying much faster
without reaching steady state even after 300 s.

To further explore the influence of the NiO, concentration
on the kinetics of the HER at overpotentials below 200 mV,
we analyzed the anodic scans of the CV curves plotted in Tafel
coordinates (Fig. 4a). On metallic Ni, the apparent Tafel slope
of the HER branch (- 0.20 < 7 < — 0.07 V) amounts to 117
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mV/decade being in agreement with the previous findings [19,
34, 35]. At the same time the Tafel slope of partially oxidized
Ni/NiO, electrodes is larger with a maximum value of 142
mV/decade obtained at 29.1% coverage by NiO, species
(Table 1). The high value of the apparent Tafel slope suggests
that the Volmer step is rate determining [36, 37]. The ex-
change current densities extracted from the analysis of the
Tafel plots and normalized by either ECSA or geometric sur-
face area of the Ni/NiO, electrodes are in a good agreement
with the data presented on Fig. 2¢ and d. Similarly, the highest
activity values are obtained for the Ni/NiO, samples with the
NiO, coverage close to 30%, while much higher value (com-
pared with the one determined from the analysis of the
micropolarization region) is observed for the strongly oxi-
dized Ni/NiO, electrode due to the above discussed reasons.

Kinetics of the HOR/HER and its Dependence
on the Degree of Ni Oxidation

In our previous studies, positive influence of the partial oxi-
dation of Ni electrodes on the HOR/HER activity as well as
the shape of CV curves were assigned to an increase of the
free energy of the adsorbed hydrogen intermediate and an
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Fig. 4 a Tafel plots obtained by plotting anodic scans of CV curves for
Ni/NiO, electrodes in H,-saturated 0.10 M NaOH at v=5mV s—' and T'=
25. b Dependence of the exchange current density estimated from the
corresponding Tafel plots on the amount of NiOj at the electrode surface

enhanced kinetics of the Volmer step [14, 19]. The main pur-
pose of this study is to verify consistency of the kinetic model
with a larger set of data and extract information on the NiO,
coverage dependence of the kinetic parameters. The key re-
sults of this study are summarized in Fig. 5. We also analyzed
possible effect of the recombination step (7) (see Fig. 6 and the
discussion below).

A reasonable agreement between the experimental and
simulated current-potential curves was obtained assuming
two types of Ni” sites on the surface of various Ni/NiO, elec-
trodes (Fig. 5a, b). The sites of the first type (marked as I) are
located at a sufficient distance from surface NiO, oxides (if
present), and give rise to peak @;, which is present in all CV
curves. The second type of sites corresponds to the ones situ-
ated in the vicinity of surface oxides (which are believed to
grow as small islands [38, 39]), giving rise to peak a,. These
sites are marked as II, I1I, and IV, depending on the number of
closely located oxide species and/or their proximity (Fig. 5c¢).

It should be stressed that all of the sites, [-IV assumed in the
kinetic model correspond only to the Ni’ sites free from NiO,
based on the fact that the latter themselves do not show any
activity in the HOR (Figure S2). In this regard, the relative
contribution of either of Ni active sites labeled from I to IV is
not directly related to the concentration of NiO, species at the
surface of Ni/NiO, electrodes. Meanwhile, the percentage of
the Ni” active sites affected by oxide species increases with an
increase of the NiO, coverage (Fig. 5d). Here, we roughly
estimate the ratio between the two types of Ni’ active sites (I
and II, I and III, I and IV for Ni/NiO, samples 2, 3, and 4,
respectively) from the experimental current-potential curves
as a ratio between the maximum current densities of the cor-
responding @, and a, peaks. An actual Ni/NiO, electrode sur-
face likely comprises a distribution of active sites with differ-
ent characteristics, the measured current-potential curve
resulting from their superposition. The use of in situ micro-
scopic and spectroscopic methods for characterization of the
sample structure and composition should reveal real distribu-
tion of various Ni sites over the electrode surface. Meanwhile,
application of ex situ methods for this purpose is hardly ben-
eficial as the surface state of Ni electrodes strongly depends on
the environment in which it is studied.

Notwithstanding the above mentioned complexity, the anal-
ysis of the experimental CV curves performed with the help of
microkinetic modeling allows drawing several important con-
clusions. In agreement with the previous findings [14, 19], the
value of AGyy on a freshly polished Ni electrode was estimat-
ed as — 0.13 eV evidencing too strong adsorption of H,4 inter-
mediates, which is responsible for its low HOR/HER perfor-
mance. Enhancement of the activity on partially oxidized Ni/
NiO; electrodes can be explained by weakening of the strength
of H,q adsorption in the vicinity of surface Ni oxides and the
corresponding increase of the AwaGi value up to — 0.02 eV,
which was calculated for the most active surface sites (Fig. 5e).
Such a tendency is being generally in agreement with Dong
et al. [22]. The change of the A, Gy entails changes in the
rates of the Heyrovsky and Volmer steps through the exponen-
tial term in Eqgs. 8 and 9 (regarding the link between Ey; Ey,
and AyyGy" the readers are referred to Eqgs. 13 and 14). Besides,
to reproduce the experimental data, we had to assume a steady
increase of the Volmer rate constant &y with the increase of the
NiO, coverage. Thus, ky° for the most active Ni/NiO, sample
appeared to be 10 times higher compared with the non-oxidized
one (Fig. 5f, Table 2). At the same time, the Heyrovsky rate
constant k;;° was barely affected by the presence of surface
oxides, in all increasing by a factor of ca. 3 (Table 2). Note that
although the parameters for the formation of Ni-OH,4 and
Ni-(OH); 54 were mostly estimated from the analysis of exper-
imental CV curves registered under inert atmosphere (the reader
is addressed to our previous works [14, 19] for further details),
to be in agreement with the experimental data, it was necessary
to take into consideration variation of the potential of the Ni-
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Fig.5 Comparison of the anodic scans of a experimental and b simulated
CV curves for various Ni/NiO, electrodes in H,-saturated 0.10 M NaOH
at v=>5mV s ' and various degree of oxidation of their surface. ¢
Schematic illustration of the Ni active sites with various adsorption
energies depending on the number of closely located oxide species.

OH,q formation. The latter is decreasing at higher coverage of
the electrode surface by stable NiO, species (Fig. 5 g).

The results of simulations presented in Fig. 5 were obtained
disregarding the recombination step (7). Then, simulations
were performed by including this step in the model to check
its possible influence on the HOR/HER kinetics. The rate of
the recombination step can be expressed as:

0.06 - Oniox= 29.1%
0.04
(\.T% 0.02 ~
& 0.00
4
<-0.02-
3, | type of sites:
7-0.04 1 A,4Gl=-0.13 eV, kJ=0.018 s, K%=0.155"", k3=0 s
-0.06 A IV type of sites:
0.08 4 1: A,4GY=-0.02 eV, K3=0.18 s, K2=0.5 5", k3=0s™!
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Fig.6 Comparison of the anodic scans of simulated CV curves for the Ni/
NiO, electrode with 29.1% of NiO, coverage in H, atmosphere at pH =
13and v=5mV s '. The modified parameters for the IV type of Ni’ sites
are listed on the figure, while the other can be found in Table 2
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Influence of the NiO, coverage on d the percentage of Ni active sites
affected by oxygen species (peak a,), e the free energy of the adsorbed
H,q intermediate, f the Volmer rate constant y°, and g the potential of Ni-
OH,4 formation

F (—E(i: {;Ev,,-) ) ]
(15)

The total Faradaic current density expressed by the Eq. 12
should be then given by:

vR;i = kY 90H'9H—(1—91-1—901-1—9(01{)2)2 exp(

Jr=F X 6 (vni + vvi + vomi + Vo), + vri)  (16)

i=ay,a

If ApqGr° was kept constant and equal to the value charac-
teristic of metallic Ni (AyGy’ = — 0.13 eV), including the
recombination step failed to reproduce the experimental data
for the Ni/NiO, electrode with 29.1% of NiO, coverage (curve
4 in Fig. 6). This emphasizes the importance of the adsorption
energy of H,y intermediates for the HOR/HER kinetics and
confirms that its decrease with the NiO, coverage is the key
factor determining higher activity of partially oxidized com-
pared with metallic Ni electrodes. Note however that once the
absolute value of AGy® is decreased, contribution of the
recombination step in the reaction mechanism cannot be ex-
cluded. Indeed, Fig. 6 shows that assuming A,qGy” = — 0.02
eV, one can reproduce the experimental current-potential
curve (see the curve 4 in Fig. 5a), with similar accuracy either
by considering high ky° = 0.18 s and neglecting the recom-
bination step (kR0 =0s ' curve 1in Fig. 6), or, alternatively,
considering smaller " = 0.063 s ' but including the recom-
bination step (kg° = 0.55s™', curve 2 in Fig. 6). This confirms
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Table 2 Rate constants for

various Ni’ active sites on the Parameter Meaning Peak a, Peak a,

surface of Ni/NiO, electrodes

calculated by fitting the Sites [ Sites 11 Sites I11 Sites IV

experimental data with the kinetic

model K, s! ‘Volmer rate constant 0.018 0.075 0.13 0.18
Ev, V Volmer standard potential 0.13 0.075 0.052 0.02
ks Heyrovsky rate constant 150 500 500 500
Ey, V Heyrovsky standard potential -0.49 -0.44 -042 -038
kor®, 8! OH,q rate constant 100 100 100 100
Eon, V OH,4 standard potential 0.04 0.035 0.028 0.017
ko> s (OH), o rate constant 0.1 0.1 0.1 0.1
Eomp, V (OH), aq standard potential 0.16 0.16 0.16 0.16

that microkinetic modeling cannot unambiguously distinguish
between the contribution of these two factors when A,Gyy” is
close to 0 eV.

Conclusions

The kinetics of the hydrogen oxidation and evolution re-
actions at polycrystalline Ni electrodes oxidized up to
different extents was studied. Comparative experiments
were performed using cyclic voltammetry and
chronoamperometry techniques, which revealed signifi-
cant variations in the specific activities of Ni/NiO, elec-
trodes in the HOR/HER with a maximum reached at ca.
30% coverage of the Ni surface by NiO, oxide species.
Our results provide experimental evidence for recent the-
oretical calculations [22], suggesting that the HOR/HER
kinetics on Ni active sites is significantly affected by the
number of oxygen species located in their vicinity. By
combining electrochemical methods with mean-field
microkinetic modeling, we conclude, in agreement with
the previous findings [14, 19], that the HOR/HER activity
of Ni/NiO, electrodes is mostly determined by the
strength of adsorption of H,4 intermediates as well as
the kinetics of the Volmer step. To explain the experimen-
tal observations, one must consider the NiO, coverage—
dependent strength of adsorption of hydrogen atoms,
which entails changes in the rates of the Heyrovsky and
Volmer steps. In addition to those changes resulting from
the exponential term, there seem to be additional changes
in the &v° and k;°, whose physical reason is currently not
fully understood. They could either be due to the double
layer effects or due to the interference of the recombina-
tion step. It should be emphasized that the recombination
step alone (that is without assuming a ApdGy° change)
cannot explain the experimental observations. Finally,
we infer that not only the H,q but also OH,4 adsorption
strength is affected by the presence of surface NiO, oxide
species.
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