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Abstract. The content of this study discusses the kinetic issues of hydrogen evolution on
metallic surfaces. For this purpose, the electrochemical deposition of Ni, Co, and Co-Ni alloy
coatings from chloride baths on chromium-nickel steel (304) substrates was conducted. The
deposited materials were then used as the cathode for electrolytic hydrogen evolution. Due to
differences in electrochemical reaction mechanisms, the studies were carried out in acidic (0.5
M H>S04) and alkaline (1 M NaOH) environments. Using different polarization rates (0.05;
0.1; 0.2; 0.5; 1; 2 V/s), cyclic voltammetry (CV) curves were recorded, showing the current
intensity as a function of potential. Based on the experimental H> evolution curves and the
ESTYM_PDE program, a mathematical model was developed to determine the parameters of

the hydrogen evolution reaction (HER) on the metal and alloy coatings.
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1. INTRODUCTION

The hydrogen evolution reaction (HER) is currently one of the most thoroughly studied
electrochemical reactions due to the great interest in hydrogen as an energy carrier. Green
hydrogen, obtained by electrolysis, can meet the growing demand for energy. (Khan, 2023,
Chmielniak, 2021). The planned development of the hydrogen economy includes green and
potentially blue hydrogen. The former is a gas produced in an environmentally friendly manner,
i.e., through electrolysis powered by renewable energy sources (RES) (Yu et al., 2024). The
latter, blue hydrogen, is a variant of grey hydrogen, which is produced from fossil fuels.
However, in the case of blue hydrogen, carbon capture, utilization, and storage (CCUS) is
employed to manage the by-product carbon dioxide (IRENA, 2019). Currently, over 95% of
hydrogen is produced from fossil fuels (Komorowska et al., 2023), including steam methane
reforming, petroleum reforming, and coal gasification (Shiva and Lim, 2022, Riera et al., 2023).
Cost-effective production of green hydrogen is a crucial element of a sustainable hydrogen
economy (Lohmann-Richters et al., 2021, Hota et al., 2023).

Water electrolysis involves the electrochemical splitting of water molecules through the
application of an external electric current (Daoudi and Bounahmidi, 2023). The decomposition
of water can occur in acidic, neutral, and alkaline environments. The reaction proceeds most
favorably with strong electrolytes (H2SO4, KOH, NaOH) due to their high conductivity
(Bespalko and Mizeraczyk, 2022). The electrochemical system comprises two electrodes: the
hydrogen evolution reaction (HER) occurs at the cathode surface, while the oxygen evolution
reaction (OER) takes place at the anode. The electrolyzer equipped with noble metal
electrocatalyst such as Pt, Pd, Ir, and Ru enhances the efficiency of hydrogen evolution reaction
(Raveendran et al., 2023). However, the high costs and material shortages hinder the large-scale
development of energy devices (Li et al., 2023). Transition metals such as nickel and cobalt
exhibit electrocatalytic properties for both hydrogen (Chun and Chun, 2024) and oxygen
(Krivina et al., 2022) evolution reactions. Nickel alloys can absorb amounts of hydrogen into
their structure and subsequently desorb it, which is useful not only for the evolution process but
also for hydrogen storage (Baraniak et al., 2024). Enhancing ion adsorption is particularly
important in alkaline environments where hydrogen ion concentration is low (Goyal and Koper,
2021). Current literature indicates that modifying the composition or structure of materials
based on these metals gives satisfactory results. Li et al. (2022) conducted a finite element
method simulation, finding that the electric field of nickel nanoparticles increases ion
adsorption, facilitating kinetics and mass transfer on the electrodes. Previous work (Skital and

Domanska, 2022) involving the investigation, parameter determination, and mathematical



modeling of the hydrogen evolution process with simultaneous cobalt deposition confirmed the
catalytic effect of Co on HER. Gupta et al. (2023), in their review paper, attribute the
exceptional catalytic activity of cobalt due to its partially filled d orbital. In addition, structural
defects, such as vacancies located in the cobalt crystal lattice, make these sites even more
catalytically active. Dymerska et al. (2020) demonstrated that Ni and Co particles as additives
enhance the efficiency of the electrocatalyst by providing a large number of active sites.

This study involves the electrochemical deposition of nickel (Ni), cobalt (Co), and their alloy
(Co-Ni) coatings to enhance the efficiency of the hydrogen evolution reaction (HER) on
chromium-nickel materials. Due to the presence of different electrolysis mechanisms, the
electrocatalytic properties for hydrogen evolution in both acidic and alkaline environments are
presented. The establishment of a mathematical model for the hydrogen evolution process on
electrodeposited coatings allows for the verification of surfaces in terms of process
electrocatalysis. Furthermore, it enables the utilization of existing knowledge and relationships

to design new and improved solutions that increase and develop the hydrogen economy.
2. EXPERIMENTAL PART AND NUMERICAL PROCEDURES

2.1. Electrodeposition of coatings

The surface of the chromium-nickel substrate (304) was electropolished for 15 minutes using a
current density j of 21 A/dm?. The solution used consisted of: 0.3 dm? of 85% H3PO,, analytical
grade (CHEMPUR), 0.185 dm? of concentrated H,SO,, analytical grade (CHEMPUR) and
0.015 dm? of distilled water.

The coatings were deposited using three chloride baths, the compositions and current
parameters of which are presented in Table 1. The compounds used were sourced from
CHEMPUR and demonstrated analytical purity levels. The deposited chromium-nickel (d = 4
mm), platinum electrode, and saturated silver chloride electrode (Ag/AgCl) served as the
working electrode, counter electrode, and reference electrode, respectively. The samples were
deposited in a thermostated electrolyzer (25°C) using the chronopotentiometric (CP) technique

with EPSILON (BASi) equipment.



Table 1. Current parameters of electrodeposition, electrolyte composition, and theoretical

coating thicknesses.

Coating Electrolyte Current density j, theoretical
designation composition mA/cm? thicknesses s, um
: 0.06 M NiCl,

Ni 0.5 M H;BO; 10 L and S

Co 0.06 M CoCl, 3
0.5 M H3BOs
0.06 M NiCl, 3 and 10 1

Co-Ni 0.04 M CoCl»
0.5 M H3BO; 10 5

Based on the theoretical coating thicknesses of 1 and 5 um, the value of the electric charge
required to flow through the system to deposit the amount of material corresponding to the

assumed thickness was calculated.

2.2. Hydrogen evolution

The electrodeposited coatings served as the cathode during the electrolytic hydrogen evolution.
The process was conducted in two environments: acidic (using 0.5 M H,SO,) and alkaline
(using 1 M NaOH). The EPSILON (BASi) equipment and the same thermostated setup (25°C)
with an identical electrode arrangement were used again. The potential values were then
converted relative to the standard hydrogen electrode (SHE). Cyclic voltammetry (CV) curves
were recorded for each surface. Six scanning series were conducted for each sample, using
different scan rates v in the following order: 0.05; 0.1; 0.2; 0.5; 1; and 2 V/s. Before starting the
measurements, the electrolyte was deaerated with argon for 15 minutes, and for 3 minutes
between series. Before each subsequent scan, i.e., before changing the scan rate, the system was
deaerated for 20 seconds. Depending on the reaction environment, different reversal potentials
were used for the studies. In sulfuric acid, gaseous hydrogen desorption occurred faster at lower
scan rates, disrupting the measurement; hence, individual reversal potentials were set for each

surface. In NaOH, a constant value of -1.501 V was used for all coatings and scan rates.

2.3. Mathematical modeling

Electrochemical calculations were conducted using the ESTYM_PDE software. This program
solves and estimates parameters of one-dimensional mass and heat transfer coupled with
chemical and electrochemical reactions based on partial differential equations (PDE). Bard et

al. (2022) have thoroughly described the diffusion PDE based on Fick's second law, along with



boundary conditions defining the concentration dependence over time. The presented model
accounts for HER without oxidation reactions.

The mathematical model of the process accounts for the catalytic effect of hydrogen evolution
by relating (conditioning) the hydrogen evolution rate as a function of the type and thickness
of the layer deposited on the electrode. The model describes the following set of

electrochemical and chemical reactions:
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The mass balance of the individual chemical compounds is described by a set of

equations (4) - (6) for a planar electrode:

R (4b)
o= D S~ ke (5)
% Dy, T2 4 feyecd (6)
along with the relevant conditions.

1. Initial conditions

fort=0and x > 0: cy+ = cg+, cy* = ¢y, =0 (7a)
fort =0andx > 0: cy,0 = Cf,p, Cp = Cy, =0 (7a)

2. Boundary conditions

2.1.fort>0and x=0:

dc,+ a,F(E—Ep) (1—a41)F(E-Eyg)
Dy+ 6Z = +kicy+ exp (——1 o 0 ) — k_,cy- exp (—1RT 0 ) (8a)
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where, cy+ are the ion concentrations in solution (mol/cm?), cy- is the hydrogen radical
concentration. The symbol Ey means the standard potential of the redox system (E%4+ = 0.000
V and E%0 = -0.828 V), a the transfer coefficient of the cathodic process and x indicates the
distance from the electrode surface. The ky- constant was estimated that its value must be
greater than 10° s}, resulting in no oxidation peak on the theoretical curve (according to the
experiment).

2.2.fort>0and x — o:

Cy+ = cg+, Cy = €y, =0 (11a)
CH,0 = Ci00 Cu* = Cp, = 0 (11b)

The diffusion layer thickness 0 considered in the model defines the relation diffusion coefficient

D and experimental time ¢ in the form of dependencies 6= 6-/Dt .

By solving the system of equations (1) - (6) along with the the relevant initial and boundary
conditions (7) - (11), the concentration-time dependence of all chemical compounds on the
electrode and in the solution can be found.

The current can be described by the equations:

aC+

I, = FADy+—1I (12a)
dac

I, = FADy,, ;’;0 (12b)
dc OCrye

I, = FADy+ af;* + FADy- ;;' (13a)

I, = FADy,o22520 4 pap,. 2% 13b

2 = Hy0 ~ 5 H* 5, (13b)

Itotar = I +1; (14)

Simulations were performed until the degree of fit was the best possible, as indicated by the

constant value of the ASDy, parameter.

_ VX=-9)?
ASDy, = o -100% (15)

where: y — experimental current intensity, ¥ — calculated current intensity.



3. RESULTS AND ANALYSIS

3.1. Hydrogen evolution reaction curves

The recorded HER curves are summarized in Fig. 1 including measurements for all surfaces at
scan rate 0.2 V/s. Graphs A and B represent an acidic and alkaline environment, respectively.
Depending on the electrolyte used, it is possible to indicate the structure that exhibits the
smallest overpotential and the maximum current obtained. In an alkaline environment, the best
parameters are achieved by an alloy coating (Co-Ni) with a thickness of 5 um, while in an acidic
environment, a cobalt coating of the same thickness shows the best parameters. The highest
efficiency obtained for cobalt coating in acidic medium can be explained by the fact that cobalt,
with three unfilled d orbitals (compared to two for Ni), forms bonds that are neither too strong
nor too weak. This ensures optimal absorption of chemical individuals reaching the catalyst
surface and desorption of the product (Gupta et al., 2023). Hydrogen release in an alkaline
medium is preceded by a slow dissociation of water, so the process is slower than in an acidic
electrolyte (Durovié et al., 2021). Lyu et al. (2024) indicate in their work the synergistic effect
of Ni and Co in alkaline medium. Lupi et al. (2009), on the other hand, explains that the
synergistic effect of this alloy is that Ni provides a low hydrogen superconducting potential and
cobalt provides high hydrogen adsorption. This allows for a higher value of exchange current
density.

The reference point was the uncoated 304 electrode surface (black line), and the increase in the
value of the current density is 2.75 times and the shift of the potential value in the positive
direction is 169 mV for the acidic environment. In an alkaline environment, the values are 2.07
times and 206 mV.

In an acidic environment, the thickness of the nickel coating did not affect the overpotential or
the maximum current. In the case of the cobalt coating, increasing the thickness of the deposited
Co layer allowed for obtaining a smaller overpotential, while the maximum current values were
practically equal. In the alkaline electrolyte, it was noticed that the electrode material affects
the overpotential of hydrogen evolution, while increasing the coating thickness allows for

achieving higher values of maximum currents.
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Fig. 1. HER curves of all surfaces at scan rate 0.2 V/s. Graph A represents an acidic

environment, while B represents an alkaline environment.

3.2. Kinetic parameters of hydrogen evolution

Mathematical modelling of hydrogen reduction involved the estimation and determination of
kinetic parameters such as the reaction rate constant k and the transfer coefficient a. The
reaction rate constant indicates the efficiency of the electrochemical reaction. Surfaces that
exhibited the highest value of the rate constant are characterized by the best catalytic properties
in the given environment. Table 2 presents the estimated values of the parameters. The lowest
value of the rate constant was determined for the electropolished chromium-nickel (304)
surface. Hydrogen evolution in an acidic environment occurs more efficiently than in an
alkaline environment due to the higher concentration of H". Higher values of the reaction rate
constant in an H2SO4 environment confirm the validity of the mathematical model considering
Volmer and Tafel reactions, because the absolute values of the rate constants are higher than in
alkaline medium. Moreover, in acidic environment the highest value of the constant £ = 5.0
x107° cm/s recorded for a 5 pm thick cobalt coating is 9.26 - times higher compared to uncoated
electrode (k= 5.4 x10° cm/s). This confirms the validity of co-depositing cobalt as a component
of coatings used in the hydrogen evolution process. In an alkaline electrolyte, based on
experimental results and conducted estimations, the best catalytic properties are exhibited by
alloy coatings deposited using a current density of 10 mA/cm? (k= 3.3 x10° cm/s), where a 15
- times increase in the rate constant was observed (k= 2.2 X107 cm/s).

By analysing the parameter a in a given environment, it can be observed that the values for the
coatings differ slightly from each other. The difference is greater when comparing the parameter

between the coatings and the chromium-nickel steel surface. However, when comparing with



the reaction rate constants, it can be concluded that coatings characterized by higher &k values

show lower a values at the same time.

Table 2. Model parameters of the hydrogen evolution process in an acidic and alkaline
environment on the chromium-nickel surface and coatings along with the standard deviation,

determined considering the Volmer and Tafel reactions.

Material of the Parameters in an acidic environment | Parameters in an alkaline environment
working + SD + SD
electrode k1, cm/s o1 ki, cm/s o1
304 (5.4+0.6)-10° 0.221 £ 0.004 (2.2+1.2)-107 0.203 +£0.019
Ni, 1 um, (2.6+£0.9)-10° 0.205+0.017 (1.7+0.2)-10°¢ 0.129 + 0.004
10 mA/cm?
Ni, 5 um, (3.1+£0.9)-10° 0.193+£0.014 (1.9+0.3)-10°¢ 0.131 £0.005
10 mA/cm?
Co 1 um, (2.7+0.5)-10° 0.184 £ 0.008 (1.1 +£0.1)-10° 0.152 +£0.005
3 mA/cm?
Co 5 um, (5.0+£1.2)-10° 0.174 £0.011 (1.6 £0.2)-10°¢ 0.142 £ 0.007
3 mA/cm?
Co-Ni, 1 pm, (2.1+£0.4)-10° 0.183 £ 0.007 (2.2+0.6)-10° 0.133 +£0.007
3 mA/cm?
Co-Ni, 1 um, (2.7+£0.3)-10° 0.173 +£0.005 (3.2+0.8)-10° 0.118 £0.008
10 mA/cm?
Co-Ni, 5 pm, (1.9+0.3)-10° 0.182 £ 0.006 (3.3+1.1)-10° 0.125+0.010
10 mA/cm?

During the estimation phase, it was observed that curve fitting in a NaOH environment is much
worse than in acid. Therefore, in the process of modeling hydrogen evolution in an alkaline
environment, the Heyrovsky reaction was additionally taken into account. The parameters along
with their values are presented in Table 3, where the subscript 1 represents the Volmer reaction

parameters, and 2 represents the Heyrovsky reaction parameters.

Table 3. Parameters of the hydrogen evolution process in an alkaline environment on the
chromium-nickel surface and coatings along with the standard deviation, determined

considering the Volmer, Tafel, and Heyrovsky reactions.

Material of the Parameters in an alkaline environment + SD

working ki, c/s ka, cm/s o o
electrode

304 (2.1+0.3)-107 (7.5+3.2)-10* 0.170 £ 0.005 0.661 +0.086
Ni, 1 um, (1.2+0.2)-10° (1.5+1.0)-10° 0.115 £ 0.005 0.551 +£0.029
10 mA/cm?
Ni, 5 um, (1.1 £0.1)-10°¢ (1.6 £ 1.0)-10° 0.126 £ 0.006 0.734+0.014
10 mA/cm?
Co 1 um, (8.5+0.9)-107 (7.5+7.0)-107 0.132 +0.003 0.671+0.112
3 mA/cm?




Co 5 pum, (1.2+0.2)-10° (6.3+6.1)-107 0.122 +£0.005 0.673 £ 0.089
3 mA/cm?

Co-Ni, Lpm, | (15+04)10° | (40+£22)10° | 0.116=0.007 | 0.580 0.043
3 mA/cm?

Co-Ni, Lum, | (1.8£02)10° | (2.0£3.0010° | 0.111£0.004 | 0.783+0.034
10 mA/cm?

Co-Ni,5pum, | (1.9%03)10° | (29£4.0)10° | 01820006 | 0.182%0.030
10 mA/cm?

The visual fitting of the described model to the experimental data in both hydrogen evolution
environments can be observed in Fig. 2. In these cases, the modelling only considers the Volmer
and Tafel reactions (VT model). It can be noted that the fitting of the model curves to the
experimental ones for the base is significantly worse compared to the acid. Analysing the curves
and comparing them with the set that only considers the Tafel reaction indicates a significantly

better fit of the curves by including the Heyrovsky reaction (VTH model).

In Fig. 2 we can visually observe the degree of fit of the models to the experimental data, but a
more precise comparison (mathematical) requires the use of an appropriate parameter. The
ASDy, parameter defines the degree of mismatch in percentage terms, so the smaller its value,
the better the fit of the model data to the experimental data. The information on the fit of the
model data to the experimental data presented in Fig. 3 corresponds to the visual fit shown in
Fig. 2. Including the Heyrovsky reaction in the case of hydrogen evolution in NaOH increases
the fit, and consequently, the model better describes the electrochemical process. Moreover,
this reaction is necessary to obtain a fit similar to that of hydrogen evolution in acid, which is
described only by two reactions (Volmer and Tafel). This is consistent with the statement that
the mechanism of hydrogen evolution in acid is less complicated. The acidic environment
provides the presence of H' ions, which are adsorbed on the electrode surface. In the alkaline
environment, the initial stage is the slow dissociation of water, which reduces the rate of HER

(Wang et al., 2021).
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Fig. 2. Qualitative fit of the VT (black lines) and VTH (blue lines) models to the experimental
data (red dots) recorded at a scan rate of 0.2 V/s in acidic (column 1) and alkaline

environments (column 2, 3).
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Fig. 3. Quantitative degree of fit of the model to the experimental data; the lower the value of

the ASD% parameter, the better the fit.

The determined parameter values of the approximated percentage standard deviation (ASD%)
obtained by mathematical modeling of the hydrogen evolution process are between 6.2% -
24.1%. The best fit in NaOH solution was achieved for a 1 um cobalt-coated electrode, and the
weakest fit without coating. On the other hand, in H>SO4 solution, the best match between
calculated and experimental results was obtained for 5 um Co-Ni coating, and the weakest for
5 um Ni coating. As can easily be seen, they depend heavily on the type of coating, so a more
clear picture is obtained when we count the corresponding average values along with the
standard deviation. They are respectively: 9.2 £ 1.6, 15.6 + 3.8 and 9.0 £ 1.9 for the VT model
in H2SO4, the VT model in NaOH and the VTH model in NaOH.

4. CONCLUSIONS

1. The presence of a coating of Ni, Co and Co-Ni alloy on the chromonickel electrodes has a
significant effect on the hydrogen evolution process, where the process occurs with greater
efficiency.

2. The thickness of the deposited coating affects the hydrogen evolution process. Coatings with
a thickness of 5 um showed the best performance during the hydrogen evolution process in both
acidic and alkaline environments.

3. The rate constants k, determined by mathematical modeling, show higher values on
electrodes with deposited coatings compared to electrodes without coatings. In an acidic
environment, there is no clear difference (trend) between coatings, except for the thickest cobalt

coating, which shows the greatest catalytic effect. In an alkaline environment, the rate of



hydrogen evolution on Co-Ni alloy coatings is higher with respect to coatings made of single
metals.

4. The model presented in this paper using only the Volmer-Tafel reaction allows for a very
good fit in an acidic environment. In order to obtain a similar level of fit in NaOH environment,

the Heyrovsky reaction had to be included in the model.
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SYMBOLS
Jj - current density, A/dm?, mA/cm?
d - diameter of the working electrode, mm
s - theoretical thickness of the coating, pm
v - scan rate, V/s
k - reaction rate constant, cm/s
D - diffusion coefficient, cm?/s
¢ - concentration, mol/dm?, mol/cm?
ku. - recombination constant, cm’/mol s
t - time, s
x - distance from the electrode, cm
F - Faraday's constant
E - potential, V
Eo - zero potential, V
R - gas constant,
T - temperature, K
1, i - current, A, mA
A - electrode area, cm?
y - experimental current intensity, A
y - calculated current intensity, A

SD - standard deviation

Greek symbols

o - transition factor



o - diffusion layer thickness, cm

o
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