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The electrocatalytic behavior of electrodeposited Ni and Ni—Mo alloy coatings in the
hydrogen evolution reaction in a 1 M NaOH aqueous solution was investigated by means
of the electrochemical impedance spectroscopy method. The electrochemical deposition
of electrocatalytic coatings was carried out using electrolytes based on deep eutectic
solvents (eutectic mixtures of choline chloride with ethylene glycol or urea). To simulate
the recorded Nyquist plots reflecting the electrocatalytic performance of deposited coatings,
a modified Armstrong-Henderson equivalent circuit was employed, which accounts for
the involvement of adsorbed intermediates in the reaction. The equivalent circuit included
three polarization resistances and three constant phase elements, allowing for the
consideration of the localization of the electrochemical process on different surface
microdomains. It was found that the electrocatalytic activity of nickel coatings deposited
from deep ecutectic solvents exceeded the activity of nickel fabricated in an aqueous
electrolyte. The increase in molybdenum content in the coating was shown to enhance
electrocatalytic activity. It was established that the main reasons for improving the
electrocatalytic properties of the Ni—Mo alloy coatings are structural-morphological
factors (increase in the degree of microheterogeneity of the surface and the development
of the surface area available for electrochemical reaction) and the formation of a favorable
electronic structure of the metal, leading to the acceleration of the rate-determining
Volmer step.
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Introduction

The development of advanced electrocatalysts
for «green» hydrogen energy is one of the most crucial
challenges in contemporary electrochemical science
[1,2]. Progress in this direction is closely tied to the
design of new electrocatalytic materials that should be
relatively inexpensive and accessible, enabling the
cathodic hydrogen evolution reaction with minimal
polarization. Among various promising alternatives
for creating electrocatalysts for electrolytic hydrogen
synthesis, considerable attention is focused on nickel-
based materials and its alloys [3,4], with one of the

most convenient and accessible methods of production
being electrochemical deposition [5,6].
Electrodeposition is traditionally performed from
aqueous electrolytes [5], which, despite their apparent
advantages, also have some drawbacks. In recent years,
researchers have paid significant attention to the
electrodeposition of nickel-containing electrocatalysts
for hydrogen synthesis from solutions based on a new
type of ionic liquids, deep eutectic solvents (DESs)
[7]. Electrochemical systems based on DESs differ
favorably from those based on water or organic liquids
as solvents, as well as from «conventional» low-
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temperature ionic liquids, exhibiting following specific
physicochemical and operational advantages: a wide
electrochemical stability range allowing for the
deposition (co-deposition) of highly electronegative
metals; high solubility of various salts and metal oxides;
very low saturated vapor pressure; non-volatility; non-
flammability; low toxicity; biodegradability; tunability
of composition and properties (viscosity, electrical
conductivity, etc.) through rational selection of the
nature and concentration of components, and other
benefits [8].

In our opinion, one of the most promising and
successful approaches is the electrodeposition of
electrocatalytic nickel-molybdenum coatings from
DES-based electrolytes. It is well-known that Ni-Mo
alloys exhibit one of the highest electrocatalytic
activities towards the hydrogen evolution reaction,
comparable to the electrocatalytic properties of
platinum [2,3,9]. Recently, we demonstrated the
possibility of electrochemical deposition of nickel-
molybdenum alloys from plating baths based on deep
eutectic solvents [10]. The enhanced electrocatalytic
activity of these coatings was confirmed by recording
cathodic voltammetric curves and subsequent processing
in the Tafel equation coordinates. Although this
methodology allows obtaining explicit information
about the electrocatalytic behavior of the investigated
electrode materials, it still does not provide detailed
insights into the mechanism of the electrode process,
which is crucial for further improvement of
electrocatalytic materials. Therefore, in this study, we
employed the electrochemical impedance spectroscopy
method to uncover the mechanism of the hydrogen
evolution process in an alkaline environment on
nickel-based alloys containing molybdenum, the
electrodeposition of which was described earlier in
the work [10].

Experimental

For the deposition of electrocatalytic coatings,
two types of electrolytes were employed based on the
so-called ethaline and reline. Ethaline and reline are

established names for two widely used representatives
of DESs [8]. Ethaline is a eutectic mixture of choline
chloride and ethylene glycol (with the molar ratio of
1:2, respectively), while reline is a eutectic mixture of
choline chloride and urea (with the molar ratio of
1:2, respectively). These solvents were supplemented
with specific amounts of NiCl,-6H,0 and
(NH,)¢Mo,0,,-4H,0 salts, serving as a source of nickel
and molybdenum in the electrolytes, respectively. To
stabilize the chemical composition of the nickel
complexes, all DES-based electrolytes additionally
contained 0.5 mol/dm? citric acid C{H;O-7H,0. The
composition of the utilized electrolytes is shown in
Table 1. Nickel-molybdenum alloy coatings were
deposited at a temperature of 323 K and cathodic
current densities of 10, 20, and 30 mA/cm?. Nickel
coatings (without molybdenum) were deposited at the
same temperature and a current density of
10 mA/cm? (at higher current densities, it was not
possible to obtain coatings well-adhered to the copper
substrate). For comparison, coatings were also deposited
and investigated from a sulfate-chloride aqueous
electrolyte of the Watts type (Table 1) at a temperature
of 323 K and a cathodic current density of
10 mA/cm?. The thickness of the coatings deposited
on the copper substrate was approximately 10 um. A
more detailed methodology for preparing electrolytes
and electrochemical deposition of coatings is described
in our previous work [10].

The electrocatalytic characteristics of the
deposited coatings in the hydrogen evolution reaction
at a temperature of 298 K in a I M NaOH aqueous
alkaline solution, deaerated by purging with purified
H,, were evaluated in this study using electrochemical
impedance spectroscopy. For this purpose, a Reference
3000 potentiostat (USA) with corresponding licensed
software was employed. Impedance spectra were
measured under potentiostatic conditions with cathodic
polarization of the hydrogen evolution reaction set at
—0.1 V. The equilibrium potential was calculated
according to the Nernst equation. The amplitude of

Table 1

Chemical compositions of electrolytes used for the deposition of electrocatalytic coatings

Designation of Type of | Content of Ni(I) | Content of Mo(VI), | Other components and their concentrations,
the electrolyte solvent ions, mol/dm’ mol/dm’ pH
Ni_eth ethaline 0.25 -
Ni rel reline 0.25 -
Ni-Mo_cth cthaline 0.25 025 0.5 M CeHsO7H,0
Ni-Mo rel reline 0.25 0.25
. 250 g/dm’ NiSO,47H,0, 50 g/dm’
Ni_aq water 1.10 NiCl,-6H,0 i 30 g/dm’ H;BOs, pH 4

* — Note: For the sake of convenience, the same conventional electrolyte designations as in the previous work [10] have been used.
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the sinusoidal potential component was 0.005 V, and
the frequency range was from 0.01 Hz to 100 kHz.

Results and discussion

Quasi-stationary polarization curves for the
hydrogen evolution reaction ina 1 M NaOH aqueous
alkaline solution on the coatings deposited under the
conditions mentioned above (Table 1), as well as the
results of their processing in Tafel coordinates, have
been previously published elsewhere [10] (Fig. 1 and
Table 2, respectively).
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Fig. 1. Polarization curves of hydrogen evolution ina 1 M
NaOH aqueous alkaline solution at 298 K on the coatings
deposited under the conditions listed in Table 1. Reprinted
from [10], Copyright 2023, under the CC BY license (http://
creativecommons.org/licenses/by/4.0/)

As can be observed, the electrocatalytic activity
of the coatings toward the hydrogen evolution reaction
correlates well with the molybdenum content: the
higher the Mo content, the lower (in magnitude) the
Tafel parameter «a,» and the higher the exchange
current density <«j,». Some variations in the
electrocatalyst activity, deposited from solutions based

on ethaline and reline, are attributed to differences in
surface morphology characteristics and microstructure
features [10].

Thus, the Tafel analysis data indicate an
enhanced electrocatalytic activity of Ni-Mo alloys
deposited from DES-based electrolytes. To gain a
deeper understanding of the observed effects,
electrochemical impedance measurements of the
cathodic hydrogen evolution reaction on the
investigated coatings were conducted (Fig. 2). For
better visual perception of the results, the Nyquist
plot for the electrocatalyst deposited from the aqueous
solution (Ni_aq) is separately presented on this figure
in a different scale. The analysis of the obtained
electrochemical impedance diagrams allows the
following conclusions:

(1) The Nyquist plots exhibit a semi-circular
shape (or a combination of some semicircles),
indicating a hindered charge transfer stage in the
electrode reaction. This observation aligns well with
the conclusion of the rate-determining Volmer step
during hydrogen evolution on electrodeposited Ni and
Ni-Mo coatings [10]. Accordingly, the process
mechanism can be described as a combination of two
consecutive stages:

H,0+e” ->H"+OH (Volmer stage, slow), (1)

H*+H,0+e —H, +OH (Heyrovsky stage, fast), (2)

where H' represents a hydrogen atom (intermediate)
adsorbed on the active catalytic center of the metal
surface.

(2) The semicircles are highly compressed,
indicating significant geometric and energetic
heterogeneity of the surface [11]. Therefore, for
simulating, equivalent circuits should be chosen that
include a constant phase element.

Table 2

Results of Tafel analysis of hydrogen evolution reaction occurring on electrocatalytic materials under study (Reprinted
with modification from [10], Copyright 2023, under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

Electrolyte Cathode curren:c2 Content of Tafel constants _ Exchange currerit2 Transfer
density, mA cm molybdenum, wt.% | —a, V | —b, V dec density, jo, A cm coefficient, o
Ni aq 10 — 0.558 0.090 5.94.10” 0.66
Ni_rel 10 - 0.488 0.074 2.63-107 0.80
Ni_eth 10 — 0.375 0.072 6.17-10°° 0.82
Ni-Mo_eth 20 0.05 0.342 0.076 2.98-107° 0.78
Ni-Mo_rel 10 0.26 0.319 0.071 3.38-107 0.83
Ni-Mo_eth 10 0.26 0.316 0.084 1.64-10* 0.71
Ni-Mo_eth 30 0.51 0.304 0.087 3.36-10* 0.68
Ni-Mo_rel 30 1.55 0.247 0.077 59810 0.77
Ni-Mo_rel 20 5.28 0.225 0.076 1.11-10° 0.78
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(3) For hydrogen evolution on coatings deposited
from non-aqueous electrolytes (based on DESs), the
impedance Nyquist plot consists not of a single
semicircle but a combination of several semicircles.
Therefore, the electrochemical reaction with a sluggish
charge transfer is delocalized across several
microdomains of the electrode surface, each differing
in nature (chemical composition, microstructure, etc.).
Such behavior has been observed in analogous cases
and reported in the literature [12,13]. Thus, for the
interpretation of electrochemical impedance data
measured on the investigated electrocatalysts towards
the hydrogen evolution reaction, complex equivalent
circuits depicted in Fig. 3 should be applied.

In particular, the scheme shown in Fig. 3a is a
modification of the Armstrong-Henderson equivalent
circuit developed for electrochemical processes
involving adsorbed intermediates [14]. In addition to
the solution resistance R,, charge transfer polarization
resistance R,;, and the corresponding constant phase

element CPE,, denoted here by the subscript «1,» it
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additionally includes polarization resistance R, and
constant phase element CPE,, corresponding to the
elementary charge transfer stage involving adsorbed
intermediates. Clearly, such a scheme accurately reflects
the physical meaning of the considered process because,
due to the presence of the slowed Volmer stage followed
by the fast Heyrovsky stage, the hydrogen evolution
reaction in an alkaline solution on transition metals
involves intermediates. In this case, the presence of
two polarization resistances corresponds to two
elementary charge transfer stages (involving adsorbed
water molecules, i.e., the Volmer stage, and adsorbed
hydrogen ad-atoms, i.e., the Heyrovsky stage). This
scheme was used to interpret the data obtained on the
nickel coating.

However, this scheme proved inadequate for
describing the electrochemical impedance measurement
data for the hydrogen evolution reaction on nickel-
molybdenum alloys, for which a more complex
equivalent circuit was proposed (Fig. 3b). It should be
noted that this equivalent circuit has been previously
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Fig. 2. Electrochemical impedance spectroscopy Nyquist plots for hydrogen evolution in 1 M NaOH at 298 K on the

investigated electrodeposited catalysts
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Fig. 3. Equivalent circuits used for simulating the electrochemical impedance
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used to simulate the electrochemical impedance of
the hydrogen evolution process on nickel-cerium alloy
deposited from a DES-based electrolyte [13]. In this
equivalent circuit, combinations of elements CPE,,
R,;, and CPE,, R, analogous to the scheme in
Fig. 3a, relate to the charge transfer stages on a non-
uniform metallic surface involving the starting reagent
(water molecules) and intermediates (adsorbed
hydrogen atoms), respectively. As for the additionally
introduced combination of elements CPE; and R;,
they might be associated with partial localization of
the electrode process in the electrode pores, as suggested
in the study [12] (since the electrodeposited coating
a priori should be considered as a more or less porous
material). However, in our opinion, the presence of
these elements is more likely due to the partial
occurrence of the hydrogen evolution process on
«foreign» inclusions in the metallic nickel-containing
matrix, which are likely regions of the surface enriched
with molybdenum.

The results of calculating the parameter values
for the proposed equivalent circuits are summarized
in Table 3. It should be noted that each constant
phase element is characterized by two quantitative
parameters: the capacitance-related constant Q and
the dimensionless parameter n, which reflects the
degree of surface inhomogeneity of the electrode
[11,13]. Here, the impedance of a constant-phase
element is determined by the following formula:

Zepg = [Q(J(D)n ]>1 ’

where Q is the constant related to the capacitive
component, j is the imaginary unit (,/—1),0=2nf
is the angular frequency, fis the frequency in Hertz,

and n is the dimensionless coefficient accounting for
surface inhomogeneity.

(3)

Analysis of the data in Table 3 allows for the
following conclusions:

1. As observed, the data on the electrocatalyst
parameters in Table 3 are arranged from top to bottom
in the order of decreasing polarization resistance (R,).
This sequence perfectly aligns with the order from
Table 2. Therefore, as expected, the value of
polarization resistance R, can be considered a primary
measure of electrocatalytic activity, which correlates
well with the Tafel parameter «a» determined from
polarization curves. Clearly, the lower the value of
this polarization resistance, the higher the activity of
the considered electrocatalyst. An increase in
molybdenum content in the electrocatalytic coating
leads to a reduction in polarization resistance R;.

2. The values of other parameters of individual

components in equivalent circuits do not always
monotonically change with an increase in
molybdenum content in the coating. In our opinion,
the non-monotonicity in the change of various
parameters of equivalent circuits with varying
molybdenum content in the coating may indicate
that the chemical composition of the coating is not
the sole factor determining the electrocatalytic behavior.
Besides the change in chemical composition,
structurally morphological factors, as shown in the
previous work [10], are likely to play a crucial role,
and they are sensitive to variations in the plating
electrolyte composition and electrolysis conditions.
Specifically, variations in the deposition current density
and the chemical composition of the DES-based
electrolyte significantly affect the surface morphology
features, crystal lattice parameters, nanocrystal size,
and dislocation density. Segregation of the influence
of each of these factors on electrocatalytic activity is
practically impossible, leading to complex and
sometimes ambiguous dependences.

3. Remarkably high values of the parameters Q,
and Q,, indirectly characterizing the true surface area
available for electrochemical reaction, draw attention.
These values, for all coatings deposited from DESs,
are significantly higher than for nickel coating
produced in a «conventional» aqueous electrolyte. This
indicates a highly developed surface area for these
deposits, which is extremely favorable for their use as
electrocatalysts. As previously mentioned in the
literature [15], a highly developed surface of Ni-Mo
alloys is one of the reasons for their high activity as
catalysts in the electrochemical hydrogen generation.

4. The calculated dimensionless parameters n,,
n,, and n,, indicating a significant geometric and
energetic heterogeneity of the surface, also point to
the substantial non-uniformity of the surface of the
investigated electrocatalysts. As known, deviations of
these parameters from unity towards smaller values
indicate an increase in the degree of microheterogeneity
of the electrode surface [11]. The presence of surface
microdomains with different types of surface
microstructure, distinct crystallographic orientation,
varied adsorption energy of starting reagents,
intermediates, and reaction products, as well as other
differences, is usually a factor contributing to the
enhanced electrocatalytic activity.

5. The polarization resistance R, corresponding
to the charge transfer stage involving intermediates
(i.e., adsorbed hydrogen atoms), is significantly lower
for the molybdenum-containing coatings than for the
coatings that do not contain molybdenum at all. In
some cases, the polarization resistance R, becomes

comparable and even smaller than R, correlating
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with the corresponding decrease in the Tafel slope
(Table 2). This may suggest that the kinetic capabilities
of the Tafel stage (2) become comparable to the kinetic
capabilities of the Volmer stage (1). Such a
phenomenon aligns well with established concepts
[16,17], indicating that the enhancement of
electrocatalytic activity via the formation of nickel-
molybdenum alloys occurs due to the formation of a
favorable electronic structure, lowering the energy
barrier, and accelerating the slowed Volmer stage.

Thus, the data on electrochemical impedance
spectroscopy significantly complement and deepen the
results of the Tafel analysis of the electrocatalytic
behavior of Ni and Ni-Mo coatings, electrodeposited
from electrolytes based on deep eutectic solvents.

Conclusions

In this study, a systematic measurement of the
electrochemical impedance of the hydrogen evolution
reaction in a 1 M NaOH aqueous solution on
electrocatalytic coatings of Ni and Ni-Mo deposited
from electrolytes based on deep eutectic solvents
(DESs) was carried out for the first time. For the
interpretation of the obtained data, a modified
Armstrong-Henderson equivalent circuit for
electrochemical processes involving adsorbed
intermediates was proposed. This circuit additionally
included a polarization resistance and a constant phase
element, taking into account the localization of the
electrochemical process on different types of surface
microdomains. A correlation between electrocatalytic
activity and molybdenum content in the coating was
demonstrated. It was established that the main reasons
for the improvement of electrocatalytic properties of
the coating during the formation of a nickel-
molybdenum alloy are an increase in the degree of
microheterogeneity of the surface, the development
of the surface area available for electrochemical

reaction, and the formation of a favorable electronic
structure of the metal, resulting in the acceleration of
the slow Volmer stage.
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EJIEKTPOKATAJIITUYHA ITOBEJAIHKA CILJIABY
Ni—Mo, EJEKTPOOCAJI2KEHOT'O 3 EJEKTPOJIITIB
HA OCHOBI HU3BKOTEMIIEPATYPHUX
EBTEKTUYHUX PO3YUHHUKIB: JOCIIIXEHHA
METO/IOM CHEKTPOCKOIIII EJJEKTPOXIMIYHOTO
IMITIEJAHCY

B.C. Ilpouenxo, JI.C. booposa, O./]. Cyxauvkuii,
D.H. Jlanusos

3 BUKOPHUCTAHHSIM METOJY CIEeKTPOCKOIii eIeKTpOoXi-
MIYHOTO iMIenaHcy 31iliCHEHO NOCHIIKEeHHS eJleKTpokaTai-
TUYHOI MOBEIIHKM eJeKTpoocalKeHnX NMokputTiB Ni i cruiaBy
Ni—Mo y peakllii eJeKTPOBUIIEHHSI BOIHIO Y BOIHOMY pO3-
yuHi 1 M NaOH. [Ins1 eneKTpoxiMiuHOTro OCaIKeHHSI eJeKT-
pOKaTaiITUYHUX MOKPUTTIB BUKOPUCTAHO €JIEKTPOJITU Ha OC-
HOBi HU3bKOTEMIIEPATYPHUX E€BTEKTMUHMX PO3YMHHUKIB (€B-
TEKTUYHI CyMillli XOJiH XJIOpUIy 3 eTWJIeHITiKojJeM abo Kapba-
minom). JIjist MonentoBaHHS ofepkaHUX rogorpadis immenan-
cy, L0 XapaKTepU3yIOTh €JEeKTPOKATATITUUHY MOBEIiHKY Oca-
JDKEHMX TOKPUTTIB, OyJla BUKOpHUcTaHa MoaMdiKoBaHa eKBiBa-
JleHTHa cxema ApmcrpoHra-IeHnepcona (Armstrong-Henderson),
1o nependavae BpaxyBaHHSI ydyacTi y peakilii ajmcopOoBaHUX
iHTepMeniaTiB, i MICTUTb TPU MOJSIPU3ALINHUX OMOPU Ta TPU
eJeMeHTH crayioi (asu, 110 J03BOJISIE BpaxyBaTH JIOKali3allilo
€JIEKTPOXiMIYHOTO TMpOliecy Ha Pi3HMX 3a MPUPOIOI0 MIKpPOMIi-
JITHKaX TOBepxHi. BusiBieHO, 10 eleKTpokaTaJiTuYHa aK-
TUBHICTb HiKE€JIEBUX MOKPUTTIB, OCAIKEHUX 3 HU3bKOTeMIIepa-
TYPHUX €BTEKTUYHMX PO3UMHHMKIB, MEPEBUIILYE AKTUBHICTb
HiKeJo, OlepxKaHOro 3 BOAHOro enekrtposity. [lokazaHo, 110
3POCTaHHSI BMICTY MOJIiOIEHY B MOKPUTTI MPUBOIUTD JO MiABU-
ILIEHHS eJIEKTPOKATAIITUIHOI aKTUBHOCTI. BcTaHOBIEHO, 1110 OC-
HOBHMMM MPUYMHAMMU MTOKPAILEHHS €JIeKTPOKATATITUIHUX BJla-
cTuBocTeit MoKpuTTs npu hopmyBaHHi criaBy Ni 3 Mo € cTpyk-
TYPHO-MOPGOJIOTiYHI YNHHUKM (3POCTAHHSI CTYMEHsI MiKpore-
TEPOreHHOCTI MOBEPXHi i PO3BUHEHHS IUIOLLI MOBEPXHi, J0C-
TYITHOI JUTSI €JIEKTPOXIMIUHOI peakilii), a TaKOX YTBOPEHHS CITPU-
SITIMBOI €JIEKTPOHHOI CTPYKTYpU MeTajly, 110 MPUBOAUTH OO
MPUCKOPEHHSI JIiMiTyBaibHOI cTanii dojbMepa.

Knw4oBi cioBa: HU3bKOTEMIEPATYPHi €BTEKTHYHI
PO3UYMHHUKU, €JIeKTPOOCAIKEHHS, CTUIaB HiKeJIb-MOJiOIeH,
peaxiliss BUAUIEHHSI BOJHIO, €JIEKTPOKATasi3, CIEKTPOCKOIis
€JIEKTPOXiMiYHOTO iMITEIaHCYy.
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The electrocatalytic behavior of electrodeposited Ni and
Ni—Mo alloy coatings in the hydrogen evolution reaction in a 1
M NaOH aqueous solution was investigated by means of the
electrochemical impedance spectroscopy method. The
electrochemical deposition of electrocatalytic coatings was carried
out using electrolytes based on deep eutectic solvents (eutectic
mixtures of choline chloride with ethylene glycol or urea). To
simulate the recorded Nyquist plots reflecting the electrocatalytic
performance of deposited coatings, a modified Armstrong-
Henderson equivalent circuit was employed, which accounts for
the involvement of adsorbed intermediates in the reaction. The
equivalent circuit included three polarization resistances and three
constant phase elements, allowing for the consideration of the
localization of the electrochemical process on different surface
microdomains. It was found that the electrocatalytic activity of
nickel coatings deposited from deep eutectic solvents exceeded
the activity of nickel fabricated in an aqueous electrolyte. The
increase in molybdenum content in the coating was shown to
enhance electrocatalytic activity. It was established that the main
reasons for improving the electrocatalytic properties of the
Ni—Mo alloy coatings are structural-morphological factors
(increase in the degree of microheterogeneity of the surface and
the development of the surface area available for electrochemical
reaction) and the formation of a favorable electronic structure of
the metal, leading to the acceleration of the rate-determining
Volmer step.

Keywords: deep eutectic solvents; electrodeposition; nickel-
molybdenum alloy; hydrogen evolution reaction; electrocatalysis;
electrochemical impedance spectroscopy.
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