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Abstract: - The concept of using hydrogen as a reliable solution to the problems of planetary warming and 
pollution requires the development of high-performance and sustainable methods of H2 production. The 
electrolysis of water seems to be a very promising approach to the hydrogen synthesis. In this context, there is 
an urgent need to create efficient, inexpensive and environmentally friendly electrocatalysts for the hydrogen 
evolution reaction. In this study, chromium-based coatings as a heterogeneous electrocatalyst for the hydrogen 
evolution process were electrodeposited from a trivalent chromium plating bath based on a deep eutectic 
solvent (a green and available analogue of room temperature ionic liquids). The plating bath contained a liquid 
mixture of chromium (III) chloride, choline chloride and extra water. The fabricated coatings were tested as 
electrocatalysts towards the hydrogen evolution reaction in an acidic medium (0.5 M H2SO4). The results of 
linear voltammetry and electrochemical impedance spectroscopy showed that the electrocatalytic activity of 
deposits fabricated from choline chloride-based bath towards the hydrogen evolution reaction is higher than 
that of Cr coatings deposited from common industrial hexavalent chromium plating bath. 
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1 Introduction 
Hydrogen is nowadays considered as a promising 
energy carrier which forms the basis for the so-
called "hydrogen economy" [1, 2]. The use of 
hydrogen can enhance the security of energy supply, 
appreciably mitigate the emission of greenhouse 
gases and create an inexhaustible source of energy. 
Thus, widespread adoption and implementation of 
technologies based on hydrogen will ensure reliable 
and sustainable energy production and satisfy all 
ecological and technical requirements. 
Large-scale application of hydrogen requires 
development of efficient and safe ways for 
hydrogen production. Hydrogen can be synthesized 
by different methods, electrolysis of water being the 
most simple and viable technique with a low 
environmental impact [3]. Therefore, there is an 
urgent need to create available, high-performance 
and environmentally friendly electrocatalysts for the 
hydrogen evolution reaction (HER) [4]. 
It is known that electrocatalysts based on noble 
metals (Pt, Pd, etc.) exhibit good electrocatalytic 
activity but suffer from high cost and scarcity [4–6]. 
Therefore, the development of electrocatalysts for 
the HER using base metals attracts special attention 
of researchers [6–10]. In this context, chromium and 

its alloys seem to be promising materials. For 
example, chromium carbides of different 
composition showed a relatively high 
electrocatalytic activity towards the HER in acidic 
solutions [11, 12]. 
Various techniques can be applied to fabricate 
chromium carbides. Among these methods, the 
electrodeposition is the simplest and easiest one. 
The electrodeposition of Cr–C alloys was reported 
in a number of publications [13–15], aqueous Cr(III) 
electrolytes being commonly used to deposit metal 
layers. It should be noted that trivalent chromium 
electroplating is regarded as an environmentally 
friendly alternative to extremely hazardous 
hexavalent chromium deposition that is strictly 
restricted throughout the world. 
However, aqueous trivalent chromium plating baths 
are characterized by some shortcomings [16, 17]. 
Non-aqueous chromium electrolytes based on the 
so-called deep eutectic solvents (DESs), a new 
generation of room temperature ionic liquids, are 
now considered as a feasible and "green" alternative 
to traditional aqueous electroplating baths [18–26]. 
DESs-based electrolytes are characterized by high 
performance and stability as compared with both 
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aqueous systems and those based on organic 
solvents [27]. 
However, the electrocatalytic activity of coatings 
electrodeposited from DES-containing chromium 
plating bath towards the HER is poorly investigated. 
Only one our previous paper [28] reported the 
electrocatalytic performance of such coatings in an 
alkaline medium where oxide layers can be present 
on the electrode surface. It is important to ascertain 
the electrocatalytic characteristics of these coatings 
in an acidic medium. Therefore, the goal of this 
work was to characterize the electrocatalytic 
properties of Cr-containing electrodeposits 
fabricated from a DES-based plating bath in an 
acidic solution (0.5 M H2SO4). 
 
 

2 Materials and Methods 
The electrodeposition of coatings was performed 
using a gold plate as a cathode (S = 1.77 cm2). The 
surface of the gold cathode was polished with filter 
paper, then treated in HCl solution (1:1 vol.) and 
thoroughly rinsed with bidistillate water. 
The DES-based trivalent chromium bath used in this 
work was formulated in our previous publications 
[23–26]. The bath contained choline chloride, 
chromium (III) chloride and extra water in 2.5:1:15 
molar ratios, respectively [26]. Coatings were 
electrodeposited at the current density of 5 A dm–2 
and the bath temperature of 40 C. Platinum plate 
served as an anode. 
Chromium coatings were also prepared using 
"conventional" hexavalent chromium electroplating 
bath containing 2.5 M CrO3 and 0.025 M H2SO4. In 
these experiments, coatings were deposited at the 
current density of 40 A dm–2 and the temperature of 
45 C. Lead plates were used as anodes. 
The deposits' thickness was controlled by 
gravimetric method. The electrodeposition duration 
was adjusted to achieve the thickness of the coatings 
of about 10 m. 
The electrocatalytic activity of the synthesized 
coatings towards the HER was investigated using 
0.5 M H2SO4 water solutions at the temperature of 
25 C. The electrocatalytic performance was 
estimated by means of linear voltammetry method 
and electrochemical impedance spectroscopy (EIS). 
To this end, Potentiostat/Galvanostat Reference 
3000 (Gamry, USA) was used. 
The electrochemical behavior of the coatings was 
studied in a thermostatted glass three-electrode cell 
in which the electrode compartments were divided 
by a glass porous diaphragm. Porous graphite served 
as a counter electrode. The values of electrode 

potentials were measured towards the saturated 
Ag/AgCl electrode and recalculated to the scale of a 
standard hydrogen electrode. The potential sweep 
rate in linear voltammetry was 50 mV s–1. 
The electrochemical impedance spectra were 
obtained at constant values of the overvoltage of the 
hydrogen evolution reaction in a frequency range of 
0.01 Hz to 100 kHz. The impedance spectra were 
recorded at AC voltage amplitude of 5 mV. 
 
 

3 Results and Discussion 
Fig. 1 demonstrates the electrochemical behavior of 
chromium deposits in 0.5 M H2SO4 solution in a 
wide range of electrode potentials. The anodic 
current peak at about –0.7 V recorded for the 
"common" chromium coating (obtained from Cr(VI) 
plating bath) can be associated with the active 
anodic dissolution of metallic chromium. However, 
there is no current peak of active dissolution of 
coating deposited from Cr(III) electroplating bath. 
This indicates an enhanced corrosion stability of 
chromium layers prepared from DES-based 
electrolyte as compared with those from hexavalent 
chromium one [26]. This feature is very important 
and favorable for a practical use since many other 
possible electrocatalytic materials containing base 
metals can easily corrode in acidic aqueous medium. 
 

 
Fig. 1. Linear voltammograms of electrodeposits in 

0.5 M H2SO4 aqueous solution: (1) Cr coating 
prepared using Cr(VI) plating bath, (2) Cr coating 

prepared using Cr(III) DES-based plating bath. 
 
The cathodic segments of the recorded current 
waves evidently correspond to the HER occurring in 
a sulfuric acid solution. It is seen that the 
overvoltage of the HER on the coating deposited 
from DES-based electrolyte is less than that of Cr 
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deposits from Cr(VI) bath. The cathodic segment of 
the polarization curves related to the HER was 
treated using the Tafel equation: 
 

iba log      (1) 

 
where  is the value of overpotential, i is the current 
density, a is the Tafel intercept connected with the 
exchange current density (i0), and b is the Tafel 
slope. 
The exchange current density and transfer 
coefficient () were calculated by the following 
expressions: 
 

b

a
i 0log      (2) 

bF

RT303.2
      (3) 

 
where R is the universal gas constant (8.314 J K–1 
mol–1), T is the thermodynamic temperature (K) and 
F is the Faraday constant (96,487 A s mol–1). 
Using Eqs. (2) and (3), the Tafel parameters for the 
HER in an acidic solution were calculated (Table 1); 
the coefficients of determination R2 were not less 
than 0.97. 
 
Table 1. Tafel parameters of the HER in 0.5 M 
H2SO4 

Kinetic 
parameter 

Electrolyte 
Cr(VI)-based 

bath 
Cr(III) DES-
based bath 

a, V 1.251 1.115 
b, mV dec–1 173 160 

 0.34 0.37 
i0, A cm–2 0.5910–7 1.0810–7 

 
Hydrogen evolution reaction in an acidic water 
solution can be considered as a combination of 
several elementary steps as follows [29]: 
 
M–Hads+H++e–H2+M  (Heyrovsky step) (4) 
M–Hads+M–HadsH2+2M  (Tafel step)  (5) 
M+H++e–M–Hads  (Volmer step)  (6) 
 
where M denotes the surface metal atoms on which 
hydrogen atom is adsorbed. 
It is known that the Tafel slope (i.e. the value of b) 
is about 40 and 30 mV dec–1 when electrochemical 
desorption (Heyrovsky step) or chemical desorption 
(Tafel step) are rate-determining steps, respectively. 
Meanwhile, the Tafel slope is about 118 mV dec–1 if 
electrochemical reduction (Volmer step) is a rate-
determining step. The data presented in Table 1 

indicates that the Tafel slopes are closer to 118 
mV dec–1 rather than to 30 or 40 mV dec–1. 
Therefore, the electrochemical reduction is a rate-
determining step when the HER occurs on 
chromium coatings under study in an aqueous 
solution of H2SO4. Some excess of the calculated 
Tafel slopes over their theoretical value can be 
associated with the possible presence of relatively 
resistive oxide films on the cathode surface. 
It is kwon that the electrocatalytic activity is 
explicitly characterized by the value of exchange 
current density [4, 5]. It is clearly seen that the 
electrocatalytic properties of coatings deposited 
from Cr(III) DES-based bath are higher than of 
those fabricated from "common" hexavalent 
chromium bath. 
In order to get more comprehensive information on 
the kinetics and mechanism of the HER on Cr 
electrodes, electrochemical impedance spectroscopy 
(EIS) was used. The recorded Nyquist plots 
obtained for the HER in 0.5 M H2SO4 solution are 
shown in Fig. 2. Their shape is a flattened 
semicircle, which indicates that the electrochemical 
process is controlled by the charge transfer step and 
occurs on the inhomogeneous electrode surface. An 
equivalent circuit was developed to interpret the 
experimental impedance data (the inset in Fig. 2). 
The equivalent circuit contains a constant phase 
element characterizing the interface of "solid 
electrode/solution" (CPE), a polarization resistance 
of electrochemical reaction (Rct) and an ohmic 
resistance of solution (Rs). 
 

 
Fig. 2. Nyquist plots of chromium electrodeposits in 

0.5 M H2SO4 aqueous solution. The type of the 
plating bath and the values of overpotential are 

shown in legend. The inset depicts electrical 
equivalent circuit used to simulate the 

electrochemical impedance data. 
 
The electrochemical impedance of the CPE is 
usually given by the following equation [9, 10]: 
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   1
 n

CPE iQZ      (7) 

 
where Q is a constant, 1j  is the imaginary unit, 

 is the angular frequency of alternating current and 
n is the dimensionless empirical exponent related to 
the phase deviation and associated with the 
inhomogeneity of the electrode surface. 
Symbols in Fig. 2 present experimentally measured 
values of electrochemical impedance. These results 
were fitted by means of the adapted electrical 
equivalent circuit (continuous lines in Fig. 2). The 
calculated parameters of the electrochemical 
impedance are summarized in Table 2. 
 
Table 2. Parameters of the electrochemical 
impedance of the HER in 0.5 M H2SO4 

Elec-
trolyte 

Electro-
de 

overpo-
tential, 

mV 

Parameter 

Rs, 
 

Rct, k 
cm2 

Q106, 
–1 sn 
cm–2 

n 

Cr(VI)-
based 
bath 

–100 2.2 15.1 80 0.86 
–200 2.2 2.5 95 0.85 
–300 2.2 2.1 182 0.84 

Cr(III) 
DES-
based 
bath 

–100 2.2 13.6 60 0.88
–200 2.2 2.1 78 0.87

–300 
2.2 1.5 102 0.85

 
The obtained data show that the value of the 
polarization resistance decreases with an increase in 
the overpotential due to the acceleration of 
electrochemical process. Other conditions being 
equal, the polarization resistance of the HER 
occurring on deposits from Cr(III) DES-based 
plating bath is less than in the case of Cr(VI) 
aqueous plating bath. This confirms an enhanced 
electrocatalytic activity of Cr layers obtained in 
DES. The data on the polarization resistance of the 
HER are in good agreement with the results of 
calculation of the exchange current density (see 
above). 
The value of n in Eq. (7) reflects the extent of 
surface heterogeneity [9, 10]. It is equal to unity if 
the surface is ideally smooth and homogeneous. The 
more inhomogeneous the electrode surface, the less 
is the value of n. In our opinion, there is no 
appreciable differences in the values of n for two 
different kinds of electrocatalytic coatings 
investigated in this work (deposited from Cr(VI) 
and Cr(III) electrolytes), although the surface seems 
to be rather heterogeneous in both cases. 

The constant Q characterizes the real (total) surface 
area of an electrode, which is available for an 
electrochemical reaction [9, 10]. It follows from the 
data presented in Table 2 that the real surface area 
of coatings prepared in electrolyte based on Cr(III) 
DES is less than that of coatings obtained in 
conventional Cr(VI) water electrolyte. Therefore, an 
enhanced electrocatalytic performance of chromium 
coatings from Cr(III) DES-based bath is associated 
with a "true" electrocatalytic effect rather than with 
a simple enlargement of the electrode surface area. 
As concerns the reasons for the improved 
electrocatalytic activity of the coatings under 
consideration, they can be connected with the 
introduction of carbon into electrodeposited layers. 
Indeed, the results of EDX analysis showed the 
presence of some carbon (together with Cr, Cl and 
O) in the coatings fabricated using Cr(III) DES-
based plating bath (Fig. 3). Evidently, the source of 
carbon is an organic component of the electrolyte. 
The inclusion of carbon in the chromium coatings 
deposited from Cr(III) plating baths has been 
observed in a number of previous publications [13–
15]. It was earlier stated that Cr–C materials 
exhibited high electrocatalytic activity towards the 
HER due to the presence of excess carbon and 
corresponding increase in the density of states at the 
Fermi energy level [11]. 
 

 
Fig. 3. EDX spectrum of the surface of coating 
prepared using Cr(III) DES-based plating bath. 

 
If we compare the electrocatalytic characteristics of 
Cr-based coatings under consideration reported in 
the present work for an acidic medium (0.5 H2SO4) 
with those typical of an alkaline medium (1 M 
NaOH) [28], then we can conclude that they are 
very similar in exchange current densities, transfer 
coefficients and polarization resistances. Thus, Cr-
containing electrocatalysts fabricated from the DES-
based plating bath seem to be universal: they can be 
successfully used both in acidic and alkaline water 
solutions. An improved corrosion resistance of Cr–
C electrodeposits in acidic media together with their 
good electrocatalytic performance in the HER allow 
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considering them as a promising alternative to those 
fabricated using expansive noble metals. 
 
 

4 Conclusion 
The need to create high-performance and available 
ways for the production of hydrogen, that is 
considered as a promising green energy carrier, 
stimulates the development of new electrocatalysts 
for the hydrogen evolution reaction. Cr-based layers 
electrodeposited from environmentally friendly 
trivalent chromium plating baths seem to be a good 
alternative to expansive and scarce electrocatalysts 
based on the noble metals. 
We reported the electrodeposition of chromium 
coatings using trivalent chromium plating bath 
based on a deep eutectic solvent, a new kind of 
room temperature ionic liquids. The 
electrodeposited Cr coatings showed an improved 
electrocatalytic activity in the hydrogen evolution 
reaction occurring in 0.5 M H2SO4 solution that was 
argued by the results of linear voltammetry and 
electrochemical impedance spectroscopy methods. 
An enhanced electrocatalytic activity was associated 
with the introduction of carbon into coatings 
structure. Thus, coatings electrodeposited from 
Cr(III) DES-based plating baths seem to be a very 
promising material to the development of new 
electrocatalysts for the hydrogen evolution reaction. 
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