
Journal of Electroanalytical Chemistry 947 (2023) 117785

Available online 14 September 2023
1572-6657/© 2023 Elsevier B.V. All rights reserved.

ZnxCo(1− x) coatings from choline chloride-ethylene glycol deep eutectic 
solvent as electrocatalysts for hydrogen evolution reaction 

Deomar N. Rodrigues-Júnior a, Natalia G. Sousa a, F. Murilo T. Luna b, Thiago M.B.F. Oliveira c, 
Dieric S. Abreu d, Walther Schwarzacher e, Pedro de Lima-Neto a, Adriana N. Correia a,* 

a Grupo de Eletroquímica e Corrosão, Departamento de Química Analítica e Físico-Química, Centro de Ciências, Universidade Federal do Ceará, Campus do Pici, 
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A B S T R A C T   

Hydrogen has emerged as a clean and renewable energy and its production by water splitting is a promising 
production route. However, to meet the demand on a commercial scale, research focusing on more efficient 
electrocatalysts is necessary. In this work, new findings on Zn, Co and Zn-Co coatings produced in deep eutectic 
solvent based on choline chloride (ChCl) and ethylene glycol (EG) are reported. Varying the concentrations of 
Zn2+ and Co2+ ions in 1ChCl:2EG, crystalline electrodeposits with fine control of composition and morphology 
were obtained, and which present different reactivity to electrocatalyze the hydrogen evolution reaction (HER) 
in alkaline medium. The performance of metallic coatings is influenced by temperature, due to changes in vis
cosity, ionic diffusion coefficient and charge transport in the electrolyte. The results also revealed that increasing 
the Co content in the coatings, changes occur in the morphological organization, stability, and electrode area, 
which positively influence the hydrogen production. Among the different coatings tested (Zn, Co, Zn96-Co4 and 
Zn3-Co97), Zn3-Co97 was the most promising in terms of Tafel coefficient (108 mV dec–1), exchange current 
density (8.57 × 10− 6 A cm− 2) and overpotential estimated for HER (333 mV at 10 mA cm− 2) in 1 mol L–1 KOH at 
298.15 K, although the other materials also showed electrochemical advantages over the unmodified Cu sub
strate. The reported data also reiterate the great electrochemical potential of metallic coatings for water splitting 
and complement the growing energy demand for hydrogen gas.   

1. Introduction 

The deleterious effects caused to the environment from non- 
renewable energy sources, such as fossil fuels, coal, and petroleum, 
require urgent and more sustainable alternatives to reduce greenhouse 
gas emissions and, consequently, the disastrous effects of global warm
ing [1]. Today, hydrogen stands out among the most promising alter
natives, since it can be produced from renewable sources and has a 
highly attractive energy density per mass (≈ 140 MJ kg− 1) and volume 
(≈ 0.011 MJ kg− 1) at room temperature, compared to more traditional 
fuels [1–4]. One of the great challenges is that there is not freely 
available and ready-to-use hydrogen, requiring appropriate methods 

and systems to extract it from energetically stable precursors, such as 
water and hydrocarbons. Water splitting is simpler and easier to 
accomplish, and the type of electrocatalyst employed has a significant 
impact on the HER yield in terms of reaction overpotential, corrosion 
resistance and resulting current density [1,2,5–7]. 

It is known that noble metal (Pt, Ru and Ir)-based electrocatalysts are 
highly reactive toward HER, but their scarcity and high cost make them 
uneconomic for large-scale production and application [8–13]. Cobalt 
and its alloys have a better cost-benefit ratio, besides combine different 
electrochemical advantages (e.g., excellent electrical conductivity, high 
activity, and stability in alkaline medium) that arouse speculation 
regarding their efficiency in producing hydrogen by water splitting 
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[14–17]. Such performance is linked to several parameters of synthesis 
and application of these materials, which must be meticulously studied 
and continuously improved. Fan et al. [18] studied cobalt-coated copper 
substrates as HER electrocatalysts in 30 wt% KOH. These authors 
identified remarkable changes in the structural arrangement, 
morphology, and reactivity of the electrodeposits according to the 
electrolytic medium, presence of oxygen and temperature of synthesis, 
so that the lowest overpotential and highest surface roughness factor for 
HER was obtained from an acetate-enriched solution, kept at 25 ◦C. 
Maurya et al. [19] also showed reactivity changes when HER was pro
moted in 1 mol/L KOH, using Ni-Co coatings immobilized onto copper 
and steel derived substrates as electroactive surfaces, suggesting a syn
ergistic effect of intercalated materials in the electrode configuration. 
Kublanovsky and Yapontseva [20] found that electrodeposited Co-Mo 
alloys can have better electrocatalytic properties in alkaline medium 
(reduction in HER overpotential around 400 mV) than pure Co, espe
cially when obtained from 10:1% (v/v) Co:Mo compositions. Ling et al. 
[21] also reported that doping CoO nanorods with Ni and Zn has an 
important electrocatalytic effect for HER in alkaline medium, Zn being 
responsible for modulating bulk electronic structure and boost electrical 
conduction. Other Zn-containing materials have been successfully 
applied as electrocatalysts for water splitting. Sumesh [22] prepared 
zinc oxide functionalized molybdenum disulfide heterostructures 
(MoS2⋅ZnO) and tested them for HER electrocatalysis in acidic medium, 
without compromising their structural stability. Additionally, Cao et al. 
[23] worked with metal-dopped carbon nanotubes and found that Zn 
both reduced charge-transfer resistance and increased the proportion of 
reactive sites available to produce hydrogen. 

Since Co and Zn have a positive effect on water splitting, coatings 
made with combinations of them can achieve superior performance and 
deserve more attention. Electrodeposition is a simple and low-cost way 
to produce Zn-Co electrocatalysts for HER, either by potentiostatic or 
galvanostatic mode [24]. However, the electrosynthesis of metallic 
coatings from aqueous solutions can compromise their stability due to 
the existence of parallel reduction reactions, including HER itself. There 
are also limitations regarding cathodic efficiency, working potential 
range, and electrodeposit adhesion. Water volatility also narrows the 
working temperature range, leading to frequent need for electrolyte 
bath additives and increased laboratory waste [25,26]. 

Deep eutectic solvents (DES) overcome the limitations and provide a 
wide range of working potential for electrodepositing various metals 
and alloys. They are non-ideal liquid mixtures of organic salts with 
hydrogen bond donors, such as amides, amines, alcohols and carboxylic 
acids. DES still have high electrical conductivity and solubility for 
metallic salts, are non-flammable even at relatively high temperatures, 
biodegradable, produced simply and cheaply [25,27–29]. In the elec
trodeposition of metals and alloys, DES formed by choline chloride 
(ChCl) and ethylene glycol (EG) have been used with great success 
[30–33]. From this perspective, the main objective of this work was to 
produce coatings of Zn, Co, and Zn-Co from ChCl/EG-based DES, as well 
as to evaluate the physicochemical properties and effectiveness of these 
electrodeposits to promote HER in alkaline environment. 

2. Experimental procedures 

2.1. Chemicals and electrolytic solutions 

ChCl, EG, zinc chloride (ZnCl2) and cobalt chloride (CoCl2) were 
purchased from Sigma-Aldrich and used as received. ChCl and EG were 
mixed in a 1:2 M ration (1ChCl:2EG) and heated to 353 K until a 
colorless and homogeneous liquid was formed [15]. The electrodepo
sition solutions were obtained by dissolving ZnCl2 (0.025 mol/L or 0.4 
mol/L Zn2+) and CoCl2 (0.025 mol/L or 0.4 mol/L Co2+) in 1ChCl:2EG, 
under constant agitation. Since the electric conductivity of the electro
lytes strongly depends on the water content, this parameter was deter
mined by Karl Fischer coulometric titration (899 coulometer, Metrohm) 

in freshly prepared DES mixtures. The water content in 1ChCl:2EG was 
13.25 ± 0.06 ppm and ranged from 23.32 ± 0.13 to 57.87 ± 0.31 ppm 
after adding Zn2+ and Co2+. 

2.2. Electrochemical experiments 

Electrochemical experiments were carried out using a glass electro
chemical cell configured with three electrodes. The working electrode 
was a copper disc embedded in epoxy resin, with an exposed geometric 
area of approximately 0.023 cm2. Before each experiment, the working 
electrode was mechanically polished with 100, 400 and 600-grain size 
sandpaper, following this sequence, and washed with Milli-Q® water 
(18.2 MΩ cm). A platinum plate (1 cm2 geometric area; 99.5% purity) 
and a silver wire covered with AgCl and immersed in 1ChCl:2EG, were 
used as auxiliary and reference electrodes, respectively. The tests were 
carried out in a potentiostat/galvanostat AUTOLAB PGSTAT30, 
Metrohm-Eco Chemie, controlled by NOVA 2.1 software. 

Electrodeposition processes of metallic coatings were monitored by 
cyclic voltammetry (CV) at 5 mV s− 1, keeping the system at 343 K. The 
ion diffusion coefficients in the deep eutectic solvent were evaluated at 
different temperatures (303–343 K), using chronoamperometry data 
adapted to the Cottrell Equation. For these experiments, three electro
chemical potentials (i.e., − 0.4, − 0.8 and − 1.3 V) were evaluated for 60 
s, chosen from cyclic voltammetry data registered with a Cu substrate 
(0.023 cm2 geometric area) immersed in 1ChCl:2EG containing 0.4 mol/ 
L CoCl2 and 0.4 mol/L ZnCl2. 

The influence of metallic coatings and selected experimental condi
tions on HER were studied by linear sweep voltammetry (LSV) at 0.5 mV 
s− 1, using 1 mol/L KOH at 298 K as electrolyte and Hg(s)|HgO(s)|OH−

(aq) 
(1 mol/L KOH) as reference electrode [30]. The measured potentials 
(EHg/HgO) were converted to those of the reversible hydrogen electrode 
(ERHE), through the following equation: 

ERHE (V) = EHg/HgO (V) + 0.095 + 0.059pH (1) 

Coating stability tests were performed over 100 h in a two-electrode 
cell, applying an average operating potential of − 1.8 V at 10 mA cm− 2, 
being repeated three times. Coatings with a nominal thickness around 
1.0 μm were immobilized on copper substrates (0.20 cm2 geometric 
area), and the results were compared to those obtained with the same 
electrode without coating and with an AISI 304 stainless steel electrode 
(0.18 cm2 geometric area). The electrical circuit was concluded with a 
stainless steel AISI 304 counter-electrode (0.69 cm2 geometric area), 
immersed together with the working electrode in 1 mol/L KOH at 333 K. 
The current density was set at 10 mA cm− 2, taking into account the high 
HER yield and stability of the coatings, using a direct current power 
source monitored by a multimeter at fixed time intervals. Specific mass 
and viscosity measurements were performed with an Anton Paar’s Sta
binger viscometer, model SVM 3000. 

2.3. Electrodeposition of metallic coatings 

Zn and Co electrodeposits were obtained from 1ChCl:2EG electro
lytes containing 0.4 mol/L Zn2+ and 0.4 mol/L Co2+, without mechan
ical convection influence. Znx-Co(1− x) coatings were obtained from 
solutions with different Zn2+:Co2+ molar ratios, i.e., [Zn2+] = 0.4 mol/L 
and [Co2+] = 0.025 mol/L or [Zn2+] = 0.025 mol/L and [Co2+] = 0.4 
mol/L. Electrodeposits were obtained potentiostatically at − 1.3 V and 
343 K, with charge control to obtain coatings with a nominal thickness 
of 1 μm. 

2.4. Complementary physicochemical characterizations 

The surface morphology of the coatings was evaluated using a field 
emission scanning electron microscope (SEM; FEG-SEM FEI-Quanta 
450), operating at 20 keV. The atomic percentages of Zn and Co in the 
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coatings were determined by energy-dispersive X-ray spectroscopy 
(EDS), using a spectrometer coupled to the microscope. The crystallinity 
and composition of electrodeposits were also evaluated by X-ray 
diffraction (XRD) analyses, using a Rigaku DMAXB diffractometer, 
which operated with a 2 kW X-ray generator and CuKα copper radiation 
(λ = 0.154 nm). Crystalline phases were identified using the X-Pert 
HighScore Plus version 3.0.5 (PANalytical®) program, associating the 
results with the International Centre for Diffraction Data (ICDD)/Joint 
Committee on Powder Diffraction Standards (JCPDS) database. 

3. Results and discussion 

3.1. Electrochemical characterization 

Initially, CV studies were performed with cooper substrates at 5 mV 
s− 1 in pure ChCl/EG-based DES and after adding Zn2+ and Co2+, to 
monitor and evaluate the efficiency of the electrodeposition conditions 
employed. The result illustrated in Fig. 1a demonstrated that no process 
was observed in 1ChCl:2EG, varying the potential between − 0.4 V and 
− 1.3 V. Above this range, there was a sharp increase in the current 
density, due to the decomposition of the eutectic solvent caused by the 
reduction of hydroxyl groups present in ethylene glycol and choline ions 
[32]. In Fig. 1b, during the positive scan, three well-defined anodic 
processes with different intensities appeared between − 1.1 and − 0.6 V, 
related to the dissolution of zinc electrodeposits and possible Zn-Cu 
intermetallic entities. A similar profile was observed by Alesary et al. 
[34], using a Pt electrode polarized anodically in 1ChCl:2EG containing 
0.4 mol L–1 Zn2+, keeping the system at 353 K. There is also a crossover 
of cathodic and anodic currents around − 1.1 V, which indicates self- 
organization of crystals by nucleation and electrodeposit growth. 

In Fig. 1c, there is a small increase in cathodic current attributed to 

cobalt reduction around − 0.9 V. Then, a significant increase in the 
cathodic current at − 1.2 V begins, followed by a discrete current loop, 
resulting from the nucleation of zinc on cobalt. In the anodic scan, there 
are three well-defined processes related to the dissolution of metals, so 
that the first two refer to zinc and the last to cobalt. Chu et al. [35] 
obtained analogous results for Zn-Co coatings, produced from 1ChCl:2U 
at 353 K, using cyclic voltammetry at 50 mV s− 1. They attributed the 
first two anodic processes (at less positive potentials) to zinc dissolution 
from different phases of the Zn-Co alloy, followed by dissolution of the 
cobalt electrodeposits as a third process. In Fig. 1d, there is only one 
process in the cathodic scan before solvent decomposition. This process 
results from the reduction of cobalt, as its concentration is 16 times 
higher than zinc. No process is observed in the anodic scan between 
− 0.4 V and − 1.3 V. The observed result is also very similar to that shown 
in Fig. 1e, whose voltammogram was recorded in the electrochemical 
cell containing only cobalt. 

3.2. Relationship between coating stability, ionic diffusion, and 
temperature 

Chronoamperometric experiments are very useful to examine the 
electrochemical activity and stability of metallic coatings, especially 
under temperature gradients. In this work, studying HER at − 1.3 V in 1 
mol/L KOH (previously optimized condition based on reaction yield and 
corrosion resistance), an increase in mass-transport-limited current 
densities was noticed as the temperature increased from 303 K to 343 K, 
both for Zn and Co-based coatings. This is related to the decrease in the 
viscosity of the solutions at higher temperatures, which allows faster ion 
diffusion and a consequent increase in current density. Issues related to 
mass- and charge-transport variations resulting from temperature 
changes and their influence on viscosity have also been reported by Fu 
et al. [36], based on studies on the electrochemical nucleation of copper 
in ChCl:EG. From the Cottrell Equation [37], it is also possible to verify 
the impact of the temperature increase on the ionic diffusion coefficient 
(D), as shown in Table 1. For cobalt coatings, D values varied between 
2.6 × 10− 7 ± 0.7 × 10− 8 cm2 s− 1 and 4.4 × 10− 7 ± 0.5 × 10− 7 cm2 s− 1, 
while for zinc coatings the variation was from 8.9 × 10− 11 ± 0.8 ×
10− 11 cm2 s− 1 to 4.5 × 10− 10 ± 0.3 × 10− 10 cm2 s− 1. The same trend was 
observed by Phuong et al. [38] for the nucleation of Co2+ ions in 
1ChCl:2U, as the temperature increased from 313 K to 343 K. 

For comparison purposes, Table 1 also gathers other D values ob
tained for Co- and Zn-based coatings obtained in different solvents and 
temperatures [38–44]. For both cases, the values were equivalent to 
those obtained by other authors who studied coatings produced from the 
same deep eutectic solvent (7.1 × 10− 10 cm2 s− 1 at 313 K for Zn2+ [43]) 
or from other compositions, such as ChCl:urea (8.1 × 10− 8–1.1 × 10− 7 

cm2 s− 1 at 313–343 K for Co2+ [38]; 7.8 × 10− 9 cm2 s− 1 at 363 K for 
Zn2+ [41]), EG (2.3 × 10− 8 cm2 s− 1 at 343 K for Co2+ [39]), 1-methyl
imidazolium trifluoromethylsulfonate (7.7 × 10− 9 cm2 s− 1 at 373 K for 
Zn2+ [40]), urea:1-ethyl-3-methylimidazolium (5.5 × 10− 9 cm2 s− 1 at 
353 K for Zn2+ [42]), and hybrid eutectic sulfolane:water (5.0 × 10− 12 

cm2 s− 1 for Zn2+ [44]). However, D values for Co2+ ions in 1ChCl:2EG 
were higher than those for Zn2+ ions recorded under the same experi
mental conditions. This is due to the formation of a smaller solvation 
sphere for Co2+ ions, giving them greater mobility than Zn2+ ions 
[31,45]. Regardless of the precursor, all coatings remained electro
chemically stable at the different HER potentials evaluated, i.e., − 0.4, 
− 0.8 and − 1.3 V. 

3.3. Composition and morphology studies 

Fig. 2 presents the percentage elemental composition of electrode
posits obtained by EDS, as well as surface morphological features 
observed by SEM micrographs, before and after immobilizing the coat
ings. According to Fig. 2a, the proportion of Zn and Co atoms present in 
the electrodeposits is very close to their molar concentration contained 

Fig. 1. Cyclic voltammograms obtained at 5 mV s− 1 in (a) 1ChCl:EG and after 
adding (b) 0.4 mol L–1 ZnCl2, (c) 0.4 mol L–1 ZnCl2 + 0.025 mol L–1 CoCl2, (d) 
0.025 mol L–1 ZnCl2 + 0.4 mol L–1 CoCl2, (e) 0.4 mol L–1 CoCl2. 
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in the electrolytes: 94% Zn and 6% Co from 0.4 mol L–1 ZnCl2 + 0.025 
mol L–1 CoCl2; and 97% Co and 3% Zn from 0.025 mol L–1 ZnCl2 + 0.4 
mol L–1 CoCl2. This shows that the use of 1ChCl:2EG allows excellent 
control of the desired chemical composition for Zn-Co deposits. 

As for morphology, Fig. 2b illustrates the copper substrate surface 
after mechanical grinding and polishing processes, where only the 

inherent grooves of metal erosion are observed. The results also indi
cated that all electrodeposits ensured a complete surface coating, 
proving the efficiency of the electrochemical conditions employed. For 
Zn coating (Fig. 2c), individual crystallites are seen, while the Co coating 
(Fig. 2d) exhibits dendritic shapes. The same characteristics are seen 
when any one of these cations is present as a major part of the electro
lyte. Regardless of the proportion tested for each cation, observing at a 
higher magnification, the Zn-Co coatings (Fig. 2e and f) showed cracked 
morphological patterns, which have a high surface area and are 
considered excellent catalysts for electrochemical reactions. Table 2 
shows the concentration of precursors tested in each electrolytic bath, in 
addition to the percentage of Zn, Co and Zn-Co measured by EDS in each 
coating. 

XRD analyses were conducted to evaluate the crystalline structure of 
Zn, Co, and Zn-Co films. Fig. 3 shows the diffraction patterns before and 
after modification of copper substrates in deep eutectic solvent. Ac
cording to ICDD/JCPDS database, the XRD data obtained indicate 
characteristic peaks associated with Cu with a face-centered cubic 
structure (card 85-1326), hexagonal metallic forms of Zn (card 03-065- 
5973), Co (card 15-0806), Zn96Co4 and Zn3Co97 alloys (card 23-1390), 
besides rhombohedral Co2(OH)3Cl (space group R-3m #166). The 
presence of the coatings also denotes high quality of the modifications 
carried out on the electrode substrate (see also the surface plasmon 
resonance results, Fig. S4 in Supplementary Material). On the other 
hand, the presence of Co2(OH)3Cl shows that when Co2+ is electro
immobilized individually, parallel equilibria can be formed, leading to 
the formation of soluble salts and loss of coating stability. Although the 
same trend has not been registered for Zn2+, Zn-Co coatings tend to be 

Table 1 
Comparison of diffusion coefficients obtained for Co2+ and Zn2+ ions at different 
temperatures and electrolytes.  

Temperature/ 
K 

Electrolyte D/ cm2 s− 1 Reference 

Co2þ

303 1ChCl:2EG 2.6 × 10− 7 ±

0.7 × 10− 8 
This work 

313 1ChCl:2EG 3.0 × 10− 7 ±

0.8 × 10− 8 
This work 

323 1ChCl:2EG 3.4 × 10− 7 ±

0.5 × 10− 7 
This work 

343 1ChCl:2EG 4.4 × 10− 7 ±

0.5 × 10− 7 
This work 

313 1ChCl:2U 8.1 × 10− 8 [32] 
323 1ChCl:2U 1.1 × 10− 7 [32] 
333 1ChCl:2U 1.1 × 10− 7 [32] 
343 1ChCl:2U 1.5 × 10− 7 [32] 
343 Ethylene glycol 2.3 × 10− 8 [33]  

Zn2þ

303 1ChCl:2EG 8.9 × 10− 11 ±

0.8 × 10− 11 
This work 

313 1ChCl:2EG 1.4 × 10− 10 ±

0.1 × 10− 10 
This work 

323 1ChCl:2EG 2.9 × 10− 10 ±

0.5 × 10− 11 
This work 

343 1ChCl:2EG 4.5 × 10− 10 ±

0.3 × 10− 10 
This work 

373 1-methylimidazolium 
trifluoromethylsulfonate 

7.7 × 10− 9 [34] 

363 1ChCl:2U 7.8 × 10− 9 [35] 
353 urea/1-ethyl-3- 

methylimidazolium 
5.5 × 10− 9 [36] 

313 1ChCl:2EG 7.1 × 10− 10 [37] 
– hybrid eutectic 

sulfolane/water 
5.0 × 10− 12 [38]  

Fig. 2. (a) Metallic composition, along with the SEM images of (b) Cu substrate, (c) Cu/Zn, (d) Cu/Co, (e) Cu/Zn96Co4 and (f) Cu/Zn3Co97. The micrographs 
illustrated in b-d and e-f were recorded with 500- and 1000-times magnification, respectively. 

Table 2 
Composition of metallic coatings estimated by energy dispersive X-ray 
spectroscopy.  

Bath Precursor concentration 
(mol L–1) 

Coatings composition 
(%) 

Sample label 

ZnCl2 CoCl2 Zn Co 

I  0.4  – 100 0 Zn 
II  0.4  0.025 96 4 Zn96Co4 

III  0.025  0.4 3 97 Zn3Co97 

IV  –  0.4 0 100 Co  
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more stable and suitable as electrocatalysts, as will be demonstrated 
later. No peaks resulting from impurities were detected, reaffirming the 
success in the electrosynthesis of the different metallic materials. 

3.4. HER electrocatalysis 

The overall performance of metallic substrates and coatings towards 
HER electrocatalysis is summarized in Fig. 4. The steady state curves 
obtained by LSV at 5 mV s− 1 (Fig. 4a), using 1 mol/L KOH at 333 K as 
electrolyte, indicate the following onset potential order: Zn3Co97 <

Zn96Co4 < Co < Zn < Cu. This result proves that Zn-Co alloys are more 
promising as HER electrocatalysts, in addition to providing higher 
hydrogen production yields at lower potentials [46]. Even so, it is 
important to point out that all tested coatings performed better than the 
unmodified copper substrate, used as one of the standard electrode 
materials in studies with hydrogen production by water splitting. 

Under alkaline conditions, the Tafel diagrams (Fig. 4b) are concen
trated in a narrow overpotential range (≈ 150–320 mV dec− 1), sug
gesting that the HER mechanism for all the films is not affected by their 
thickness [47]. However, observing the Tafel fits, there are changes in 
slope values and, consequently, greater reaction rate on the Zn3-Co97 
coating (kinetic constant = 108.2 ± 0.74 mV dec− 1). About the surface 
stability, evaluated by potential variations at a current density of 10 mA 
cm− 2 applied for 100 h of electrolysis (Fig. 4c), the greatest stability 
trend is seen for coatings that work at lower overpotentials (Co- and 
Zn3Co97-based coatings), possibly because they are less exposed to 
corrosion conditions and/or surface fouling by reaction by-products, 
which lead to variations in ohmic resistance. The electrochemical 
behavior demonstrated by the Cu substrate, Cu/Zn and Cu/Zn96Co4 is 
like that registered for AISI 304 stainless steel (overpotential variation 
from 100 mV to 300 mV during electrolysis), requiring higher potentials 
to promote HER and showing that the presence of cobalt contributes 
positively to catalyze this electrochemical reaction, including as an ad
ditive in metallic alloys. Zn3Co97 coatings had the lowest overpotential 
variation among all the analyzed materials. 

Values of electrochemical active surface area (ECSA) for catalysts 
were estimated from them electric double layer capacitance (Cdl). Cyclic 
voltammetric profiles of Zn, Zn96Co4, Zn3Co97 and Co electrodes were 
recorded in a non-Faradic region (±0.05 V vs. reversible hydrogen 
electrode (RHE) in relation on EOCP (t = 180 s)) at different scan rates 
(2.5, 5, 10 and 15 mV s− 1) in 1 mol/L KOH (Figs. S1 and S2 in the 

Supplementary Material). For comparison purposes, Table 3 presents 
Tafel coefficients (− b), exchange current densities (i0) and estimated 
overpotentials (|η|) for HER on each catalyst, obtained from fitting LSV 
data at 5 mV s− 1 and using 1 mol L–1 KOH at 298.15 K. Now the values 
were normalized by geometric area and ECSA, as can be seen in Fig. S2 
and Table S1 (in the Supplementary Material). These results corroborate 
the SEM images obtained in Fig. 3: the coating with the highest elec
troactive area (Zn96Co4) showed higher roughness, accompanied by 
Zn3Co97, which showed cracks. 

As already stated earlier, the Cu substrate requires a highest |η| value 
(546 mV) to achieve a current density of 10 mA cm− 2 during HER, 
followed by Zn (509 mV), Co (372 mV), Zn96Co4 (355 mV) and Zn3Co97 
(333 mV), reiterating the better electrocatalytic effect of the latter [48]. 
This sequence does not change even working at 10 times higher current 
densities. In addition, according to Banoth, Kandula and Kollu, it is 
desirable that an electrocatalytic material presents low values of Tafel 
slope accompanied by high values of exchange current [49]. When this 
occurs, high operating current densities can be achieved without a sig
nificant increase in overvoltage, which leads to lower operating costs 
[49]. Thus, the − b and i0 values presented by the Zn3Co97 and Co 
coatings are also indicative of their higher electrocatalytic activity 
compared to the others. 

For Zn3Co97, comparing the Tafel parameters obtained in this study 
with previously published ones (Table 3), the values of − b and |η| were 
higher than those reported with Zn-Co-S, CoZn, NiCoZn e Zn85Ni coat
ings, but i0 values were lower [46,48,50–52]. Since water molecules are 
precursors of HER by electrolysis, variations in the Tafel parameters may 
be due to uncompensated ohmic drop, so that small stoichiometric 
changes are sufficient to cause significant influences on the electro
chemical reaction. Therefore, even more satisfactory results than those 

Fig. 3. XRD pattern of Zn, Co, and Zn-Co coatings, electrodeposited on 
Cu substrate. 

Fig. 4. (a) Polarization curves carried out with different catalysts at 0.5 mV 
s− 1. (b) The corresponding Tafel slopes. (c) Electrochemical stability tests of the 
catalysts, evaluated at 10 mA cm− 2 and 333 K for 100 h. Supporting electrolyte: 
1 mol L–1 KOH. 
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obtained in this work can be achieved from more detailed studies about 
the reaction mechanism and surface reactivity of the coatings. 

4. Conclusions 

Zn, Co, and Zn-Co alloys, produced electrochemically from 
1ChCl:2EG DES, are functional materials to produce hydrogen in an 
alkaline medium, achieving remarkable electrocatalytic effect. The 
potentiostatic electrodeposition of these coatings allows a good stoi
chiometric control of the metallic constituents, and these materials 
achieved a better performance at higher temperatures, due to the 
reduction in electrolyte viscosity, charge-transfer resistance and in
crease in the diffusion coefficient of the precursor cations. Increasing Co 
content in coatings leads to morphological organization changes, 
resulting in cracked surfaces that have high surface area and directly 
contribute to HER electrocatalysis. Among the coatings studied, Zn3Co97 
was the one that showed the best performance in terms of − b, i0 and |η|, 
therefore it is the most promising to produce hydrogen by water 
splitting. 
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