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Hydrogen Evolution on Nanostructured Ni-Cu Foams 

D.S.P. Cardoso,a S. Eugénio,b T.M. Silva,b,c D.M.F. Santos,a,* C.A.C. Sequeiraa and M.F. Montemorb 

Three-dimensional (3D) nickel-copper (Ni-Cu) nanostructured foams were prepared by galvanostatic 

electrodeposition, on stainless steel substrates, using the dynamic hydrogen bubble template. These foams  

were tested as electrodes for the hydrogen evolution reaction (HER) in 8 M KOH solutions . Polarisation curves 

were obtained for the Ni-Cu foams and for a solid Ni electrode, in the 25-85 C temperature range, and main 

kinetic parameters were determined. It was observed that the 3D foams have higher catalytic activity than 

pure Ni. HER activation energies for the Ni-Cu foams were lower (34-36 kJ mol-1) than those calculated for the 

Ni electrode (62 kJ mol-1). The foams also presented high stability for HER, which makes them potentially 

attractive cathode materials for application in industrial alkaline electrolysers. 

 

 

Introduction 

Hydrogen has received considerable attention as an energy carrier 

due to its large specific energy, high abundance in the universe, and 

“green” features, especially if produced using renewable energy 

sources.1,2 However, due to the high costs involved in electrolytic 

water splitting, 96 % of hydrogen production is still obtained via 

hydrocarbon sources.3,4 It is therefore important to focus in the 

reduction of the electrolysis cell voltage in order to minimise energy 

losses and improve the process efficiency. This can be achieved by 

decreasing the electrode overpotentials, by using electrodes with 

higher electrocatalytic activity. 

The hydrogen evolution reaction (HER) is one of the most 

investigated reactions in electrochemistry. The electrodes used to 

enhance this reaction must possess a combination of specific 

characteristics, including high chemical stability, good catalytic 

activity (with low overpotential), high surface area, and low cost.5 

Nickel (Ni) is one of the most promising materials for this 

application, presenting more suitable properties when compared to 

other transition metals.6 However, Ni electrodes tend to deactivate 

with time due to nickel hydrides formation.7 Several routes have 

been developed to overcome this drawback, such as using Ni-based 

alloys with a spinel structure,8 using amorphous or crystalline 

structure,9-11 or even depositing metals onto Ni surfaces by 

magnetron sputtering.12 Recently, the authors analysed Ni-rare 

earth (RE) alloys (with RE = Ce, Sm, Dy) that demonstrated 

increased electrocatalytic activity for HER compared to pure Ni 

electrode.9,13 Copper (Cu) nanoparticles14,15 and Ni-Cu composite 

electrodes16,17 have also been reported as good electrocatalysts for 

HER.  

Application of 3D macroporous materials for HER has already 

been reported to be advantageous.18-20 Nanostructured metallic 

foams (NMFs) are 3D structures of interconnected pores with nano-

ramified walls formed of metallic particles, dendrites or other 

morphologies that combine good electric and thermal conductivity 

with high surface area and low density. Such structures can be 

produced by electrodeposition in the hydrogen evolution regime 

where the evolving hydrogen bubbles act as a dynamic template to 

metal deposition.21,22 By optimising the electrodeposition 

parameters it is possible to design nano-ramified foam structures 

with properly tailored architectures to enhance mass and charge 

transfer processes. 

This work proposes the use of 3D Ni-Cu NMFs, formed by 

electrodeposition, as cathodes for the HER. The effect of the 

selected electrodeposition conditions is correlated with the foams 

morphology and, consequently, their activity for HER. Several 

parameters such as Tafel slopes, charge transfer coefficients, 

exchange current densities and activation energies were calculated 

to evaluate the HER performance in these electrodes. 

 

Experimental 

Preparation of the foam electrodes 

Nickel-copper (Ni-Cu) nanostructured foams were electrodeposited 

on AISI 304 stainless steel substrates from an electrolyte solution 

containing 0.5 M NiSO4, 1.5 M H2SO4, 1 M HCl and 0.01 M CuSO4. 

This process was carried out in galvanostatic mode in a two-

electrode cell connected to a power source (Kikusui Electronics, 
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Model PAB 32-3) using a platinum plate as counter electrode. A 

cathodic current density of 2 and 3 A cm-2 was applied during 180 s 

for the electrodes preparation, named NiCu-2A and NiCu-3A, 

respectively. The geometric area of the foam electrodes was 1 cm2. 

Morphological and chemical characterisation 

Surface morphology and chemical composition of the Ni-Cu metallic 

foams were analysed by scanning electron microscopy (SEM, 

Hitachi S2400) and energy dispersive X-ray spectroscopy (EDS, 

Rontec standard detector), respectively. SEM images and EDS 

spectra were acquired with an accelerating voltage of 25 kV. EDS 

analysis was performed at 3 different areas of the samples. A 

standardless EDS quantitative analysis was performed by Bruker 

Esprit software using the peak-to-background model (P/B) and 

subsequent ZAF correction. 

Electrochemical measurements 

Electrochemical measurements were performed using a PAR 273A 

potentiostat (Princeton Applied Research Inc.) controlled by 

PowerSuite software in a single-compartment glass cell of 125 mL 

volume. A three-electrode standard setup was used, where the Ni-

Cu foam electrodes were used as working electrodes, while a Pt 

mesh (100 cm2, Johnson Matthey) served as counter electrode, with 

saturated calomel electrode (SCE, HI 5412, Hanna Instruments) 

reference completing the circuit. All potentials in the paper were 

measured vs. SCE and then converted to the reversible hydrogen 

electrode (RHE) scale by using the formula ERHE = ESCE + 1.115 V 

(check electronic supplementary information for full details).  

HER analysis was performed in 8 M KOH (Sigma-Aldrich, 90 wt.%) 

solutions. Millipore water was used for the solutions preparation. 

Linear scan voltammetry (LSV) measurements were used to scan 

the electrode potential from the open circuit potential (OCP, 

ca. -0.035 V) to -0.335 V vs. RHE, at a scan rate of 0.5 mV s-1. A Ni 

planar electrode (A = 0.79 cm2) was also tested for HER and its 

performance was directly compared to that of the two foam 

electrodes. Cell temperature was ranged between 25 and 85 oC, 

controlled by a water recirculation bath (Yellowline D-79219). 

Before each LSV measurement, a potential of -0.185 V vs. RHE was 

applied during 15 min to reduce any oxides existent on the 

electrodes surface. The stability of the electrodes was evaluated by 

running constant potential measurements (chronoamperometry). 

Current densities were calculated based on geometric area of the 

electrodes. 

 

Results and discussion 

Foams characterisation 

The used electrodeposition parameters were based on previous 

experimental data22 and chosen to obtain a fully developed 3D 

foam-like morphology. SEM analysis of the two Ni-Cu metallic 

foams (Fig. 1) revealed a uniform morphology, with a 3D structure 

presenting nearly-circular micrometric surface pores with non-

compact walls formed of dendrites. Increase of applied current 

density, from 2 to 3 mA cm-2, leads to a decrease of the surface 

pores density and to a broader distribution in pore size. NiCu-2A 

presents surface pores with an average area of 202 µm2 and a 

density of 590 pores/mm2.  In the case of NiCu-3A the surface pore 

density is lower, 280 pores/mm2, and the average pore area is 300 

µm2. If we consider that the surface pores are nearly circular, this 

corresponds to average pore diameters of 16 µm in NiCu-2A and 19 

µm in NiCu-3A. These values are well in agreement with previous 

reports by the authors on the electrodeposition of Ni-Cu foams.2 

The different porosity exhibited by the two analysed foams can be 

attributed to the larger amount of metal deposited at higher 

currents, a result that is confirmed by the higher mass of NiCu-3A 

foam (Table 1). However, the dendritic structure of the pore walls is 

maintained (insets of Fig. 1) even when the higher current is 

applied.2 It should also be noted that the values of pore density 

considered here are only relative to surface pores, i.e., pores visible 

at the surface of the foam. However, due to the interconnected 

porosity of the foams it is expected that the pore density in volume 

will have a much higher volume. 

 

 

Fig. 1. SEM images of Ni-Cu metallic foams deposited on AISI 304 

stainless steel for 180 s at (A) 2 A cm−2 and (B) 3 A cm−2. 

EDS analysis showed no significant differences between the 

chemical composition of NiCu-2A and NiCu-3A foams. Both 

materials have approximately 53 at.% of Ni and 47 at.% of Cu (Table 

1).  
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Table 1. Electrodeposition conditions and chemical composition of 

Ni, NiCu-2A and NiCu-3A foam electrodes.  

Sample 

Electrodeposition 

conditions 

Deposited 

mass / mg 

Chemical composition 

/ at.% 

j / A cm-2 t / s  Ni Cu 

NiCu-2A 2 180 34 52.9 47.1 

NiCu-3A 3 180 41 52.7 47.3 

 

Polarisation measurements   

The activity of Ni-Cu foams and Ni planar electrodes for the HER 

was studied by LSV (ranging from OCP to -0.335 V) in the 

temperature range of 25-85 °C. The electrodes OCP tends to 

increase slightly with the temperature. Cathodic polarisation 

curves, i.e., current density (j / mA cm-2) as a function of the applied 

potential (E vs. RHE / V), for Ni, NiCu-2A and NiCu-3A, at 25 °C, are 

plotted in Fig. 2.  

 

    Fig. 2. Cathodic polarisation curves at 25 °C for Ni, NiCu-2A and 

NiCu-3A electrodes.  

For a given potential value, the NiCu-2A and NiCu-3A foam 

electrodes are significantly more active than the Ni metal electrode, 

due to their higher surface area and chemical composition, as both 

factors strongly influence the electrodes performance for HER. The 

nanostructured morphology of the Ni-Cu foams (Fig. 1) leads to a 

higher ratio between real and geometric surface area, therefore 

contributing to an increase of the adsorbed hydrogen atoms at the 

electrode surface (Volmer step, eq. 1). Also, NiCu-2A leads to higher 

current densities than NiCu-3A. Taking into consideration that both 

electrodes have approximately the same chemical composition, this 

effect is attributed to the higher surface area of NiCu-2A, owing to a 

higher surface pore density (Fig. 1). On the other hand, the 

synergistic interaction of Ni and Cu can also contribute significantly 

to the HER efficiency.  

It is well known that the increase of the electrocatalytic activity 

and intermetallic stability for HER is generally due to the bonding 

strengthening effect in the M-Hads adsorbates. In alkaline media the 

HER mechanism is considered as a multi-step process (eqs. 1-3):23 

 

H2O + M + e- → MHads + OH-                   (Volmer step)                        (1)  

MHads + MHads → H2 + 2M                       (Tafel step)                            (2) 

H2O + MHads + e- → H2 + M + OH-           (Heyrovsky step)                  (3) 
 

The first discharge consists on the electrode surface coverage by 

adsorbed species (eq. 1). The following steps may involve a catalytic 

recombination of the adsorbed protons (MHads) via Tafel step (eq. 

2), or an electrodesorption of the adsorbed intermediate via 

Heyrovsky step (eq. 3). Hence, and in agreement with Solmaz et 

al.17, Ni-Cu foams enhanced electrocatalytic activity not only owes 

to their increased surface area (morphologic effect) but also to the 

synergistic interaction between Ni and Cu (electronic effect). 

Accordingly, an intrinsic activity enhancement of the components 

has been reported,16,17,24,25 with the resulting Ni-Cu alloy 

overpassing the electrocatalytic activity of the individual parent 

metals. In fact, Ni presents the highest exchange current density 

among the non-noble metals and is therefore considered a 

promising candidate for low-cost HER catalysts. However, the HER 

rate on Ni is hindered by the hydrogen desorption step, due to the 

large value of hydrogen binding energy on that metal. The 

combination of Ni with Cu, a low cost, high corrosion-resistant and 

environmental friendly material, leads to a decrease of the 

hydrogen binding energy and, consequently, to an enhanced HER 

activity of the Ni-Cu alloy when compared to Ni.  

Based on the polarisation curves, the corresponding Tafel plots 

for the three electrodes, obtained for temperatures ranging from 

25 to 85 °C, are shown in Fig. 3. When Ni-Cu foams are compared to 

the planar Ni electrode, the Tafel plots of the former show higher 

currents and lower η values, for the whole temperature range. This 

means that higher j values may be obtained at low η when using the 

produced foams, which could lead to lower electric energy 

consumption if using these Ni-Cu foams in a practical alkaline 

electrolyser. 

Based on the Tafel plots (Fig. 3) and using the classic Tafel 

expression (eq. 4) it is possible to determine several parameters 

that characterise the HER on these electrodes. Tafel equation 

relates the overpotential, η, to the current density, j, 
 

η = a + b log j                                                                                             (4) 
 

where parameter a is the intercept associated to the exchange 

current density, j0, which reflects the electron transfer intrinsic rate, 

and b is the Tafel slope, corresponding to the rate of change of the j 

with η. 

Therefore, Tafel coefficients, b, were taken from the slope of the 

plots shown in Fig. 3, whereas charge transfer coefficients, α, and j0 

values were obtained using eqs. 5 and 6, respectively.  
 

b =  
2.3RT

αF
                                                                                                 (5) 

 

j0 =  10−
a

b                                                                                                (6) 
 

where the ideal gas constant, R, is 8.314 J mol-1 K-1, the 

temperature, T, is given in Kelvin, and Faraday’s constant, F, is 

96485 C mol-1. The kinetic parameters calculated for the three 

tested electrodes are given in table 2. The modifications on the 

surface morphology clearly influence the reaction kinetics, and it 

should be emphasised that the Tafel slope on an electrode with an 

irregular surface will be necessarily different than that on an 

electrode with a flat surface.26 
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Fig. 3. Tafel plots for (A) Ni, (B) NiCu-2A and (C) NiCu-3A electrodes, 

for temperatures ranging from 25 to 85 °C. 

 

 

As discussed before, the overall HER mechanism typically proceeds 

via two possible pathways, Volmer-Heyrovsky or Volmer-Tafel (eqs. 

1-3).23 When the charge transfer coefficient, α, is 0.5 at 25 °C, the 

Tafel slope values being the rate determining step (RDS) the 

Volmer, Heyrovsky, and Tafel steps, are 120 mV dec-1, 40 mV dec-1, 

and 30 mV dec-1, respectively. The obtained results suggest that the 

Volmer step is the RDS of the HER at the studied electrodes, 

followed by Heyrovsky step, with a negligible desorption reaction, 

as previously reported for other Ni-based electrodes.9,13 Some 

effects such as the potential dependency of adsorbed intermediates 

at the surface, real surface area of the electrode and its roughness 

justify the differences between the theoretical and the 

experimental Tafel slopes.27,28  

As shown in table 2, j0 values obtained for HER at 25 °C with the 

Ni, NiCu-2A and NiCu-3A electrodes were 3.30 x 10-3, 4.52 x 10-1 and 

4.53 x 10-1 mA cm-2, respectively. These values are higher than 

those reported for other Ni-based alloys.25,29 Furthermore, Ni-Cu 

foams previously obtained by electrodeposition at currents lower 

than those used in the present work (and which also contained a 

higher Ni content) led to j0 values of one order of magnitude less.18 

As pointed out by Krstajic et al.,30 higher temperatures generally 

lead to higher j0 values. Herein, increasing the temperature from 

25 °C to 85 °C, increased the j0 values (in mA cm-2) in at least one 

order of magnitude: Ni (from 3.3 x 10-3 to 1.66 x 10-1), NiCu-2A 

(from 4.52 x 10-1 to 4.74) and NiCu-3A (from 4.53 x 10-1 to 4.01). 

HER was further evaluated by determining the activation 

energies, Eact. Arrhenius equation (eq. 7) was used for the 

calculation of Eact values, by plotting j0 as a function of the 

reciprocal temperature (Fig. 4), 
 

ln j0 = ln Ai − 
Eact

RT
                                                                                  (7) 

 

with Ai being the pre-exponential factor.  

Based on the Arrhenius plots, obtained Eact values were 62, 36 

and 34 kJ mol-1, with R2 values of 0.98, 0.99 and 0.98 for Ni, NiCu-2A 

and NiCu-3A electrodes, respectively. Eact values of the Ni-Cu foams 

are lower compared to those previously reported for Ni-RE 

electrodes studied in the same experimental conditions,8,9 which 

range between 46 and 71 kJ mol-1. 

 
 
Table 2. Kinetic parameters for alkaline HER at Ni, NiCu-2A and NiCu-3A electrodes. 
 

 
T / °C 

25 35 45 55 65 75 85 

Ni 

b / mV dec-1 109 125 139 158 185 192 207 

α 0.54 0.49 0.45 0.41 0.36 0.36 0.34 

j0 x 103 / mA cm-2 3.3 5.2 16 37 72 106 166 

NiCu-2A 

b / mV dec-1 124 131 140 139 155 161 162 

α 0.48 0.47 0.45 0.47 0.43 0.43 0.44 

j0 x 103 / mA cm-2 452 797 1135 2071 2825 3850 4740 

NiCu-3A 

b / mV dec-1 131 132 129 132 126 140 146 

α 0.45 0.46 0.49 0.49 0.53 0.49 0.49 

j0 x 103 / mA cm-2 453 598 773 1245 2099 3033 4009 
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Fig. 4. Arrhenius plots for Ni, NiCu-2A and NiCu-3A electrodes. 

The stability of the electrodes was evaluated by 

chronoamperometry (CA). Fig. 5 shows constant potential 

measurements at -0.185 and -0.285 V. In agreement with CV data, 

both NiCu-2A and NiCu-3A nanostructured foams presented higher 

currents than pure Ni. Furthermore, these currents were higher 

than those previously reported for Ni-Cu foams with higher Ni/Cu 

ratio.18 The slow current decrease during CA measurements 

indicates a good stability of the electrodes. This was confirmed by 

the absence of alterations in electrolyte colour and electrode 

surface morphology after the experiments. However, considering 

the relatively short time of the experiments (60 minutes), the 

nature of stability cannot be fully characterised. 

 

 

  Fig. 5. CA curves of Ni and Ni-Cu electrodes at potentials of -0.185 V 
and -0.285 V, done at 25 °C. 

Conclusions 

3D nanostructured Ni-Cu metallic foams were prepared by 

galvanostatic electrodeposition and their performance for HER was 

evaluated. The foams led to significantly higher currents than a 

pure Ni electrode, which may be justified by an increase of the real 

surface area (as confirmed by SEM images) and by a synergistic 

interaction between the two alloy elements. Moreover, the Ni-Cu 

foam produced at lower current density exhibited the higher 

activity for HER, as justified by the larger pore density and, 

consequently, higher area. Additionally, both Ni-Cu foams have 

shown high stability in the tested experimental conditions, 

Activation energies of 34–36 kJ mol-1 and 62 kJ mol-1 were obtained 

for Ni-Cu foams and for Ni electrode, respectively. In summary, 

these fast- and cheap-production foam electrodes were shown to 

have good catalytic activity and stability for HER, making them 

attractive cathode materials for industrial alkaline electrolysers. 
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