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Abstract 

The hydrogen evolution reaction (HER) was studied in 30 wt.% KOH solution at 

temperatures ranging between 30 and 80 ºC on three type of electrodes: (i) rough pure 

Ni electrodeposits, obtained by applying a large current density; (ii) smooth NiCo 

electrodeposits; (iii) smooth commercial Ni electrodes. By using steady-state 

polarization curves and electrochemical impedance spectroscopy (EIS) the surface 

roughness factor and the intrinsic activities of the catalytic layers were determined. 

These techniques also permitted us to determine the mechanism and kinetics of the HER 

on the investigated catalysts. Different AC models were tested and the appropriate one 

was selected. The overall experimental data indicated that the rough/porous Ni electrode 

yields the highest electrocatalytic activity in the HER. Nevertheless, when the effect of 

the surface roughness was taken into consideration, it was demonstrated that alloying Ni 

with Co results in an increased electrocatalytic activity in the HER when comparing to 

pure Ni. This is due to an improved intrinsic activity of the material, which was 

explained on the basis of the synergism among the catalytic properties of Ni (low 

hydrogen overpotential) and of Co (high hydrogen adsorption). 

Keywords: Porous Ni Electrodeposits, NiCo Alloys, Surface Roughness Factor, 

Electrochemical Impedance Spectroscopy.  
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1. Introduction 

Hydrogen is considered an ideal energy carrier that can be an alternative to fossil 

fuels. It is a clean and fully recyclable substance with a practically unlimited supply, 

and has all the criteria considered for an alternative energy source. The electrochemical 

production of hydrogen by alkaline water electrolysis is one of the most promising 

methods with great potential of using renewable energy sources. Moreover, it represents 

an environmentally friendly technology for production of high purity hydrogen [1-5]. 

However, the high energy consumption of alkaline water electrolysers restrains its 

large-scale application at present. Although platinum shows the highest activity for the 

hydrogen evolution reaction (HER), new electrode materials have been investigated, 

aiming at the reduction of the cost associated with the electrocatalyst development. 

Among these materials, nickel and its alloys show a high initial electrocatalytic activity 

toward the HER [6-8]. The electrode activity can be enlarged by increasing the real 

surface area and/or the intrinsic activity of the electrode material [9]. 

The increase of the real surface area can be achieved by several methods: 

depositing Ni together with an active metal like Al or Zn (i.e. by pressing [10, 11], 

electrodeposition [12-17], composite coating [18-20], and thermal spray [6]) followed 

by the dissolution of the secondary component (Raney type electrodes); 

electrodeposition of Ni at large current densities [21-23]; electrodeposition of Ni on 

metallic opals (made of silica or polystyrene) with proper porosities and layer/thickness, 

followed by a selective removal of the opal [24]. As a result, a porous, three-

dimensional structure is obtained, characterized by a high surface roughness factor, Rf. 

On the other hand, the intrinsic activity of Ni has been enlarged by alloying Ni with 

some metals: NiCo [12, 17, 25, 26]; NiLa [27, 28]; NiMo [8, 29, 30]; NiW [29, 31]; 

NiFe [29, 32]. 
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  In this work, two different Ni-based coatings electrodeposited on AISI 304 

stainless steel have been developed: a pure Ni catalyst provided with a large surface 

roughness obtained by applying a high current density (Ni-Hcd catalyst); and a smooth 

nickel-cobalt alloy (NiCo catalyst). The aim of the present work is to study the 

electrocatalytic performance of the developed electrodes for HER, distinguishing the 

effect of both the surface roughness and the intrinsic activity of the material, by the 

determination of the real active surface area of the catalyst, in terms of Rf. The 

mechanisms and kinetics of the HER on these electrodes have also been determined. 

Experimental data were obtained in 30 wt. % KOH solution by using steady state 

polarization curves and electrochemical impedance spectroscopy (EIS) techniques. 
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2. Experimental 

2.1 Preparation of electrodes 

The metallic coatings were deposited on an AISI 304 stainless steel substrate, 

embedded in Teflon, leaving a cross-sectional available area of 0.5 cm2. AISI 304 

stainless steel as substrate material was mainly chosen due to its good mechanical and 

corrosion resistance at relatively low cost. 

Before the electrodeposition experiments the stainless steel substrate was 

mechanically polished with emery paper down to 4000 grit, next it was degreased for 1 

minute with 25 wt.% NaOH at 90 ºC, immersed in HCl 18 wt.% during 1 minute and 

anodically treated in 70 wt.% H2SO4 at 1080 A m-2 for 3 minutes. Then, the substrate 

surface was struck at 268 A m-2 in a Wood’s nickel solution (240 g L-1 NiCl2, 120 mL 

L-1 HCl) for 5 minutes, in order to produce a thin, adherent deposit of nickel which 

serves as a base for the subsequent electrodeposition. Between each treatment the 

electrode was rinsed with distilled water. The formation of electroactive coatings on 

such prepared AISI 304 stainless steel substrate was done by electrodeposition at a 

constant current from the corresponding salt baths. The bath composition and deposition 

conditions are listed in Table 1. After the deposition of the active electrocatalyst 

material, the electrode surface was carefully rinsed with a large amount of distilled 

water in order to remove any residues of bath chemicals. 

Electrodepositions were carried out in a thermostated one-compartment cell 

made of Pyrex glass with a Teflon cover having adequate holes to lodge the electrodes 

and entrances to add reagents to the bath. The solution inside the cell had an initial 

volume of 50 mL and was agitated by means of a magnetically driven stirrer. The 

counter electrode was a large-area platinum electrode. The reference electrode was a 

commercially available silver-silver chloride (Ag-AgCl) electrode with 3 M potassium 
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chloride (KCl) solution. The experiments were accomplished by using an AUTOLAB 

PGSTAT302N potentiostat/galvanostat.  

The structures, morphologies and compositions of the Ni-Hcd and NiCo alloys 

were examined by means of a JEOL JSM-3600 scanning electron microscope. 

 

2.2 Electrochemical measurements 

The developed electrodes were characterized by means of steady-state 

polarization curves and EIS. All these tests were performed in oxygen free 30 wt.% 

KOH solutions which were achieved by bubbling N2 for 15 min before the experiments. 

Polarization curves were potentiodynamically recorded from -1.60 V vs 

Ag/AgCl (-1.40 V vs SHE) up to the equilibrium potential at a scan rate of 1 mV s-1, 

and at six different temperatures: 30, 40, 50, 60, 70 and 80ºC. Before the tests, the 

working electrode was held at -1.60 V (vs VAg/AgCl) in the same solution in order to 

reduce the oxide film existing on the surface electrode layer, for the time needed to 

establish reproducible polarization diagrams.  

EIS measurements were performed after obtaining the polarization curves. 

Alternating current impedance measurements were carried out at different cathodic 

overpotentials, and at the following temperatures: 30, 50, and 80 ºC. The measurements 

were made in the frequency range of 10 kHz to 3 mHz. Ten frequencies per decade 

were scanned using a sinusoidal signal of 10 mV peak-to-peak. The complex nonlinear 

least square (CNLS) fitting of the impedance data was carried out with the Zview 3.0 

software package. 

The electrochemical measurements were carried out in an electrochemical cell 

developed by the Dpto. Ingeniería Química y Nuclear of the Polytechnic University of 

Valencia [33]. It is a three-electrode cell with a heating circuit to control the 



6 

temperature. A Luggin capillary, whose tip was set at a distance of about 1 mm from the 

surface of the working electrodes, was used to minimize the variations due to jR drop in 

the electrolyte. In this system, the developed electrodes were used as the working 

electrodes, a large-area platinum electrode was employed as counter electrode, and the 

reference electrode was the same as that used in the electrodepositon process. The 

electrochemical experiments were performed using an AUTOLAB PGSTAT302N 

potentiostat/galvanostat.  

 



7 

3. Results and discussion 
 

3.1 Morphology of Ni-Hcd and NiCo electrodes 

  The SEM micrographs, shown in Fig.1, illustrate the extend morphology of the 

electrodeposits obtained according to the experimental conditions reported in Table 1. 

As it is clear from Fig. 1, the superficial morphology of the two developed catalyst is 

very different. On the one hand, the Ni-Hcd catalyst consists of a continuous matrix 

with cavities and pores distributed in the whole surface (Fig. 1.a). On the other hand, the 

NiCo alloy shows a smooth superficial layer (Fig. 1.b). 

  The macroporosity of the Ni-Hcd layer is originated by the random nucleation of 

the dissolved hydrogen, which produces microbubbles attached to the electrode surface, 

as a consequence of the high current densities applied. The electrodeposition process 

takes place in the free area and cavities are produced, where hydrogen generated in the 

neighbourhood continues draining [21]. Quasy-cylindrical pores, whose diameter is 

mainly determined by the gas-liquid interfacial tension (157 ± 23 µm), are obtained in 

this way. In contrast, with respect to the NiCo alloy, the low current density applied in 

the electrodeposition experience results in a homogeneous smooth surface. 

  The studied electrodes also differ in the superficial composition: whereas the Ni-

Hcd catalyst is conformed by a pure Ni layer, the NiCo alloy has a Co content of 

47.7 wt.%.  

 

3.2 Polarization measurements 

In order to investigate the catalytic activity of the prepared layers, Tafel linear 

polarization measurements were performed in 30 wt.% KOH solution, and the 

corresponding electrochemical parameters (Tafel slope, exchange current density, 

transfer coefficient) were derived from the recorded curves. Fig. 2 shows a set of Tafel 
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curves recorded at 50 ºC on the two catalyst layers investigated. A curve performed on 

commercial smooth Ni electrode was also included to compare the obtained results. The 

curves were corrected with respect to the reversible HER potential at the given 

conditions and for the jR-drop. The Tafel curves obtained for both NiCo and Ni-Hcd 

layers (Fig. 2) show a classical Tafelian behaviour, indicating that the HER on these 

electrodes is a purely kinetically controlled reaction described by the Tafel equation [29, 

34]: 

jba log+=h  (1) 

where h (V) represents the applied overpotential, j (A cm-2) the resulting (measured) 

current density, b (V decade-1) the Tafel slope, and a (V) is the intercept related to the 

exchange current density j0 (A cm-2) through equation: 

0log)/()3.2( jFnRTa e ´= b . (2) 

The other parameter of interest is b, the symmetry factor, which can be calculated from 

the Tafel slope as 

)/()3.2( FnRTb eb-= , (3) 

and ne represents the number of electrons exchanged, F (=96,485 C mol-1) is the 

Faraday constant, and R (= 8.314 J mol-1 K-1) is the gas constant. Since both Ni-Hcd and 

NiCo curves in Fig. 2 do not show any significant change in the Tafel slope, the same 

HER reaction mechanism should be valid through the entire overpotential region 

investigated. The values of the kinetic parameters are reported in Table 2. The 

mechanism of HER in alkaline solution involves the formation of an adsorbed hydrogen 

atom (adatom) intermediate, MHads (Volmer reaction, Eq. (4)), the electrodic desorption 

of hydrogen into solution (Heyrovsky reaction, Eq. (5)) and/or a chemical desorption by 

the combination of two adatoms (Tafel reaction, Eq. (6)):  
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-- +®++ OHMHeMOH ads2  (4) 

-- ++®++ OHMHeMHOH ads 22  (5

) 

MHMHMH adsads 22 +®+  (6

) 

where M is a free site on the metal surface and MHads is the metal surface occupied by 

hydrogen adatoms. When the mechanism is determined from the rate-determining step 

(rds) of a multi-step reaction, the Tafel slope plays an important role in estimating the 

mechanism [35, 36]. It has been widely accepted that the value of the charge-transfer 

coefficient, a, depends on the rds for multi-step reactions [10, 11, 13, 37, 38]. Note that 

for the Volmer step the symmetry factor, b, is equal to the transfer coefficient, a (i.e. 

a = b), while for the Heyrovsky step the transfer coefficient is equal to a = 1+b [34, 

39]. According to the general model for the HER mechanism, when the rds is Eq. (4), or 

Eq (4) coupled with Eq (5), or Eq (4) coupled with Eq (6), the value of a is 0.5. 

Therefore, the Tafel slope becomes 120 mV dec-1 at 30 ºC, and 140 mV dec-1 at 80 ºC. 

Other possibilities are a = 1.5 and b = 40 mV dec-1 at 30 ºC, when Eq. (5) is rds; and 

a = 2 and b = 30 mV dec-1 at 30 ºC, when Eq. (6) is the rds [40-42]. Here, the Tafel 

slope ranges between 100 mV dec-1 and 150 mV dec-1 at 30 and 80 ºC, respectively, and 

the a = b values are very close to 0.5 for the two developed electrodes (see Table 2). 

Therefore, following the criteria mentioned above, one can assume that the Volmer step 

must control the HER on Ni-Hcd and NiCo electrodes. 

  In contrast to the behaviour reported for the developed electrodes, the 

polarization curves recorded on the smooth Ni electrode (Fig. 2) display two potential-

dependent regions related to the HER. The slope decreases from higher values at 

overpotentials less cathodic than approximately - 200 mV to lower values at more 
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cathodic overpotentials. The existence of two Tafel regions has already been reported in 

literature on Ni-based catalysts [22, 28, 37, 41, 43-45]. At low cathodic overpotentials 

the Tafel slopes are higher than 120 mV dec-1 at 30 ºC, which may indicate the presence 

of some oxides on the surface of the Ni electrode [29, 44]. 

   In Table 2 it is also reported the overpotential values at a fixed current density of 

-100 mA cm-2, h100. This parameter gives an indication on the amount of energy 

(overpotential) that has to be invested to produce a fixed amount of hydrogen. The 

current efficiency of the process, determined from the hydrogen volume measured with 

the aid of the electrochemical cell [33], is about 99.9 %. The developed electrodes are 

characterized by higher exchange current density, j0, and lower hydrogen overpotential, 

h100, compared to the smooth Ni electrode, thereby indicating an improvement of 

electrocatalytic activity. In addition, a significant increase of catalytic efficiency is 

evidenced for the Ni-Hcd electrode, that exhibits the lowest values of h100, and the 

highest values of j0. 

 The information obtained from the Tafel polarization data demonstrate that the 

investigated Ni-based catalysts are very active for the HER, showing a higher catalytic 

activity than the smooth Ni electrode. Ni-Hcd has shown to be the best overall catalyst. 

However, since the Tafel curves are normalized to the geometric area of the catalysts 

and not to the real electrochemical area, the results discussed above cannot offer a 

definite conclusion if the observed electrocatalytic activity is a result of only an 

increased surface area of the catalysts, or if an improvement in the intrinsic (electronic) 

electrocatalytic properties of the catalyst material is also a contributing factor. 

Therefore, in order to obtain information on the intrinsic activity of the investigated 

layers in the HER, the curves presented in Fig. 2 should be normalized to the real 

electrochemically active surface area. In this work, an EIS technique has been proposed 
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as the most appropriate to determine the real surface area in electrochemical systems, as 

previously used in literature [6, 46]. Thus, the following section of the paper will 

discuss the EIS results obtained on the catalytic layers developed. 

 

3.3 Electrochemical Impedance Spectroscopy Measurements 

  To ensure a complete characterization of the electrode/electrolyte interface and 

corresponding processes, EIS measurements were made at different selected 

overpotentials of the previously obtained polarization curves: h1, corresponding to the 

equilibrium potential, 0 mV; h2, a cathodic overpotential at which it is not manifested 

the hydrogen evolution; h3, an overpotential at which the hydrogen production takes 

place at a very low rate; and h4, at which hydrogen is vigorously generated. Figures 3 

and 4 show examples of EIS spectra recorded on the Ni-Hcd and NiCo electrocatalysts, 

respectively. The EIS spectra recorded on the Ni-Hcd catalyst (Fig.3) reveal the 

presence of two overlapped semicircles (i.e. two different time constants), the first one 

at high frequencies (HF), and the second one, at low frequencies (LF). From Fig.3 it is 

clear that the diameter of the LF semicircles diminishes considerably with both the 

cathodic overpotential and the temperature, whereas the diameter of the HF semicircle 

remains almost unchanged. With respect to the impedance spectra of the NiCo 

electrode, it is shown in Fig. 4 that the two semicircles are strongly overlapped, 

appearing only one maximum in the Bode representation (Fig. 4.a.2 and 4.b.2). The 

Nyquist plots of the impedance of the NiCo layer show that the diameter of the LF 

semicircle presents the same behaviour as that reported for the Ni-Hcd electrode. On the 

other hand, for the NiCo electrocatalyst the diameter of the HF semicircle remains 

almost constant with the overpotential, diminishing considerably with temperature, as it 

is clear from Fig. 4.b.1. In addition to this, we observe for both the Ni-Hcd and the 
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NiCo electrocatalysts, that at high overpotentials (h4) the LF capacitive loop disappears 

and it is shown an inductive loop at LF in the Nyquist plots (see the inset in Fig. 3.a.1 

and Fig. 4.a.1). The LF inductive loop for hydrogen evolution reaction has been early 

proposed by Conway and co-workers [47] and later experimentally observed by other 

authors for Ni-Zn [38] and Ni-P [48] in alkaline media. These workers also found 

significant absorption of hydrogen and formation of surface hydride layers in these 

systems. The reason for the observed inductive behaviour may be due to the hydride 

formation at these overpotentials [47-49]. 

In order to derive a physical picture of the electrode/electrolyte interface and the 

processes occurring at the electrode surface, two different electric equivalent circuit 

(EEC) models have been used to fit the EIS response of the catalysts investigated (Fig. 

5): (a) the two-time constant parallel model (2TP); and (b) the two-time constant serial 

model (2TS). 

The 2TP model (Fig. 5a) represents a slightly modified model originally 

proposed by Armstrong and Henderson [50], in which the double layer capacitance was 

replaced by a constant phase angle element (CPE) [43, 51]. CPE is defined in 

impedance representation as: 

[ ] 1)( -
××= n

CPE iQZ w  (7) 

where Q is the CPE constant, w is the angular frequency (in rad/s), i2 = -1 is the 

imaginary unity and n is the CPE exponent. The CPE element is a widely-used 

empirical element to account for the non-ideal behaviour of the capacitive elements due 

to different physical phenomena such as surface heterogeneity which results from 

surface roughness, impurities, dislocations or grain boundaries [52]. The 2TP model 

reflects the response of a HER system characterized by two semicircles (i.e. two time 

constants): the HF semicircle, t1 (CPE1-R1), related to the charge transfer kinetics, and 
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the LF semicircle, t2 (CPE2-R2), related to the hydrogen adsorption [12, 29, 51, 53, 54]. 

It is important to note that, in this case, the diameter of both the HF and the LF 

semicircles change with overpotential (i.e. the two time constants change with 

overpotential). The 2TS model (Fig. 5b), proposed by Chen and Lasia [10], similarly to 

the 2TP model, reflects the response of a HER system characterized by two semicircles, 

but only the LF semicircle is related to the kinetics of the HER. The time constant 

associated to this semicircle, t2 (CPE2-R2), changes with overpotential. The HF 

semicircle is associated to the porosity of the electrode surface [7, 51, 55, 56], and the 

time constant related to this semicircle, t1 (CPE1-R1), does not change with 

overpotential. According to the discussion presented above, the suitability of a specific 

EEC to model the experimental data can be considered as a criterion to prescribe 

parameters to the specific processes (i.e. charge transfer kinetics, surface porosity or 

hydrogen adsorption). 

To model the experimental data of the impedance response characterized by two 

semicircles in the Nyquist plot (i.e. recorded at the overpotentials h1, h2, and h3) both 

two-time constant EEC models were tested. Fig. 3 shows that a very good agreement 

between the experimental (symbols) and CNLS approximations (lines) data is obtained 

when the 2TS model is used to describe the EIS response of the Ni-Hcd layer at the 

overpotentials h1, h2, and h3. The 2TP model was also successfully used to model EIS 

spectra on this electrode. By formal statistical analysis, it is impossible to distinguish 

between the 2TP and 2TS models in this case, what was confirmed by the sequential F-

test. Hence, it is necessary to examine the obtained values of the circuit elements of the 

two EEC models, and conclude on the trend in overpotential behavior. 

Table 3 shows the best-fit estimates of the different EEC parameters obtained 

from the impedance measurements of both the Ni-Hcd and NiCo electrode at different 
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temperatures. The average double layer capacitances, Ci, for the catalytic coatings were 

determined using the relation suggested by Brug et al. [57]: 

ii nn
iSii RRQC /1)1(11 ])/([ --- +=  (8) 

  

From Table 3 it is clear that for the Ni-Hcd electrocatalyst, when the 2TS EEC 

model is used to model the experimental data, the first time constant, t1 (CPE1-R1) or 

HF time constant, diminishes very slightly with both overpotential and temperature, 

maintaining this parameter in the same order of magnitude. In fact, in the impedance 

data plotted in Fig. 3, the diameter of the HF semicircle is practically constant for the 

overpotential values that present a two-time constant response. The value of Q1 

decreases with the overpotential, increasing at the same time the value of R1. This 

behaviour is associated with the response of the pores [58]. Hence, on the basis of the 

overpotential behaviour of these two parameters, it could be concluded that the first 

time constant, t1 (CPE1-R1) or HF time constant, is related to the surface porosity. By 

contrast, t2 varies until two orders of magnitude with overpotential, and both the Q2 and 

the R2 decrease with overpotential. So, it could be concluded that the second time 

constant, t2 (CPE2-R2) or LF time constant, is related to the HER charge-transfer 

kinetics, namely to the response of double layer capacitance characterized by CPE2, and 

HER charge transfer resistance characterized by R2. From these observations one can 

conclude that the 2TS EEC properly models and describes the AC response of the Ni-

Hcd layers. 

  With respect to the NiCo catalytic coating, due to the fact that the two 

semicircles are strongly overlapped, it was very difficult to determine which 

initialization values of the EEC parameters ensure a correct convergence. For this 

reason it was necessary to recur to other graphical methods to save the limitations of the 



15 

usual methods used for representing the impedance data. Orazem et al. [59] proposed a 

graphical approach to estimate the values of the CPE coefficients (n and Q). The CPE 

exponent, n, can be obtained from the high-frequency slope of the imaginary part of the 

impedance on a logarithmic scale, as it is shown in Fig. 6. Moreover, an effective CPE 

coefficient, Qj, may be obtained directly from the imaginary part of the impedance as 

( ) in
i

j ffZ
nQ

p
p

2)(''
1

2
sin -

÷
ø
ö

ç
è
æ= . (9) 

Fig.7 shows the effective CPE coefficients determined by using Eq. 9. The asymptotic 

values obtained at high-frequencies provide correct values for the CPE coefficient, Q1, 

and they have been reported on Table 3. Once fixed these two parameters, the 

approximation fitting to the impedance data with both two-time constant EEC was 

successfully carried out by using the ZView software. As it is clear from Fig. 8, the use 

of the 2TS model to fit the NiCo EIS data resulted in a very large disagreement between 

the experimental and CNLS approximations, but the use of the 2TP model gave a very 

good fit. According to the EEC parameter values presented in Table 3, the two time 

constants, t1 (CPE1-R1) and t2 (CPE2-R2), considerably decrease with overpotential and 

temperature, indicating that both semicircles are related to the kinetics of the process 

[51]. Both the Q1 and the R1 decrease with overpotential when the impedance data is 

fitted with the 2TP EEC model. Hence, the first time constant, t1 (C1-R1) or HF time 

constant, is related to the HER charge-transfer kinetics, namely to the response of 

double layer capacitance characterized by CPE1, and HER charge transfer resistance 

characterized by R1. On the other hand, the Q2 and the R2 rapidly decrease with 

overpotential, which is not consistent with a typical behavior associated with the 

response of the hydrogen adsorbed on an electrode surface [12, 29, 51, 53, 54]. Current 

results do not allow us to make a definite conclusion on the physical behaviour of the 
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LF time constant, but the overpotential trend of Q2, a2 and R2, and their absolute values 

indicate that the observed LF response could be related to a response of some fast 

transfer processes (most likely charge, rather than mass) in a thin semiconducting oxide 

film layer formed on the NiCo surface [29]. As a result of the present analysis, it can be 

conclude that the 2TP EEC model is adequate to describe the impedance response of the 

NiCo alloy.  

  Besides the information on the kinetics of the HER, EIS results can be also used 

to estimate the real surface area of electrocatalytic coatings. This is important since by 

knowing the real electrochemically active area of the catalyst, it is possible to conclude 

on the intrinsic activity of the material in the HER, by subtracting for the surface area 

effect. Considering a value of 20 µF cm-2 for the double layer capacitance, Cdl, of a 

smooth nickel surface, used earlier in the literature [13, 37], the real active surface area, 

in terms of surface roughness factor (Rf), may be estimated by comparing the Cdl related 

to the HER charge-tranfer kinetics of porous/rough and smooth electrodes [6, 56]. The 

plots of the electrode surface roughness factor as function of the HER overpotential are 

displayed in Fig. 9. The Rf calculated values for the Ni-Hcd electrode are one order of 

magnitude higher than that reported for the NiCo catalyst. The Rf values of the latter, 

close to the unity, are in agreement with the smooth surface shown in Fig. 1.b, whereas 

the Rf values obtained for the Ni-Hcd catalyst reveals a larger surface, as a consequence 

of the pores and cavities. As it is clear from Fig. 9, the values of Rf decrease when 

increasing the cathodic potential. This indicates that a fraction of the inner surface of the 

electrode is blocked during HER due to gas bubbles shielding, and hence not 

electrochemically accessed by the electrolyte [6, 49, 60]. The Rf data allows us to 

evaluate the relative intrinsic catalytic activity of the investigated catalyst, by 

substracting the effect of the surface area. For this purpose, the Tafel plots were 
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normalized to the true surface area by dividing the curves by the corresponding surface 

roughness factor, see Fig. 10. Although previous data based on the geometric area 

(Fig.2 and Table 2) confirmed that Ni-Hcd yields the highest overall electrocatalytic 

activity in the HER, Fig. 10 and Table 4 show that the NiCo alloy presents a higher 

catalityc activity for the HER when the effect of the surface area is avoided. In Table 4 

it is shown the exchange current densities, corrected with the surface roughness factor 

data, at different temperatures for the studied electrodes. The NiCo alloy improves in 

one order of magnitude the relative electrocatalytic activity for HER at h ® 0, 

compared to the smooth Ni electrode. In contrast, the Ni-Hcd has approximately the 

same exchange current density as the smooth Ni electrode, i. e. the same intrinsic 

catalytic activity at equilibrium conditions, which is obvious since in both cases the 

same electrocatalytic material was used (Ni). The other interesting observation derived 

from Fig. 10 is that, although both types of pure Ni electrodes show Tafelian 

dependencies of the same order of magnitude, their behaviours are different. At 

approximately h > -200 mV the current density of the smooth electrode is slightly 

higher than that reported for the Ni-Hcd layer, while at h < -200 mV the relationship is 

reversed due to the presence of an inflection point on the curve corresponding to the 

smooth nickel, which is not observed on the curve corresponding to the electrodeposited 

nickel. This effect can be explained by a different magnitude of the standard adsorption 

energy on the substrates analyzed. In the case of the smooth Ni electrode subjected to 

mechanical polishing the surface layer presents some degree of amorphization, which 

implies a disordered surface structure. On the contrary, the electrodes obtained by 

electrodeposition are highly crystalline and the surfaces have a more ordered structure. 

As a result, the polished nickel electrode shows a lower hydrogen equilibrium surface 



18 

coverage than the macroporous electrodeposits, which affects the hydrogen production 

at most cathodic overpotentials [22].  

  The increased intrinsic activity of the bicomponent NiCo catalyst in comparison 

to pure Ni is in accordance with literature [25]. It is well known that the HER 

electrocatalytic activity of Ni can be improved by the addition of a second metal into the 

alloy. A general conclusion found in the literature is that the intrinsic catalytic activity 

for the HER is related to the electronic structure of metals, although any explicit and 

comprehensive explanation has not yet been given. The theoretical approach in 

explaining the HER activity of alloy catalysis is even more complex, and several 

theories have been proposed. Lupi et al. postulated that in the case of Co concentrations 

ranging between 41 and 64 weight percent, the synergism among the catalytic properties 

of nickel (low hydrogen overpotential) and of cobalt (high hydrogen adsorption) is best 

realized and these phenomenon allows to obtain a larger value of exchange current 

density [25]. 
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4. Conclusion 

  Electrocatalytic activity of pure Ni porous layers (Ni-Hcd electrode) and smooth 

NiCo alloys (47.7 wt. %) (NiCo electrode) produced by electrodeposition on AISI 304 

stainless steel substrates was investigated in the hydrogen evolution reaction (HER). 

Steady-state polarization curves and AC electrochemical impedance 

spectroscopy (EIS) measurements allowed us to determine the mechanism and kinetics 

of the HER. It was shown that the HER on both Ni-Hcd and NiCo catalysts is controlled 

by the Volmer reaction step as the rds (electrochemical adsorption of hydrogen to form 

Ni-Hads). 

EIS is a useful tool to determine the surface roughness factor, Rf, of the 

developed electrodes. Knowing this parameter it can be determined if the 

electrocatalytic activity of the studied materials is a result of only an increased surface 

area of the catalysts, or if an improvement in the intrinsic (electronic) electrocatalytic 

properties of the catalytic layer is a contributing factor. 

  Ni-Hcd catalyst yielded the highest overall electrocatalytic activity in the HER, 

mainly attributed to the increased surface area. Avoiding the surface roughness factor 

effect, Ni-Hcd catalyst manifested an intrinsic electrocatalytic activity similar to that 

reported for the smooth Ni electrode.  

  It was also clearly demonstrated that allowing Ni with Co results in an increased 

intrinsic electrocatalytic activity in the HER when compared to pure Ni. This 

phenomenon can be explained by a proper synergism among the catalytic properties of 

nickel (low hydrogen overpotential) and of cobalt (high hydrogen adsorption). 
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Table 1. Experimental conditions used in the electrodeposition of 
electrocatalytic coatings on an AISI 304 stainless steel substrate. 
Catalyst 

Ni-Hcd 
 Current density (mA cm-2) 1000 
 Duration (hour) 1 
 Bath composition (g L-1) NiCl2·6(H2O) 48 
  NH4Cl2 170 
 Temperature (ºC) 25 
NiCo 
 Current density (mA cm-2) 30 
 Duration (hour) 5 
 Bath composition (g L-1) NiSO4·6(H2O) 170 
  CoSO4·6(H2O) 22 
  H3BO3 20 
 Temperature (ºC) 60 
 
 



30 

 
Table 2. Kinetic parameters of the HER obtained from the polarization curves recorded 
in 30 % wt KOH solution at different temperatures. 
Catalyst Temperature (ºC) 

  30 40 50 60 70 80 
Smooth Ni       
 b (mV dec-1) 97.9 103.7 107.5 122.8 137.3 171.4 
 i0 (µA cm-2) 0.07 0.16 0.44 0.92 2.00 4.77 
 b 0.61 0.60 0.60 0.54 0.50 0.41 
 h100 (mV) 503 496 470 496 502 555 
Ni-Hcd       
 b (mV dec-1) 100.0 108.2 111.0 121.6 120.8 133.5 
 i0 (µA cm-2) 8.2 15.8 16.4 37.0 43.1 70.1 
 b 0.60 0.57 0.58 0.54 0.56 0.52 
 h100 (mV) 309 300 306 293 284 285 
NiCo       
 b (mV dec-1) 100.8 111.4 122.3 135.6 139.5 145.0 
 i0 (µA cm-2) 5.7 5.0 5.8 9.3 16.5 21.4 
 b 0.60 0.56 0.52 0.49 0.49 0.48 
 h100 (mV) 334 386 402 414 390 339 
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Table 3. EEC parameters obtained by fitting EIS experimental spectra recorded at various 
overpotentials on the investigated electrocatalytic coatings using the EEC models presented in 
Fig.5. 
Catalyst Temperature (ºC) 
 30 50 80 
Ni-Hcd 

2TS EEC 
 h1 h2 h3 h1 h2 h3 h1 h2 h3 
c2 9.45·10-4 7.69·10-4 3.24·10-4 6.00·10-4 4.85·10-4 4.47·10-4 5.86·10-4 2.19·10-4 1.26·10-4 
RS (W cm2) 0.66 0.66 0.66 0.48 0.46 0.49 0.36 0.37 0.36 
R1 (W cm2) 4.61 5.55 6.41 3.41 3.80 3.76 1.14 1.25 1.38 
R2 (W cm2) 362.0 187.5 11.7 184.0 80.0 8.0 53.6 26.5 4.2 
Q1 (mW-1 cm-2 sn) 9.51 6.07 3.89 8.65 6.68 3.59 10.26 9.69 8.16 
n1 0.82 0.83 0.83 0.83 0.82 0.86 0.76 0.76 0.75 
C1 (mF cm-2)* 2.99 1.91 1.13 2.69 1.80 1.20 2.01 1.44 1.06 
Q2 (mW-1 cm-2 sn) 14.4 10.8 7.9 12.9 8.8 8.2 10.9 8.1 6.9 
n2 0.92 0.95 0.99 0.92 0.95 0.94 0.92 0.94 0.94 
C2 (mF cm-2)* 11.5 9.3 7.6 9.9 7.4 6.4 7.5 6.1 5.1 
t1 (s) # 4.4·10-2 3.4·10-2 2.5·10-2 3.0·10-2 2.6·10-2 1.4·10-2 1.4·10-2 1.2·10-2 1.1·10-2 
t2 (s) # 4.1·100 1.7·100 8.9·10-2 1.8·100 6.0·10-1 5.1·10-2 4.0·10-1 1.6·10-1 2.1·10-2 
          
NiCo          

2TP EEC 
 h1 h2 h3 h1 h2 h3 h1 h2 h3 
c2 7.01·10-4 3.49·10-4 9.15·10-5 1.93·10-4 1.07·10-4 7.61·10-4 2.45·10-3 9.06·10-4 1.19·10-3 
RS (W cm2) 0.81 0.79 0.81 0.54 0.54 0.56 0.38 0.37 0.39 
R1 (W cm2) 68.2 64.7 27.7 49.3 36.2 22.5 23.8 18.8 12.3 
R2 (W cm2) 4.3·103 2.5·103 9.3·101 2.8·103 5.6·102 7.9·101 7.8·102 1.7·102 4.0·101 
Q1 (mW-1 cm-2 sn) 0.98 0.88 0.39 0.80 0.46 0.24 0.56 0.30 0.19 
n1 0.89 0.89 0.92 0.89 0.91 0.94 0.90 0.91 0.93 
C1 (mF cm-2)* 0.41 0.37 0.19 0.29 0.19 0.13 0.21 0.12 0.09 
Q2 (mW-1 cm-2 sn) 2.14 2.07 1.05 3.48 2.62 1.00 6.30 3.56 1.56 
n2 0.41 0.42 0.34 0.39 0.41 0.58 0.40 0.44 0.57 
C2 (mF cm-2)* 1.38·10-1 1.32·10-1 7.63·10-4 2.26·10-1 8.04·10-2 5.65·10-2 3.48·10-1 9.47·10-2 6.87·10-2 
t1 (s) # 2.8·10-2 2.4·10-2 5.2·10-3 1.4·10-2 6.9·10-3 3.0·10-3 5.1·10-3 2.0·10-3 1.1·10-3 
t2 (s) # 6.0·10-1 3.3·10-1 7.1·10-5 6.3·10-1 4.5·10-2 4.5·10-3 2.7·10-1 1.6·10-2 2.8·10-3 
          
          

* Calculated using Eq. 8  
# Calculated from the best-fit estimates of EEC parameters. 
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Table 4. Exchange current densities (µA cm-2) corrected 
with the surface roughness factor obtained from the 
polarization curves recorded in 30 % wt. KOH solution at 
different temperatures. 
 Catalyst 

Temperature (ºC) Smooth Ni Ni-Hcd NiCo 
30 0.07 0.14 2.80 
40 0.16 0.30 2.87 
50 0.44 0.33 3.96 
60 0.92 0.82 6.90 
70 2.00 1.04 13.92 
80 4.77 1.88 20.11 
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(a) (b) 

Figure 1. Scanning electron micrographs of the (a) Ni-Hcd and (b) NiCo catalysts. 
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Figure 2. Linear Tafel polarization curves recorded on Ni-Hcd, NiCo, and smooth Ni 

electrocatalysts in 30 % wt KOH solution at 50 ºC. 
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Figure 3. Impedance data obtained for the Ni-Hcd catalyst in 30 % wt. KOH solution 

at: (a) 50 ºC (Effect of overpotential): (a.1) Nyquist representation, (a.2) Bode 

representation of the phase angle as a function of frequency; and at overpotential h3 

(Effect of temperature): (b.1) Nyquist representation, (b.2) Bode representation of the 

phase angle as a function of frequency. The lines represent the measurement model fit 

to the impedance data sets. 
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Figure 4. Impedance data obtained for the NiCo catalyst in 30 % wt. KOH solution at: 

(a) 80 ºC (Effect of overpotential): (a.1) Nyquist representation, (a.2) Bode 

representation of the phase angle as a function of frequency; and at overpotential h2 

(Effect of temperature): (b.1) Nyquist representation, (b.2) Bode representation of the 

phase angle as a function of frequency. The lines represent the measurement model fit 

to the impedance data sets. 
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R1 CPE1

R2

CPE2

R3

Element Freedom Value Error Error %
R1 Free(+) 1.822 N/A N/A
CPE1-t1 Free(+) 1.247 N/A N/A
CPE1-p1 Free(+) 0.93403 N/A N/A
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Figure 5. EEC models used to explain the EIS response of the HER on the Ni-Hcd and 

NiCo: (a) two-time constant parallel model (2TP), and (b) two time constant serial 

model (2TS). 
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Figure 6. Imaginary part of the impedance as a function of frequency for the NiCo 

catalyst at 50 ºC and at different overpotential values in 30 % wt. KOH solution. The 

lines were fitted to the high –frequency data for the different overpotentials. 
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Figure 7. Effective CPE coefficient, Q1, defined by Eq. 9 for the NiCo catalyst at 50 ºC 

and at different overpotential values in 30 % wt. KOH solution. 
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Figure 8. Nyquist plots obtained for the NiCo catalyst at h1 and different temperatures 

in 30 % wt. KOH solution. Comparison between the 2TP EEC (black lines) and 2TS 

EEC (grey lines).  



41 

 

20

30

40

50

60

-0.2 -0.1 0
h / V

R
f

Ni-Hcd

 

0

0.5

1

1.5

2

2.5

-0.2 -0.1 0
h / V

R
f

NiCo

 
 
Figure 9. Surface roughness factor, Rf, as a function of the overpotential for the 

developed electrodes in 30 % wt. KOH solution at: ○ 30 ºC, r 50 ºC, and □ 80 ºC.
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Figure 10. Linear Tafel polarization curves recorded on Ni-Hcd, NiCo, and smooth Ni 

electrocatalysts in 30 % wt. KOH solution at different temperatures, corrected 

considering the surface roughness factor, Rf,. 


