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The hydrogen evolution reaction (HER) on R u Q  coated nickel electrodes was investigated by d.c. 
polarization studies and a.c. impedance measurements in alkaline solution. The electroactive RuO2 
coatings were prepared by thermal decomposition of  a RuC13 solution at 450 °C in air. The real surface 
area of  the cathodes was estimated from cyclic voltammetric measurements and from the double layer 
capacitance (evaluated by impedance measurements). A mechanism for the H E R  has been proposed 
involving two steps (Volmer and Heyrovsky reactions). The rate constants of  the forward and back- 
ward reactions of  these two steps have been estimated by a nonlinear fitting procedure. 

1. Introduction 

Although transition metal oxides have been used as 
electrocatalysts mainly for anodic reactions, their 
good electrocatalytic performance for cathodic 
hydrogen evolution has been also claimed [1-3]. In 
spite of this there are few papers in the literature 
dealing with kinetic aspects of the hydrogen evolution 
reaction (HER) at oxides [4-6]. In fact, except for 
Trasatti's comparative analysis of the kinetic para- 
meters for RuO2, IrO2, and Co304 [7], no systematic 
study of hydrogen evolution'on oxide cathodes in 
alkaline solution has been published. 

The present paper reports a study of the HER in 
alkaline media on the RuO 2 coated nickel electrodes, 
both by d.c. and a.c. measurements, in order to obtain 
new experimental results concerning the mechanism 
and the kinetic parameters of the reaction. The 
voltammetric behaviour of supported RuO2 electro- 
catalyst has been also investigated with the purpose 
of obtaining information about the real surface area 
of the cathodes. 

2. Experimental details 

The electroactive RuO 2 coatings were prepared by 
thermal decomposition of a RuC13 solution at 450 °C 
in air. The nickel substrate (10mm × 10mmx 0.5mm 
plates) 'was sand-blasted to obtain the rough surface 
which ensures good adherence of the oxide layer. 

The measurements were performed in a 1 M NaOH 
solution, deaerated with argon for 30min prior to 
each experiment. The cyclic voltammograms were 
recorded using a PAR 273 potentiostat and a Kipp 
& Zonen x - y  recorder. Cathodic polarization 
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measurements were carried out by first conditioning 
the electrodes for 2 h with hydrogen evolution at a 
current density of 100mAcm 2. The potential was 
reduced in 10 mV steps and the current was read after 
3 min at each potential. The results were corrected for 
the ohmic drop deduced through high-frequency a.c. 
measurements. The impedance measurements were 
carried out using a Solartron 1250 frequency response 
analyser and a Solartron 1186 electrochemical 
interface. 

All the measurements were performed at a tem- 
perature of 20°C in a glass cell with a working 
electrode of 2 cm 2 area and two platinum counter 
electrodes in a plane symmetric configuration. As 
reference, a Hg/HgO,OH- electrode in the same 
1 M NaOH solution, linked to the main compartment 
via a Luggin capillary, was used. 

3. Results and discussion 

3.1. Cyclic voltammetry 

Burke and Murphy [8-10] have described cyclic 
voltammetry as a valuable technique for determining 
the surface area of RuO 2 electrodes. Thus, to charac- 
terize the surface state of the RuO2 coated nickel 
cathodes voltammetric curves were recorded in a 
potential range -0.630 and +0.320 V, so that repro- 
ducible peak-free curves were obtained. 

Typical voltammograms obtained with a sweep rate 
of 19mVs -1 are shown in Fig. 1 for a RuO2 coated 
electrode (4.2mgcm-2), before (curve 1) and after 
(curve 2) hydrogen evolution (2h at 100mAcm 2). 
The voltammograms show that the voltammetric 
charge (Q) is fairly large and uniformly distributed 
throughout the whole potential range, which allows 
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Fig. 1. Voltammograms of RuO 2 coated 
electrodes (4.2mgcm -2) obtained in I M 
NaOH at 20°C and a sweep rate of  
19 mV s -1, (a) before and (b) after hydrogen 
evolution. 
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Fig. 2. Polarization curve (at 20 °C) for HER on RuO 2 
coated cathodes, in 1 M NaOH. 

use of Q for determining the surface area of the 
electrodes. It was observed that the conditioning of 
the cathodes results in an increase in the voltammetric 
charge from 68.77 mC cm -2 (for the fresh electrodes) 
to 98.37mCcm -2, although the shape of the curves 
does not change. This behaviour was also observed 
in acidic solution [11] and is probably due to an 
enhancement of the active area of the electrodes which 
is produced by the hydrogen evolution. It was pre- 
viously suggested [12] that wetting is promoted by 
strong hydrogen discharge, which results in an 
increase in the available active surface of the RuO2 
coatings. 

Using a value of the interfacial charge of 1.51 C m -2 
for the RuO2 in alkaline solution over same potential 
range -0.630, +0.320V [9] a roughness factor of 651 
was found (after conditioning) for the cathodes 
covered with 4.2 mg cm -2 RuO 2. 

3.2. Polarization studies 

Since the cyclic voltammetric measurements showed 
that the active surface area of the RuO 2 electrodes 
was increased by hydrogen evolution, polarization 
studies were carried out after holding the working 
electrode at a constant cathodic current density of 
100 mAcm -2 for 2 h. This treatment resulted in repro- 
ducible polarization curves. The cathodic polarization 
curve of RuO 2 coated (4.2 mg cm -2) nickel electrodes 
shown in Fig. 2 was obtained in 1 M NaOH solution 
saturated with hydrogen. The Tafel slope for the 

HER is close to 37mVdecade -1 in the low over- 
potential range, while it is close to 70mVdecade -1 
at higher overpotential. Most of the previous studies 
reported a single Tafel slope for HER on RuO2. 
Thus, a value of 40 mV decade -1 was found in alkaline 
solution [7, 13] while in acidic solution the Tafel slope 
is close to 60mVdecade -1 [11]. The change of the 
Tafel slope at higher current density was generally 
attributed to uncompensated ohmic drop [7, 11]. 
Nevertheless, a second slope of 120 mV decade -1 
was found for Ni-RuO2 cathodes [5]. The over- 
potential at a cathodic current density of 
100 mAcm -2 and the exchange current density (esti- 
mated from the second Tafel slope) for an apparent 
surface area of 2 cm 2 were 115 mV and 2 mA cm -2, 
respectively. The electrocatalytic properties of the 
investigated electrodes are comparable with those 
for smooth nickel and Raney nickel, for which the 
overpotential at a current density of 100 mA cm -2 is 
210 mV and 80 mV, respectively [14]. It is to be noticed 
that, unlike the Raney nickel, the performances of the 
RuO2 cathodes do not deteriorate with use and they 
have excellent tolerance to repeated short-circuitings 
in industrial chlor-alkali electrolysis [13]. It was also 
observed that their performances are not affected by 
Fe impurity in the catholyte [5]. 

Hydrogen evolution in alkaline media is generally 
accepted to proceed via the steps (Equations 1 to 3) 
noted below. The mechanism involves initial proton 
discharge to form an adsorbed hydrogen atom on 
the metal surface, MH (Volmer reaction, Equation 
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1) followed by the electrochemical desorption of the 
hydrogen (Heyrovsky reaction, Equation 2) and/or 
the chemical desorption by the recombination of the 
adsorbed H atoms (Tafel reaction, Equation 3). 

k~ 
M + H 2 0 + e  , ~ , ' M H + O H -  (1) 

k2 
MH + H20 + e - ,  [-2 ' H2 + M + OH (2) 

+ M H @  H 2 + 2M (3) MH 

The rate constants k i and k_ i (of the forward and 
backward reactions, respectively, for the ith step) 
include concentration of OH , H20 and H2 pressure 
ancl are in the same units as the reaction rates. 

iln the elucidation of the mechanism from the rate- 
determining step (r.d.s.) of a multistep reaction the 
Tafel slope, b, plays a prominent part. This parameter 
can be calculated as b = 2.303 R T / ( a F )  in which a 
(the charge transfer coefficient) varies according to 
the r.d.s. [15]. Usually the relationships used as guide- 
lines for interpreting kinetic parameters are based 
upon the limiting behaviour, that is, when the 
coverage by adsorbed intermediates (0) is either zero 
or unity. Assuming symmetry factors /3 = 0.5 for 
both the electrochemical steps (Equations 1 and 2), 
the,' foliowing criteria are found [15]: when the r.d.s. 
is Equation 1, a = 0 . 5  and b =  l l6mVdecade  -I, 
both for 0 -+ 0 or 0 ~ 1; when the r.d.s, is Equation 
2, c~=1.5 and b -- 39 mV decade -1 if 0--+0, or 
a := 0.5 and b = 116 mV decade -1 if0 --+ 1 and finally, 
if Equation 3 is the r.d.s., a - - 2  and b = 29mV 
decade -1 if 0 --+ 0 and b --+ c~ if 0 4 1 .  A general 
me.chanism for HER in acidic solution was previously 
proposed [11], suggesting that hydrogen evolution is 
limited by a chemical step after the primary discharge. 

Here, for the investigated electrodes, the Tafel 
slopes and the oz values are b = 37 mV decade 1 and 
a :=  1.57 in the low overpotential range and 
b == 70mVdecade -1 and a = 0.83 at overpotentials 
higher than 70 mV. Thus, it may be concluded that, 
in the low overpotential range, the surface coverage 
is low (0 --+ 0) and the Heyrovsky step (Equation 2) 
must control the HER on RuO 2. This assumption is in 
agreement with the conclusion of Wen and Hu [16] 
that the rate-determining step is the desorption of 
hydrogen. The fact that the Tafel slope increases at 
higher overpotentials indicates that, in this case, it is 
not possible to neglect the effect of the Volmer reac- 
tion (Equation 1) on the overall HER. Nevertheless, 
b remains rather low (comparative with the calculated 
value of l l6mVdecade-1).  This may be due to the 
fact that the second experimental Tafel slope 
(70 mV decade 1) was measured within a potential 
range in which the HER is controlled both by the 
steps (1) and (2). It is most likely that the Tafel 
reaction (Equation 3) does not play a significant role 
in the HER mechanism on RuO2 under the investi- 
gated conditions. The same mechanism was proposed 
by Trasatti [7,17] with the only difference that the 
change of the Tafel slope at high current density 

was accounted for in terms of uncompensated 
ohmic drop. 

3.3. Impedance measurements 

Based upon the results of the polarization studies, 
only the first two steps (Equations 1 and 2) were 
assumed for the mechanism of the HER on RuO2 in 
alkaline solution. The reaction rates of these two steps 
are related to the fractional surface coverage (0) by 

V 1 = kl(1 - O)P -1 - k lOP (4 )  

v 2 = k20P -1 - k_2(1 - O)P (5) 

in which P = exp(rl/3F/RT), assuming the same sym- 
metry factor /3 for both steps. At the steady-state 
conditions the surface coverage, 0, can be represented 
by 

(kl P-1 + k 2 P) 
0 = (k_l + k-2)P + (kl + k2)P 1 (6) 

It was shown [18] that for this mechanism the fara- 
daic impedance (ZF) can be written as 

1 B 
- -  = A + .  (7)  
Z F jc~ + C 

where 
A = (/3FZ/RT)[{kl(1 - O) + kzO}P -a 

(8) 
+ {k_lO +k_2(1 - O)}P 1 

B = - (/3r3/qRT){(ki  - k2)P 1 

n t- ( k  1 - -  k 2)P}[{kl (1 - 0) - k20}P -1 (9) 

+ {k 10 -  k_2(1 - 0)}P] 

C = (F/q)[(k~ + k2)P -1 + (k 1 + k-2)P] (10) 

in which q stands for the maximum surface charge for 
0 = 1. The total impedance (ZT) can be represented by 
a parallel combination of the double-layer capaci- 
tance with the faradaic impedance (ZF) and a series 
combination with the solution resistance (Rs). For 
the HER a useful equivalent circuit was suggested 
[19] for ZF, containing R~,  Rp and Cp: 

R p  
ZF=Roc- t  l + j w ~ - R o o + Z p  (11) 

where Ro~ = I /A ,  R p = - B / { A ( A C  + B)}, r p =  
RpCp, Cp = - A 2 / B  and Zp is an impedance which 
includes the time constant Vp which characterises the 
time dependence of the relaxation phenomenon of 
the surface coverage. Therefore, the total impedance 
can be expressed as 

R~ 
ZT = R s  q (l+Zp/Roc)_l+jwT_d (12) 

where rd(r d = CdR~) indicates a charge-transfer 
reaction through double-layer capacitance. 

Since the surface of the RuO2-coated electrodes is a 
nonuniform rough surface, the equivalent circuit 
suggested for the HER is that shown in Fig. 3, in 
which the double-layer capacitance is replaced by 
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Fig. 3. Equivalent circuit for the HER on RuO2 coated cathodes, in 
1 M NaOH. 

the constant phase element (CPE): this is why the term 
ja~-d in Equation 12 becomes (jco~-2) e. The use of a 
CPE replacing the double layer seems to be a good 
approach for the study of some practical electrodes 
with different degrees of surface roughness, with phy- 
sical nonuniformity or with a distribution of surface 
reaction sites [18, 20, 21]. 

The experimental impedance spectra were analysed 
using a complex nonlinear least squares (CNLS) 
fitting program [22] to estimate the parameters R~,  
Rp and Cp as well as the parameters of the CPE ('r2 
and 9). Figure 4 shows the experimental and the simu- 
lated plots (calculated from CNLS fitting) for the 
impedance spectra of the RuO2 coated (4.2 mgcm -2) 
electrodes, at several values of the applied potential. 
A good agreement between the experimental and 
simulated impedance spectra is observed over a wide 
overpotential range. Two overlapping semicircles 
can be observed on the impedance spectra. The ratio 

of diameters of the semicircle in the high frequency 
region against the semicircle in the low frequency 
region tends to increase at higher overpotential. 

The potential dependence of the parameters of the 
CPE (~-2 and 9) are illustrated in Figs 5 and 6, respec- 
tively. These parameters allow estimation of the 
double-layer capacitance by means of the equation 
suggested by Brug et al. [23]: 

Cdl = ~-2(1/Rs H- 1/-Roo) -(1-~)/~ (13) 

The variation with overpotential of the calculated 
double-layer capacitance is shown in Fig. 7. The 
double-layer capacitance is almost constant with an 
average value Cdl ~ 0.097 F cm -2. For the RuO2 an 
interfacial capacitance of 142 #F cm -2 (estimated by 
cyclic voltammetry) has been reported in the literature 
[9]; this was attributed to a combination of double 
layer effects and surface redox processes. This value 
allows calculation of a roughness factor of about 
683 for the investigated electrodes which is in good 
agreement with the value found from the voltam- 
metric measurements. 

Since the experimental data for R~,  Re and Ce 
obtained at several values of potential can be 
expressed as functions of kl, k_l, k2 and k_2 it is 
possible to estimate the above rate constants by an 
appropriate fitting procedure. Thus, using a nonlinear 
least squares technique the estimated rate constants 
are as follows: kl = 6.3 x 10 -8, k 1 = 8.9 x 10 -6, 
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Fig. 4. Impedance spectra at several overvoltages for HER in 1 M NaOH on R u O  2. r/: (a) --20, (b) -58, (c) -72 and (d) -84mV. Key: (©) 
experimental data; (x) simulated values. Experimental conditions: 20 °C; frequency range: 3 kHz, 0.01 Hz; amplitude: 10inV. 



RuO2 AS AN ELECTROCATALYST FOR HYDROGEN EVOLUTION 401 

m 

0.16 

0.12 

0.08 

0.04 

0 
0 0 

o o 0 
0 

0 
0 

I I I 

20 50 100 
- Overpofential / mV Fig. 5. The variation of the relaxation time (r2) as a 

function of *7 for HER on RuO2 in 1 M NaOH. 

0.9 

0.8 

4- + + 
+ + 

+ 
+ 4- 

4- 

' ' 8 ' 0  ' 40 60 100 
-Overpofential  I mV 

Fig. 6. The variation of the parameter  of  the CPE 
(O) as a function of  ~ for H E R  on RuO2 in 1 M 
NaOH.  
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k 2 =4.8  x 10 -7 andk_2 = 3.4 x 10-9.Itisalsopossible 
to calculate the surface coverage (0) of adsorbed hydro- 
gen atoms as a function of the overpotential, which is 
illustrated in Fig. 8. The value of 0 increases with 
decrease in the potential tending to a pseudo-plateau in 
the high overpotential range. The rather small values 
of 0 are in agreement with the conclusions of the polari- 
zation studies. 

From the same constant rates the current density 
has been also calculated as i = - F ( v l  +v2)  Both 

Fig. 7. Calculated Cal values against r/for HER on 
RuO 2 . 

the experimental and calculated potential  depen- 
dence of current density are illustrated in Fig. 9. 
The slope of the calculated i against ~7 curve is 
about  35mV decade -1 in the low overpotential  
range while it is close to 75mVdecade  q at over- 
potentials higher than 70 mV. The good agreement 
with the results of  the polarization studies supports 
the idea that the mechanism of  the H E R  in alkaline 
media on RuO2 involves the Volmer and Heyrovsky 
steps (Equations 1 and 2). 
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4. Conclusions 

A study of H E R  in alkaline solut ion on  R u O  2 coated 

nickel electrodes was performed with the purpose  of 

ob ta in ing  new in fo rma t ion  abou t  the mechanism 

and  the kinetic parameters  of the reaction. The cyclic 

vo l t ammet ry  measurements ,  as well as the double-  

layer capaci tance (evaluated by impedance  measure-  
ments),  allowed es t imat ion of  a roughness  factor 

between 651 and  683 for an a m o u n t  of 4 . 2 m g c m  -2 

RuO2. The potent ios ta t ic  measurements  suggest a 

mechan i sm for the H E R  which involves a charge- 
t ransfer  react ion followed by an  electrochemical 

desorpt ion.  The rate constants  of  the forward and  

backward  reactions of Volmer  a n d  Heyrovsky steps 

have been est imated f rom the impedance measure-  

ments  by a non l inea r  fitting method.  
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