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The oxygen evolution reaction (OER) is the anodic reaction in several industrial electrolytic processes. 
The objective of  this work was to develop a new electrocatalytic material for long-lasting and 
economical high performance electrodes. New electrodes were prepared by electrodeposition of  nickel, 
nickel-ruthenium and nickel-iridium alloys. They were then activated by anodic polarization at 
100mA cm -2 to form an oxide layer. The electrocatalytic activity was characterized for the O E R  in 
5 M K O H  solution. The results show that nickel-iridium alloys provide greater electrocatalytic activity 
for the O E R  and better corrosion resistance than nickel-ruthenium in alkaline solution. The effects 
o f  transition elements on improving the performance of  the nickel electrode are then discussed. 

Notation 

b Tafel slope 
iex exchange current density 

I. Introduction 

The oxygen evolution reaction (OER) is an important 
reaction in the electrolysis of water, in electrosyn- 
thesis and in other processes where oxygen is anodi- 
cally produced, such as in nickel, zinc and cobalt 
etectrowinning. 

The sulphate roast-teach-etectrowinning process of 
zinc is very energy-intensive. The alkaline process, 
which differs from current practice in industry, has a 
lower specific energy consumption. St-Pierre and 
Piron have reported specific energy consumption of 
1.75kWkg -~ at 1000Am -2 in alkaline solution [11 
compared with 3.3kWhkg -~ in classical industrial 
processes at 500Am -2 [2]. Part of that high per- 
formance is obtained by using a stable oxide anode 
which catalyses the OER in alkaline solution and 
lowers the overpotentiaI. 

Nickel is frequently used to fabricate anodes for the 
OER [3-7]. However, the problem associated with 
long-term industrial applications is that the anode 
potential is not stable with time [6], which causes an 
increase in energy consumption. It is important to find 
a stable electrode that has a low overpotential in order 
to lower energy consumption in industrial appli- 
cations. Improvements made by alloying nickel with 
elements such as lithium [7], iron [8, 9], chromium [10], 
titanium, iridium, ruthenium and tungsten [11], have 
been reported in the literature. 

RuO2 is a very good electrocatalyst for the OER, 
both in acid and in alkaline solutions [13-15]. How- 
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iap electrodeposition ,'urrent density 
iOER oxygen evolution reaction current density 
Ca1 double-layer capacity 
r/o~ oxygen overpotential 

ever, Makaryvhev [16] and others [28] have shown 
that RuO2/TiO2 oxide suffers corrosion in KOH 
solution. This limits the use of pure ruthenium oxide 
as an electrocatalyst of the OER in a highly con- 
centrated alkaline solution. Also, since the cost of this 
precious metal is still high, it is not economically 
attractive to use this kind of anode in electrowinning 
processes [17]. 

In alkaline solutions, IrO 2 showed a slightly higher 
Tafel slope (40-50 mV dec- ~ [18, 19] compared with 
30-50 mV dec--: on RuO2) and a higher overpotential 
than RuO2 [20]. On the other hand, stabilization of 
RuO2 by IrO2 [21] and Ru-Ir alloys [22] has been 
reported in acid media during the anodic oxygen 
evolution reaction. This means that IrO~ is electro- 
chemically stable in acid media. In alkaline media, the 
iridium oxides are stable [23], but the performance and 
reaction mechanism of iridium oxide for the OER in 
alkaline media have not been well discussed. 

In this investigation, the oxide electrocatalysts 
based on nickel and transition metals such as 
ruthenium and iridium were studied, Electrodes were 
prepared by electrolytic deposition of Ni, Ni-Ru and 
Ni-Ir alloys. The precious transition elements in nickel 
alloys are limited below to 10%. These alloys were 
anodically oxidized to obtain the mixed oxide sur- 
faces, and these mixed oxide surfaces were then used 
to study the OER in KOH solution. By comparing the 
performance of the different electrodes, th e respective 
beneficial effects of ruthenium and iridium elements 
were evaluated. 
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2. Experimental details 

2.1. Electrode preparation by electrodeposition 

Electrodeposition of  nickel on 316 stainless steel gauze 
(48 mesh, Firth Brown Inox Ltd.) was conducted in a 
bath of NiC12 6H20 (240gdm -3, reagent grade) with 
the addition of  RuC13/IrC13 (0.2-2.0 g dm -3, reagent 
grade) at temperature of  55-75 ~ C. The geometric sur- 
face area of the cathode was 1.0 x 1.0cm 2. Two nickel 
plates (Ni, 99%) were used as anodes in the bath. To 
prepare the nickel electrode, the electrodeposition 
current density was between 35 and 350mAcm -2 
(based on geometric area). For  the Ni-Ru and NMr  
alloys, the deposition current density was 
200mAcm -2. The deposition amount was about 
0.1 g cm -2 (geometric area). As the deposition current 
density changed, the deposition time was varied in 
order to maintain the same amount of  deposit. The 
deposition bath was agitated by a magnetic stirrer. 
According to Moffatt [24], Ni-Ir alloys form con- 
tinuous solid solutions in the full range of  composi- 
tion. For  the Ni-Ru alloys, the solid solution exists up 
to about 20 wt % ruthenium [25]. The Ni-Ru alloys 
were examined by microscope and X-ray diffraction 
[26, 27]; the results show that solubility of  ruthenium 
in nickel below 400 ~ C was about 5 wt %. These results 
indicate that at least up to 5wt % of ruthenium 
Ni-Ru alloy is the solid solution. 

Before the electrochemical measurements were 
made, electrodes were activated by an anodic polar- 
ization at 100mAcm -2 for over 30min in 5 M K O H  
solution at room temperature. A stable oxidized sur- 
face was obtained which was verified by a repro- 
ducible polarization curve in the same testing con- 
ditions. Two oxide electrodes, Rue2 and IrO~, were 
prepared by the thermal decomposition method as 
described in [28]. 

2.2. Morphological and chemical analyses 

Morphological and chemical analyses of anode sur- 
faces were conducted using the scanning electron 
microscope (SEM) and energy dispersive spectrometer 
(EDS). The electrode chemical composition was given 
in wt %. 

2.3. Electrochemical measurements 

All measurements were made in 5 M K O H  solution at 
room temperature (25 +_ 3) ~ C. Two platinum plates 
(1.5 x 1.5 cm 2) were used as the counter electrodes. A 
saturated calomel electrode (SCE) was used as a refer- 
ence electrode; it was inserted into the Luggin capil- 
lary which was mounted very close to the working -~ 
electrode ( < 2 mm). g 

The polarization curves and a.c. impedance were ~, 
measured by using the Corrosion Measurement Soft- 
ware (Model 342) and the Electrochemical Impedance 
Software (Model 378) with the Potentiostat/ 
Galvanostat (Model 273), provided by EG&G 
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Fig. I. Relationship between the Tafet slopes, b, and the exchange 
current densities, ir of the OER on nickel anodes and the anode 
preparation current densities, idp. (o) Tafet slope, (zx) exchange 
current density. 

Princeton Applied Research Corp.. The current inter- 
ruption technique available o n  the potentiostat was 
used to minimize the IR drop. The cyclic voltammo- 
grams were measured by the potentiostat/galvanostat 
and an IBM microcomputer. 

3. Results 

Figure 1 shows the relationship between the Tafel 
slopes (b) and the exchange current densities (iex) of  
the OER on the nickel anodes and the anode prepar- 
ation current densities (&p). The b was determined 
from the polarization curve by measuring the slope of  
the curve in the Tafel region. The polarization curves 
were obtained potentiodynamically. The scanning 
rate was 1 mV s- ~ and the sweep direction was from 
less noble to noble potentials. 

Figure 1 shows that the Tafet slopes (b) of the OER 
on the oxidized nickel electrodes are in the range of  
50 mV dec -~ , at idp = 250 mA cm 2. When iap is over 
300 mA cm -2, the b values increase rapidly and reach 
62mVdec -~ at idp = 350mAcm 2. However, the 
exchange current densities (iex) on the nickel electrodes 
increase as idp increases. The increase in the i~x may 
result from the electrode surface roughness. As the 
surface roughness increases, the real surface area of 
the electrode increases and this results in an increase in 
ie~. Figure 2 shows the double-layer capacitances (Ca0 
of  the oxidized nickel electrodes as a function of the 
deposition current densities (idv). The capacitance Ca 
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Fig. 3. The cyclic voltammograms of nicket, Ni-Ru and Ni-Ir alloys 
electrodes in 5 M KOH solution, at 25 ~ C. Scanning rate: 20 mV s- ~~ 

was determined from the Nyquist plot. The a.c. 
impedance measurements were conducted at 300 mV 
overpotentiaI of  the OER. At this potential level, the 
Nyquist plot was easy to make. As we can see in 
Fig. 2, the Cd~ increases with idp. This increase of  Ca~ 
could also correspond to an increase in the surface 
roughness and consequently in larger iex values 
(Fig. 1). 

The cyclic voltammograms measured from elec- 
trodes ofNi ,  Ni-Ru and Ni-Ir are given in Fig. 3. The 
potential scanning rate was 20mVsec -~. All three 
curves show an oxidation peak (P~) before the OER 
on the initial anodic direction. These peak potentials 
were shifted to less noble values by adding ruthenium 
and iridium to the nickel electrodes. The peak poten- 
tial of  the Ni-Ir alloy appered 56 mV before that of  
nickel, while the difference between peak potentia!s o f  
Ni and Ni-Ru electrodes was only 10mV. In the 
return direction, the peaks (P2) were also observed at 
more active potentials than that of  Pl. P2 peaks on all 
three curves had nearly the same potential values. The 
OER overpotential (r/o2) measured at 20 mAcm  -2 was 
lowered by the presence of the ruthenium and iridium 
by 30 and 40 mV, respectively. Table 1 summarizes the 
data obtained from the cyclic voltammograms. 

Figure 4 gives the value of  the OER current density 
taken from the polarization curve at an overpotentiat 
of  0.4 V as a function of  the ruthenium or iridium 
content in the nickel alloy electrodes. As can be seen 
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Fig. 4. The values of the OER current densities taken from the 
polarization curve at an overpotentiat of 0AV as a function of the 
ruthenium or iridium content in nickel alloy electrodes. Electro- 
deposition conditions: NiCt 2 6H20 240gdm --~ + Ir/Ru; 
i = 200mAcro -2 for 30rain at 65~ I. (O) Ir> 2. (zx) Ru. 

for both Ni-Ru and Ni-Ir electrodes, the beneficial 
effects obtained by the presence of  the additional ele- 
ments are more significant for the first 1% of the 
transition elements. With further additions, Ir 
increases the iOER to a small extent; in the case of  
ruthenium, an adverse effect is observed. Measure- 
ment of  the OER current density" at 0.4 V overpoten- 
tial shows that 6 wt % of iridium increases the JoE R 6 
times, while the best results for the Ni-Ru electrode is 
obtained at I wt % of  ruthenium, for an increase of 4 
times compared with the value of  iOER on the nickel 
electrode. 

Pure RuO2 and IrO2 oxide electrodes were prepared 
and tested for comparison with the nickel oxide data. 
Table 2 shows the value of  the thermodynamically 
calculated and measured oxidation peak potentials for 
the Ni oxide, RuO2 and IrO 2 electrodes in 5M K O H  
solution at 25 ~ C. The thermodynamic potentials of  
oxidation for Ni3+/Ni 4+, Rue+/R s+ and Ir4+/Ir + 
were calculated [23] and compared with measured 
oxidation peak potentials observed in the cyclic 
voltammograms. The pH value was 14.93, as calcu- 
lated using the mean activity coefficients from refer- 
ence [29]. Table 2 gives the results. It shows that the 
maximal difference between these two values is within 
15mV; they correspond very well. The highest 
measured peak potential is 0.534V on nickel oxide, 
while ruthenium and iridium oxides show peak poten- 
tials of  0.490 V (Ru 4+/Ru 8+) and 0.300 V (Ir 4+/Ir 6+) 
respectively. 

Table 1. Summary of the data from cyclic voltammograms of Fig. 3. 

Deposit P I Shift ?~ 02 ?~ 02de ~ 
content (wt %) (V (mV) (mV) (m V) 

NHE) 

Ni99.7 0.534 - 3 !0 
Ni97.8, Ru2.2 0.524 10 280 30 
Ni96.6, IrZ3 0.478 56 270 40 

P~ redox peak potential 
rlo2 oxygen overpotentiaI at 20mAcm -2. 
qo2d ~ decrease in 02 overpotentiaI as compared with nickel electrode. 
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Table 2. Thermodynamic and measured oxidation potential values 

Electrode Oxides ~ Ep~ 
(NHE) (NHE) 

Ni oxide Ni s+/Ni 4+ 0.538 0.534 
Ru oxide Ru 4+/Ru s+ 0.505 0.490 
Ir oxide Ir 4+/Ir 6~ 0.290 0.300 

Er are thermodynamically calculated potentials [23], pH = 14.93, 
25~ 
Ep~ is the oxidation peak potentials measured in 5 M KOH solution, 

25 ~ C. 

4. Discussion 

4.1. The overall oxygen overpotential 

The presence of ruthenium and iridium in the nickel 
electrode decreased the OER overpotential by 30 and 
40mV respectively (Table 1). This indicates an even 
better effect for iridium than ruthenium on the electro- 
catalytic properties of the mixed surface oxide elec- 
trode with respect to the OER in KOH solution in this 
test. The performance of the electrode for the OER 
has been attributed to the surface concentration of the 
active site on the oxide layer [28]. The presence of 
small amounts of ruthenium or iridium species in the 
oxide layer would favour the formation of such special 
sites and increase the catalytic effect even the surface 
oxide is still dominated by the nickel oxide. Such an 
explanation was previously provided to explain the 
beneficial effects of ruthenium oxide in acid media 
[21]. 

As observed in the cyclic voltammograms of Fig. 3, 
the fm~,ard potential sweep showed a potential peak 
(P1) before the OER. The overpotential for oxygen 
evolution may be divided into two parts (see Fig. 5), 
according to the following equation: 

qo2 = AEox + AEo2 

where AEo,~ is considered to be a polarization between 
the reversible oxygen potential and the electrode 
surface oxidation potential (PI); AEo2 as the potential 
difference between the OER (e,g. i = 20mAcm -2) 
and the peak (P~) potential. 

Table 3 shows the separated overpotential values in 
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Fig. 5. Illustration dividing the  overall overpotential ~1o2 into two 
parts, AEox + AE%. 

Table 3. Oxygen evolution overpotential (ioe • = 20 mA cm 2) on the 
tested electrode 

Electrode AEox(mV ) AEo2 (mV) ~o2(mV) 

Ni 188 122 3t0 
Ni-Ru 178 102 280 
Ni-Ir 132 138 270 

terms of AEox and AE02. The lowest AE02 value 
belongs to the Ni-Ru oxide electrode and the highest 
AE02 value appears on the Ni-Ir oxide electrode. The 
nickel oxide is in the middle. In the case of AEox, the 
position is different. The lowest AEox value corres- 
ponds to the Ni-Ir oxide electrode and the highest to 
the nickel oxide electrode. 

4.2. The peak potential 

The oxidation potential peaks were observed both on 
the pure metal oxide and on the mixed oxide elec- 
trodes. In the case of the pure metal oxide, the peak 
potential was observed at a value very close to the 
thermodynamic potential calculated for the oxide 
Ni 3+/Ni 4+ , Ru 4+/Ru 8+ and Ir 4+/Ir 6+ . It can be seen 
that the peak potential for ruthenium oxide is rather 
close to that on the nickel oxide; it appears only 44 mV 
before the nickel oxide peak (Table 2, Ep,). The 
iridium oxide peak is observed at a much less nobel 
value and appears at some 234 mV before the nickel 
oxide peak. 

Although the nickel surface oxide dominant the 
surface oxidation reaction, the presence of iridium in 
the nickel oxide results in displacement of the Ni3+/ 
Ni 4+ peak position to a lower value, which decreases 
the AEox value on Ni-Ir electrode (Table 3). Since the 
OER takes place on the higher oxide formed at the 
peak potential, it is possible to say that the catalytic 
oxide layer formed by oxidation of Ni 3+/Ni 4+ is easier 
on Ni-Ir oxide than on Ni-Ru oxide. 

4.3. AEo2. 

The second part of the rto2, AEo2, represents the 
effectiveness of the electrocatalytic power of the mixed 
oxide surface, because the OER always takes place on 
an oxidized surface. 

Table 3 shows that the Ni-Ru oxide has the lowest 
AEo2 value and corresponds to a better and more 
effective electrocatalytic mixed oxide surface for the 
OER. 

The larger value of the AEo2 for the NMr oxide 
(Table 3) indicates that this mixed oxide layer may be 
less electrocatalytically active. However, the total 
overpotential of the Ni-Ir oxide remained at about the 
same level as that of the Ni-Ru oxides. This is because 
of the lower value of AEox in the case of the Ni-Ir 
oxide. The lower value of AEox compensated for the 
higher value of the AEo2 when the total overpotential 
is counted. 
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4.4. Corros ion  b e h a v i o u r  References 

Although the overall overpotential  r/% is ra ther  similar 
fbr both mixed oxides, their stability in alkaline sol- 
ution is not  the same. Corros ion  of  the ru thenium 
oxide on the surface layer produces  a loss o f  electro- 
catalytic properties. The higher the ruthenium content,  
the more  rapidly the electrode corrodes  [16]. This was 
also observed in our  test conditions.  The uncoloured 
solution turned to yellow after 30 min polarizat ion o f  
the N i -Ru  electrode at a 100 m A  cm -2 current density. 
The surface chemical analysis showed almost  no 
ru thenium on the tested electrode surface. This is why 
the N i -Ru  oxide containing 2% or  more  ru thenium 
showed almost  the same catalytic effect as the pure 
nickel oxide after immersing the electrode in 5M 
K O H  solution for  more  than  30 min. 

By compar ison,  the Ni- t r  mixed oxide electrode in 
this investigation was much  more  stable and retained 
its good  electrocatalytic activity for more  than 24 h at 
100 m A c m  ~ current density in ou r  test. 

5. Conclusions 

Ruthen ium and iridium in the mixed oxide layer o f  
nickel electrodes both  significantly lower the oxygen 
evolution reaction overpotential .  

Ruthen ium tends to corrode out  o f  the mixed oxide 
electrode, which then loses some o f  its etectrocatalytic 
properties tbr the OER.  

The Ni-I r  oxide resists corros ion  welt and retains its 
good  electrocatalytic proper ty  for  at least 24 h in our  
tong-term test. 

In anodic potential  sweep experiments, the peak 
potentials were observed before the OER.  This peak 
was at t r ibuted to the fo rmat ion  o f  an oxide at a higher 
tevel o f  oxidation. 

The O E R  overpotential  m a y  be divided into two 
parts: r/o~ = AEo~ + AEo2. AEo~ which characterized 
the peak potential  was the lowest in the case o f  the 
Ni- I r  mixed oxide; AEo2 which presented the potential  
difference between the peak and the O E R  was the 
lowest in the case o f  the N i -Ru  mixed oxide, 
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