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X-ray diffraction (XRD) and scanning electron microscopy (SEM) have been used to
characterize physical structure of IrO2+Ta2O5 films over the whole composition range by
thermodecomposition of chloride solutions heated at 450◦C. Solid solubilization between
Ta component and IrO2 rutile in the mixed films was measured, and three typical surface
morphologies of the oxide coatings were observed. The surface electrochemical properties
of Ti/IrO2-Ta2O5 electrodes were studied by cyclic voltammetry at varying potential scan
rate, and a ‘double-layer’ electrochemical structure containing the ‘inner’ and ‘outer’ layers
has been distinguished. The voltammetric charge appears to decline with the decrease of
grain size of oxide coatings as a result of the effect of surface tension. However, the
coatings of 70% IrO2+30% Ta2O5 with the finest grains still exhibit the highest apparent
activity for oxygen evolution evaluated by the anodic current at a constant potential. This
result is interpreted by the measurements of open-circuit potential (Eoc) and double-layer
capacitance (Cdl) using electrochemical impedance spectroscopy (EIS). Thereby, the
reliability of voltammetric charge obtained in ‘double-layer’ potential region in determining
the real electrocatalytic activity for O2 evolution has been discussed.
C© 2003 Kluwer Academic Publishers

1. Introduction
Ti based oxide coating electrodes have been extensively
studied since the past 30 years [1, 2]. An interest in IrO2
as the electrocatalyst for O2 evolution in acidic media
has been shown [3, 4]. In binary systems, the combina-
tion of active IrO2 and inert Ta2O5 exhibits good perfor-
mance in anodic stability and electrocatalytic activity
[5–7].

Rogiskaya et al. [8, 9] systematically investigated
the microstructure of IrO2+Ta2O5 coatings, and the
formation of solid solution between the two oxides has
been observed. In our previous work [10], the crys-
talline orientation of IrO2 rutile and its effect on corro-
sion characteristics of Ta2O5 mixed active anodes have
been reported. Studies on electrocatalytic activity and
durability of this type of anode have been extensively
carried out by Comninellis and his co-workers [5–7,
11, 12]. Nevertheless, intensive works on the structure
dependence of anode properties have not been suffi-
ciently investigated in the previous literatures [4, 13].

∗Author to whom all correspondence should be addressed.

For instance, it is well known that coatings of IrO2
(70 mol%) + Ta2O5 (30 mol%) display the highest
activity for O2 evolution [5, 12], however there is no
definite interpretation for this phenomenon. An ap-
parently electrocatalytic activity of oxide anodes for
gas evolution can be reasonably determined by the an-
odic current at a certain potential (or by the poten-
tial at a certain current) in E-logi curves. As a com-
mon method for active surface area determination, the
integrated charge from voltammetric curves was em-
ployed [14, 15]. However, it should be noted that, the
voltammetric curves for charge integration is operated
in a potential window avoiding the hydrogen and oxy-
gen evolution (i.e. so-called ‘double-layer’ potential re-
gion), whilst the practical oxygen evolution is taken
place at a relatively higher potential. After attacked by
the gas bubbling, the porous surface tends to be modi-
fied, and the active surface area is changed. Therefore,
the voltammetric charge obtained at double-layer re-
gion potential probably can not preciously reveal the
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real active surface area in the case of practical O2
evolution.

In the present paper, the microstructure, surface mor-
phology and the electrocatalytic properties of the Ti
based Ir/Ta mixed oxide anodes were investigated, and
the relationship among the above aspects was empha-
sized. In addition, the reliability of practically electro-
catalytic activity determination by voltammetric charge
obtained at ‘double-layer’ potential region for O2 evo-
lution was also discussed.

2. Experimental details
2.1. Preparation of electrodes
The thermo-decomposition method was used to pre-
pare the oxide coatings. Prior to use, titanium plate
(TA1) was degreased, and etched in 3.0 mol dm−3 HCl
solution, then rinsed with deionized water. The pre-
cursors were prepared by mixing appropriate amounts
of H2IrCl6 · 6H2O (in hydrochloric acid) solution and
TaCl5 (solved in alcohol) solution. As reported by sev-
eral authors [17, 18], oxide anodes prepared from or-
ganic solvent system displayed better performance. In
the present work, the mixed chlorides were pre-dried at
80◦C for 24 h, then was mechanically powdered. Af-
ter that, the obtained products were dissolved in 1:1
volume ratio alcohol and isopropanol solutions in
which the total metal concentration was kept around
0.2 mol dm−3. Then the Ti substrates were painted with
the coating solution by brushes. After being dried at
100◦C, the samples were heated at an annealing tem-
perature (450◦C) for 10 min. The entire procedure was
repeated for 10 times, after which the samples were
heated at the annealing temperature for 1 hour. The to-
tal loading of the obtained oxide coating was around
10 g m−2.

2.2. Material characterization
X-ray diffraction (XRD) was used to analyze the
structure of coatings. The inspection was carried out
on a D/MAX-R3 type diffractometer equipped with
Cu-Kα radiation and nickel filter. The goniometer was
2◦ min−1. The crystallite size was calculated on the ba-
sis of the Scherrer method [19]. SEM micrographs and
EDX spectra were obtained with a Cambridge S-360
Scanning Electron Microscope equipped with a Link
Analytical QX2000 X-ray energy dispersive analyzer.
A 20 keV electron beam was used.

2.3. Electrochemical analysis
PAR instrumentation was used throughout. All the
electrochemical measurements were operated by us-
ing three-compartment all-glass cell. A platinum plate
was used as the counter electrode, and KCl saturated
calomel electrode (SCE) as the reference. The ‘stan-
dard’ voltammetric curves were recorded between 0.16
and 1.16 V (vs. SCE) at 20 mV s−1. The voltammetric
charge, q∗, was obtained by graphical integration. As
a function of scan rate, the voltammetric curves were
obtained at the following sweep rates: 2, 5, 10, 20, 50,
100, 200, and 500 mV s−1. The current-potential curves
were recorded by moving the potential anodically in

20 mV step up to 2.0 V (vs. SCE). The current was
recorded after 1 min at each potential. The electrochem-
ical impedance spectroscopy (EIS) were conducted in
the potentiostatic mode using an EG&G Princeton Ap-
plied Research Corp. System (PAR, Model 273) in
combination with a phase-sensitive lock-in amplifier
(EG&G PAR, Model 5210) for frequency measure-
ments extending from 10 mHz–100 kHz. In EIS mea-
surements two potentials were selected: (i) 0.7 V (SCE),
at the ‘double-layer’ region, and (ii) 1.35 V (SCE), a po-
tential for intensive oxygen evolution reaction (OER).
All solution used in this work was 0.5 mol dm−3 H2SO4
prepared with deionized water. Solution temperature
was maintained at 20 ± 0.5◦C.

3. Results
3.1. Structure and morphology
XRD patterns (shown in Fig. 1) show both the type and
number of crystallite phase vary with the content ra-
tio of Ir/Ta. The peaks of β-Ta2O5 appear at 450◦C in
100% Ta2O5 films, although their intensities are not
much strong which is probably associated with the
main contribution of broaden amorphous peak. Apart
from β-Ta2O5, IrO2 rutile and other undetectable crys-
tallite phases are also identified in 10% IrO2+Ta2O5
and 40% IrO2+Ta2O5 films. The presence of the un-
detectable phases indicates an incomplete decomposi-
tion of the corresponding mixture. A certain amount of
amorphous components are presented in the films with
IrO2 mole fraction ≤40% (such as 0%, 10%, and 40%).
It is demonstrated that the amount of β-Ta2O5 decreases
with increasing the content of iridium. As IrO2 content
≥70%, the crystallite phase in the mixture exists en-
tirely as rutile phase, and none of amorphous peak is
detected. This result indicates that the crystallization
of Ta2O5 is affected by IrO2 component. Roginskaya
et al. [8] reported that, in 100% Ta2O5 films β-Ta2O5
appeared at 450◦C, and in Ir/Ta mixed films with 10%

Figure 1 Hand-draft of XRD patterns of Ir/Ta mixed oxide coatings with
different compositions (at the pyrolysis temperature of 450◦C): (a) 0%,
(b) 10%, (c) 40%, (d) 70%, (e) 80%, and (f ) 100% IrO2.
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T ABL E I Lattice parameters and cell volume of rutile IrO2 in films x
IrO2 + (100 − x) Ta2O5

a

x (mol%) T (◦C) a (nm) c (nm) V (nm3)

10 450 0.4554 0.3165 0.0656
26 450 0.4571 0.3132 0.0654
40 450 0.4593 0.3111 0.0656
60 450 0.4560 0.3162 0.0639
70 450 0.4573 0.3185 0.0666
80 450 0.4554 0.3165 0.0656

100 450 0.4561 0.3160 0.0639
e 0.4498 0.3160 0.0639

aThe calculation of the lattice parameters was made using the (110) and
(101) reflections.
eEquilibrium lattice parameters of rutile IrO2 [20].

and 20% IrO2 it emerged only at 550◦C and 650◦C,
respectively, and complete crystallization of this phase
occurred only at 750◦C. They also pointed out that, in
the binary oxides the β phase was a solid solution of
IrO2 in β-Ta2O5. On the other hand, Ta component can
also penetrate into IrO2 rutile crystal by solubilization.
The lattice parameters of rutile phase in the films are
summarized in Table I. Systematic differences of the
parameters with the composition at the same temper-
ature indicate that this phase is a solid solution of Ta
component in IrO2 rutile. Since the ion radius of TaIV,
TaV and IrIV are extremely close (0.74, 0.72 and 0.71 Å,
respectively [21]), Ir and Ta compounds tend to form a
solid solution during the thermolysis formation of the
mixed oxides. The rutile lattice is deformed and the
cell volume increases due to access of a larger ion of
Ta component. As shown in Table I, at 450◦C the ru-
tile cell volume of the film with the content of 70%
IrO2 reaches the maximum value, which indicates the
maximum solubility of Ta with IrO2 rutile occurs.

Assuming that only the crystallite size, d , affects
the half-peak width, variations of d with composi-
tion are obtained by using Scherrer method [91] with
the aid of calculation software (shown in Fig. 2).
Fig. 2 shows the crystallite size of IrO2 rutile de-
creases with the increase of IrO2 content between 10%
and 40%, and increases between 70% and 100%. In
the intermediate region, coatings of 60% IrO2+Ta2O5
present a peaked value of d. Two minimum val-

Figure 2 X-ray crystallite size of rutile as a function of IrO2 content in
IrO2+Ta2O5 mixed oxide films.

ues at 40% and 70% IrO2 compositions are found
over the whole compositional range. This result could
be related to the maximum solubility of Ta2O5 in
IrO2 rutile for the coatings of 70% IrO2+Ta2O5.
Roginskaya and Mororozova [9] reported that, the finer
the crystallites of IrO2, the more the contributions
of Ta2O5 modification to the mixed modified phase.
Therefore, a remarkable effect of Ta component on
the crystallization dynamics of IrO2 crystallite phase is
indicated.

SEM images show that, in the whole range of compo-
sition, coatings display three typical surface features:
(1) islands separated by cracks (corresponding to the
coatings of 100% Ta2O5, and those of 10% and 26%
IrO2+Ta2O5); (2) large amount of fine crystallites seg-
regated on the surface of islands (corresponding to the
coatings of 40% and 70% IrO2+Ta2O5); and (3) large
crystallites segregated on the surface of islands (coat-
ings of 60%, 80% IrO2+Ta2O5 and pure IrO2). Fig. 3
shows only the typical morphology for each group. The
EDX analysis shows a definite evidence of iridium en-
richment in the region of the segregated crystallites
(See Fig. 4). Based on the XRD patterns, the segre-
gated crystallities on surface can be considered as the
enriched IrO2 rutile. The segregating phenomenon of
rutile crystallites suggests that a ‘double-layer’ phys-
ical structure of the oxide coatings be expected. The
double-layer electrochemical surface is characterized
by cyclic voltammetry measurements (see below). The
variation of crystallite size of IrO2 rutile segregating on
surface with composition is much similar to that of the
bulk oxides determined by XRD (shown in Fig. 2).

3.2. Open-circuit potential
The open-circuit potential (Eoc) in 0.5 mol dm−3 H2SO4
solutions against the oxide composition of Ti/IrO2-
Ta2O5 electrodes is displayed in Fig. 5. Eoc increase
and then decreases as the IrO2 content is increased,
with a maximum at 70% IrO2. A similar peaked phe-
nomenon of Eoc has been also found in Ti/RuTiCeO2
mixed oxide electrode [22]. This indicates that the sur-
face concentration of active oxide is not simply affected
by intimate mixing effect of the inert oxide. Fig. 6 shows
the pH dependence of Eoc of a mixed oxide electrode
containing 70% IrO2. The experimental data approxi-
mately display a straight line with a slop of −0.06 V
per unit pH. This result is in agreement with that of a
pure IrO2 sample reported by Ardizzone et al. [23].

3.3. Voltammetric charge
Fig. 7 shows one typical voltammetric curve (with 70%
IrO2 content). The voltammetric charge, q∗, obtained
by integration of the curves measures the amount of
protons exchanged with the solution [24], and peaks
in the CV curves are associated with redox transitions
of surface sites [25]. The peak observed at c.a. 0.8 V
in Fig. 7 has been attributed to the Ir(III)/Ir(IV) tran-
sition [26]. Therefore, the value of q∗ is expected to
be proportional to the number of surface reaction site
[27]. The q∗ value for the porous electrodes was found
to vary with scanning rate, ν [28]. According to the
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Figure 3 SEM surface images of Ir/Ta oxide coatings with different
compositions prepared at 450◦C: (a) Ta2O5(100%); (b) IrO2(70%) +
Ta2O5(30%); (c) IrO2(100%).

works carried out by Ardizzone et al. [28] and de Pauli
and Trasatti (1995), charge of the ‘outer’ surface, q∗

s ,
is corresponding to that extrapolated to ν = ∞, while
the ‘inner’ one, q∗

i , is determined as

q∗
i = q∗(ν = 0) − q∗(ν = ∞) (1)

where q∗(ν = 0) gives q∗
T , the total charge related to

the whole active surface.
Voltammetric charge was normalized by the load-

ing of active oxide in coatings in many previous works
[5, 8]. However, because not the total amount of active
component makes a contribution to the surface activity
of electrodes, a new denotation for voltammetric charge

Figure 4 Line scanning profile of Ir element on the surface of Ti/70%
IrO2-30% Ta2O5 film.

Figure 5 Dependence of open-circuit potential in 0.5 mol dm−3 H2SO4

solution on the composition of Ti/IrO2-Ta2O5 electrodes.

Figure 6 Open-circuit potential vs. pH of the testing solution for a
Ti/IrO2(70%)-Ta2O5(30%) mixed oxide electrode. Reading taken after
30 min of immersion.

normalized by IrO2 content (in mole fraction), which
is more accurately associated with the charges of unit
active site on surface, is employed in this paper. As the
examples, determination of q∗(ν = 0) from the extrap-
olation of 1/q∗ to ν(1/2) = 0 for the samples of 26%,
60%, and 70% IrO2 is displayed in Fig. 8. The plots are
approximately linear over the whole range of scan rate.
However, the extrapolation of q∗ to ν(−1/2) = 0 (to de-
termine q∗(ν = ∞)) is not so ideal (see Fig. 9). In the
region of high ν value, q∗ is found to decrease rapidly,
which has been explained by an uncompensated ohmic
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Figure 7 Cyclic voltammograms of Ti/70%IrO2-30%Ta2O5 electrode
at ν = 20 mV s−1 in 0.5 mol dm−3 H2SO4.

Figure 8 Extrapolation of q∗ to ν = 0 for various IrO2 contents of
IrO2+Ta2O5 oxide electrodes: (- - -) linear region.

Figure 9 Extrapolation of q∗ to ν = ∞ for various IrO2 contents of
IrO2+Ta2O5 oxide electrodes, (- - -) linear region.

drops in literatures [30] since the response current is
much high at a high ν. Nevertheless, a satisfactorily
linear region can be obtained at low scan rate region,
which is plotted in the figure. Thus, q∗(ν = 0) and
q∗(ν = ∞) can be evaluated, and q∗

i is easily deter-
mined by Equation 1.

The ‘inner’ and the ‘outer’ surface charge as well as
the standard one, q∗

ν=20, are showed in Fig. 10 as a func-
tion of oxide composition. The variations of q∗ with
IrO2 content are much irregular. q∗ oscillates with IrO2
content, and the valley points occur at 10%, 40%, 70%
and 100% IrO2, respectively. The result of a relatively
low value of q∗ at 70% IrO2 is not in agreement with
the previous works reported by Comninellis et al. [5, 6]

Figure 10 Dependence of q∗
i (�), q∗

s (�) and q∗
ν=20 (◦) on the compo-

sition of Ti/IrO2-Ta2O5 oxide electrodes in 0.5 mol dm−3 H2SO4.

who found a maximum value of q∗ at this composition.
The reason for this difference is unclear, however, the
different preparation process as described in the experi-
mental details is the possible contribution. More details
will be concerned in the further investigation. A low
value for the sample of 10% IrO2 is probably owing
to the low activity at a low content of active compo-
nent. And that for 100% IrO2 indicates a positive effect
of Ta component on active surface of the mixed oxide
electrodes. As shown in Figs 2 and 3, the finest crystal
grain has been found in both bulk and surface coating
at 40% and 70% IrO2. This seems that the low value
of q∗ is related to the fine crystallites of active com-
ponent. However, according to the report of Brey and
Davis [31], the total surface area of oxide films mea-
sured by BET (Brunauer, Emmet and Teller) nitrogen
adsorption increases as the crystallite size is decreased.
Further interpretation will be presented in the follow-
ing context (see below). Fig. 10 also shows that q∗

i is
extremely low at IrO2 content of 70%, which indicates
a much compact structure. It can be seen that, over the
whole range of composition q∗

ν=20 is more related to q∗
s

than to q∗
i as shown from the curves.

3.4. Electrocatalytic activity
Potential-current curves are much featureless. Fig. 11
shows the variation of apparently normalized current

Figure 11 Normalized current for O2 evolution at E = 1.4 V (SCE) on
Ti/IrO2-Ta2O5 anodes as a function of IrO2 content in 0.5 mol dm−3

H2SO4 solution.
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(denoted similarly as the normalized charge mentioned
above) with oxide composition at E = 1.4 V (SCE).
The current increases then decreases as the content of
IrO2 is increased, with a maximum at 70% IrO2 which
is contradictory to the results of voltammetric charges
as shown in Fig. 10.

3.5. Double-layer capacitance
Little work on EIS has been done in the field of con-
ductive metallic oxides [32, 33]. The results show that
in both of ‘double-layer’ and OER potential regions the
impedance data can be best fitted to Rs(R1C1)(R2C2)L
equivalent circuit, Rs is the resistance of solution be-
tween the reference and working electrodes. In this cir-
cuit the parallel (R1C1) combination has been related to
Ir(III)/Ir(IV) transition processes occurring in the more
internal, porous part of the oxide layer at a potential
in ‘double-layer’ region, and to the physical properties
of the film at a potential in OER region, respectively
[32]. This combination makes a significant contribu-
tion to impedance data at low frequencies. The parallel
(R2C2) combination takes account the surface transi-
tion processes occurring in the outer part of the oxide
layer at ‘double-layer’ potentials, while is associated
with the charge transfer processes of OER at high poten-
tials, respectively [32]. This combination mainly affects
the high-frequency part of impedance. The inductance,
L , is probably resulted from the wiring and measuring
equipment components. The typical magnitude of L is
1 µH obtained from the fitting results. Figs 12 and 13
shows the Cdl (C2 in the circuit) values as a function of
oxide composition at 0.7 and 1.35 V, respectively, As
shown in Fig. 12 the value of Cdl oscillates with IrO2
content, and the valley points occur at 10%, 40%, 70%
and 100% IrO2, respectively. This variation tendency is
similar with that of integrated charge, q∗, as shown in
Fig. 10. The value of double-layer capacitance of ac-
tive electrodes is determined by the active reaction site
number (ARSN) on the surface [32]. As stated above,
large crystallite grains are segregated on the surface
of 26% and 60% IrO2 containing electrodes, coupling
with wide grain boundaries which may be prone to the
penetration of electrolyte into the inner layer and thus
leads to an increase in measured q∗ value. However, the
Cdl∼IrO2% relationship changes dramatically at OER
potentials. As shown in Fig. 13, during the oxygen

Figure 12 Double layer capacitance at 0.7 V (SCE) as a function of
composition for IrO2+Ta2O5 electrodes prepared at 450◦C.

Figure 13 Double layer capacitance at 1.35 V (SCE) as a function of
composition for IrO2+Ta2O5 electrodes prepared at 450◦C.

evolution the Cdl is increased for electrodes with the
IrO2 content higher than 40%. This indicates that the
ARSN of IrO2-Ta2O5 electrodes is enhanced after the
surface modification by O2 bubbling. The modification
appears to be the most significant with the IrO2 con-
tent 70% (compared with that at 0.7 V, Cdl increases
15 times). The decreasing of Cdl after oxygen evolution
for low IrO2 containing electrodes is probably associ-
ated with the low electrocatalytic activities.

4. Discussion
AT the steady state of open circuit, the potential of active
oxide electrodes is determined by the surface transition
redox [20, 26]. In the case of IrO2 based oxides [30], the
transition redox can be identified with the equilibrium:

2IrO2 + 2H+ + 2e− ↔ Ir2O3 + H2O (2)

This reaction is coincided with the value of ∂Eoc/∂pH
of 0.06 V pH−1 derived from Fig. 6. The value of Eoc

is thus expected to vary with the IrIV/IrIII concentration
ratio on surface. The highest Eoc of 70% IrO2 con-
taining mixed oxides indicates the highest value of
[IrIV]/[IrIII] ratio for this composition. It has been
widely accepted that, on metals [34, 35] and (or) ox-
ides [36], the minimum required potential for oxygen
evolution is determined by the metal/metal oxide or
the lower metal oxide/higher metal oxide couple. For
IrO2 based oxide anodes, IrO2/IrO3 couple is gener-
ally concerned as the oxygen evolution governing cou-
ple [34, 36]. Since the concentration of IrIV component
reaches the maximum value on the surface of Ti/70%
IrO2-30% Ta2O5, the equilibrium potential of IrO2/IrO3
couple is expected to be lowest, and the required po-
tential for O2 evolution is lowest at same time. Thus
this anode is expected to present the highest electrocat-
alytic activity, which is in agreement with the current
results shown in Fig. 7. The highest concentration of
IrIV component in 70% IrO2 containing electrodes may
be related to the maximum solubilization between Ir
and Ta oxides as indicated in 3.1.

However, it shold be noted that, this above determi-
nation is only based on the one hand. The voltammet-
ric charge curves plotted in Fig. 10 show a much dif-
ferent (even some contradictory) tendency comparing
with the current data shown in Fig. 11. To examine
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the reliability of the charge data, Cdl obtained by
EIS is measured. The results show that at a potential
E = 0.7 V (in the ‘double-layer’ region for oxygen
evolution), the variations of Cdl with the oxide com-
positions is very coincided with those of voltammetric
charges (q∗

s and q∗
ν=20). That is, Cdl and q∗ can both

determine the surface active sites of oxide electrodes
in the ‘double-layer’ potential region. At an OER po-
tential, however, the results change significantly. The
Cdl of 40% and 70% IrO2 containing oxide electrodes
increases dramatically, while that of the other compo-
sitions is even decreased. Especially at 70% IrO2 Cdl

increases 15 times. This finding indicates that, in the
case of intensive oxygen evolution, in which the elec-
trode surface is attacked by the gas bubbling, the active
surface sites of highly active electrodes tend to be in-
creased. Combining with the results of structure and
morphology measurements (see Section 3.1), it can be
expected that the finer the crystal grains of the porous
electrodes, the more the effect of the modification by
the gas bubbling. Therefore, the highest electrocatalytic
activity of 70% IrO2 containing electrodes can, on the
other hand, be interpreted by the finest crystalline of ru-
tile which possesses significant surface modification to
increase the active sites of oxides surface at a practical
OER potential.

With the decrease of crystallite size, the pores, cracks
and grain boundaries in surface tend to become smaller.
Thus we assume that, resulting from the surface tension
between solid and solution phases, the porous surface
becomes less accessible to electrolyte penetration when
the crystallite size is decreased, which results in de-
crease in the measured value of q∗. In the case of BET
method, since the surface tension is relatively lower
between solid and gas phases, the amount of gas ab-
sorption and adsorption increases with the decrease of
grain size as a result of large number of boundaries.
This assumption can probably explain the abnormal
phenomenon of charge data in Fig. 10. During the oxy-
gen evolution the number of ‘real’ active reaction sites
tend to change with different surface morphology of
oxide films.

It seems that the voltammetric charge, q∗, which is
obtained at a relatively low potential (double-layer re-
gion for O2 evolution) can not be preciously utilized to
evaluate the real surface active site number of active ox-
ides during practical O2 evolution which is operated at
a higher potential (OER region). The charge probably
can only reveal the active are in the measured poten-
tial range. At a OER potential Cdl is a more suitable
parameter in quantifying the ‘real’ surface active site
number of electrodes since it is obtained by in situ EIS
measurements.

5. Conclusions
1. The crystallization processes of two oxides in x
IrO2 + (100 − x) Ta2O5 films affect each other. IrO2
rutile exists as a solid solution of Ta component in
IrO2, and the solubility of Ta in rutile phase reaches
the maximum value when x = 70 mol% at 450◦C.
Coatings with 40% and 70% IrO2 present the finest

crystallite grains on both the bulk and surface of oxide
films.

2. A ‘double-layer’ electrochemical structure con-
taining the ‘inner’ and ‘outer’ layers has been distin-
guished by cyclic voltammetry at varying potential scan
rate and by EIS measurements. At ‘double-layer’ region
potentials, both the voltammetric charge (q∗) and dou-
ble layer capacitance (Cdl) appear to decline with the
decrease of grain size of the bulk and surface coatings.
However, the coatings of 70%IrO2 + 30%Ta2O5 with
the finest crystallites still exhibit the highest apparent
activity for oxygen evolution evaluated by the current at
a constant OER potential. The result can be attributed
to two aspects. One is that the highest concentration
of IrIV component exists on the coating surface at this
composition shown from the highest open-circuit po-
tential (Eoc), thus, the lowest initial potential for oxygen
evolution is determined. And the other is that, as a result
of the finest grains segregated on surface of 70% IrO2
containing electrodes, large number of grain boundaries
makes an intensive contribution to surface modification
after attacked by oxygen bubbling at OER potentials,
which leads to an increase in the total number of surface
active reaction site.

3. The unconformity between q∗ and current data
shows that q∗ obtained at a relatively low potential (in
O2 evolution double-layer region) can not be preciously
utilized to evaluate the real surface active site number
for practical O2 evolution which is operated at a high
potential (in OER region).
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