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Abstract 

The kinetics of the oxidation and reduction of electrochemically formed Ir oxide films have been examined as a 
function of the potential limits used, oxide film thickness, solution pH and the degree of reversible aging 
(diminished kinetics) of the oxide. It is shown first that the oxidation kinetics of the principal Ir(III) to lr(lV) redox 
reaction are diminished in acidic solutions if the lower potential limit is set so as to include the kinetically slow 
process which occurs in the anodic cyclic voltammetric pre-peak. A0. Consistent with this, in alkaline solutions, little 
evidence for the prepeak is found, reversible aging does not occur and the kinetics do not depend significantly on 
the lower potential limit. Other results show that, if kinetic measurements are made employing a lower limit more 
positive than the A0 pre-peak and an upper potential limit below that required to generate lr(V) and/or Ir(VI) 
states, the kinetics of the lr(III)/Ir(lV) process are independent of film thickness in acidic solutions. If anodic steps 
are made to 1.25 V or more in acidic solutions, the lr(V)/(VI) states generated can mediate and, hence, accelerate, 
the oxidation of Ir(III) to Ir(IV), as seen by the unusual shapes of the j/t transients, c 1999 Elsevier Science Ltd. 
All rights reserved. 
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1. Introduction 

In some of our previous work with electrochemically 
formed Ir oxide films [1 3], carried out in a range of 
solutions, one of the principal points of focus has been 
the problems associated with the aging/unaging of its 
electrochemical response, as seen most readily in cyclic 
voltammetry (CV) experiments. Reversible aging is 
characterized by a notable positive shift of the main 
anodic peak (peak Ai. representing the conversion of 
Ir(lll) to Ir(IV) sites within the oxide film) and is also 
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associated with a diminishment in the kinetics of this 
reaction. In 0.5 M sulfuric acid solutions, it was 
reported [1] that films can be unaged if the potential is 
extended to sufficiently positive potentials, i.e. greater 
than ca. 1.0 V versus RHE. However, oxides formed 
in nitrate containing media and in more dilute sulfuric 
acid solutions can display irreversible aging effects. 
This is seen by more significant changes in the cyclic 
voltammetric (CV) signature and a diminishment of 
the redox kinetics which, unfortunately, cannot be 
reversed [1-4]. 

In our prior work [1], it was suggested that revers
ible Ir oxide aging, which is induced primarily by time 
spent at sufficiently negative potentials, may be con
nected with the reaction which occurs in the prepeak. 

0013-4686,99;$ - sec front matter r, 1999 Elsevier Science Ltd. All rights reserved. 
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AQ. seen in most acidic solutions at the foot of the 
principal Ai peak in CV experiments. It was shown [1] 
that time spent at negative potentials causes the AQ 
peak to shift positively into the potential range of peak 
A,. It has also been reported previously [5—7] that the 
kinetics of the A0 process are very slow, so that it 
should not be surprising that the merging together of 
peaks A() and A, could lead to diminished observed 
kinetics for the A] reaction. It was shown by us 
recently [3] that, during the oxidation of the A0 sites, a 
different reaction stoichiometry pertains from that in 
the A| peak. As the A0 sites have been suggested [3] to 
be located deep in the film near the Ir substrate, it is 
reasonable to expect that this reaction may have a sig
nificant impact on the overall Ir oxide redox kinetics. 
Electrochemically formed Ir oxide films are known to 
be highly porous, as seen by the facile access of aqu
eous solutions through thick oxide films and the occur
rence of the reversible hydrogen adsorption/desorption 
reaction on the underlying Ir surface [1,3,5-12]. Also, 
recent SEM studies [4] have revealed that the oxide 
has a columnar, highly porous structure, consistent 
with the expected rapid injection/expulsion of ions 
during oxide reduction and oxidation. 

Attempts have been made in the past to establish 
the kinetics of the A, process, by, for example, moni
toring the sweep rate at which the positive shift of 
peak Ai first commences [5,12], by tracking the ratio 
of the currents of the various CV peaks [1] and by 
using ac techniques [4,9,13]; potential step methods 
have also been employed [10,12]. However, the litera
ture does not present a consistent description of the 
kinetics of the Ir(III)/(lV) oxide process and reported 
reaction rates differ significantly, perhaps related to 
some of the issues discussed above. Nevertheless, most 
of these prior works have concluded that, at high rates 
of perturbation, diffusion-like behavior is observed and 
that site-to-site electron hopping is likely the rate 
determining step of the A , /C | process [4,9-12]. The 
unusual sweep rate dependence of peak Ai at high 
sweep rates has been interpreted as reflecting the 
mediated (accelerated) oxidation of the still reduced 
Ir(III) sites to Ir(IV) by species such as Ir(V)/Ir(VI), 
generated at the potentials of peak A2 [12]. 

These prior kinetic studies [5-13] of the Ir(IlI)/(IV) 
process have been contradictory in terms of whether 
the anodic reaction is more rapid than the cathodic 
and regarding the comparative rates of these reactions 
in acidic versus basic media. However, it is notable 
that the crucial importance of the potential limits and 
the possible reaction mediation involvement of higher 
oxidation states of Ir in the oxide film has not gener
ally been taken into consideration. In the present 
work, the effect of the inclusion of the A0 reaction on 

the kinetics and aging properties of the principal redox 
reaction (peak A ( , in particular) of Ir oxide films in 

Fig. 1. CV response during Ir oxide growth at 100 mV/s with 
continuous cycling between 0 and 1.5 V in 0.5 M H 2 S 0 4 

(maximum CEF = 12). 

sulfuric acid solutions has been examined. Ir oxide kin
etics in basic solutions have also been re-evaluated, pri
marily because of the intriguing absence of the An 
peak and of film aging effects in this medium. Also, 
the generation of higher oxidation states, Ir(V) and 
Ir(VI), both in acidic and basic solutions, and the me
diation of the Ir(III) to Ir(IV) reaction kinetics by 
these species, is considered in this work. 

2. Experimental 

The experimental details concerning the growth of Ir 
oxide films (carried out either by cycling at 0.1 V/s or 
1 V/s or using 1 s potential pulsing techniques, usually 
between a lower potential limit, £_, of 0.05 or 0.0 V 
and an upper potential limit, £ . , of 1.55 V versus 
RHE) in the appropriate solution and the transfer of 
the electrode between various solutions have been 
described previously [1-4,12]. Briefly, the working elec
trode (WE) consisted of an Ir wire (99.9% purity, 0.5 
mm diameter, ca. 0.1 cm" geometric area) embedded in 
soft glass tubing. A Pt gauze counter electrode and 
either the reversible hydrogen (RHE) or a saturated 
sodium calomel (SSCE) electrode, were employed as 

the reference electrodes. All potentials are given versus 
the RHE in this paper. 
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All experiments were carried out at room tempera
ture, with oxygen removal from solution achieved by 
vigorous bubbling with argon or nitrogen gas. All re
agents were Fisher Certified or ACS grade and were 
used as received. 

3. Results and discussion 

3.1. General cyclic voltammetric behavior 

Fig. 1 shows a typical set of CVs, obtained in 0.5 M 
sulfuric acid at 100 mV/s, during the growth of Ir 
oxide films of increasing thickness. The principal redox 
peaks, Ai /Ci , are reversible under these conditions and 
the film is fully unaged in nature [1]. The reaction 
which has been suggested previously to represent the 
A|/C] process in sulfuric acid solutions and is consist
ent with the ca. —65 mV/pH dependence of the Aj/Cj 
peaks [3,4,14] is as follows. 

Ir(III)oxide(H,0+), , s(HSO;)„ ,, 

O Ir(IV)oxide + e- + 1.I5H,0+ + 0.15HSO7. (1) 

By measuring the charge passed in the Ai/Cj peaks 
up to 1.3 V, the oxide film in the last cycle in Fig. 1 
has a CEF of ca. 12, where the CEF is considered to 
be an estimate of the number of monolayers of Ir 
oxide film present [5-7,15,16], CEF values (calculated 
by ratioing the charge passed in the CV up to 1.3 V 
[12,15] after oxide growth to that measured in the first 
CV sweep at the fresh Ir surface) of up to 500 or more 
can be readily achieved with Ir oxide films. Therefore, 
the film formed in Fig. 1 is still quite thin and should 
not be readily susceptible to film aging effects, which 
would be characterized by a positive shift of peak A, 
and the merging of peak A0 into peak A] [1], Peak Ao 
also increases in magnitude as the oxide film thickens 
in Fig. I, but moves positively with each cycle; also, a 
corresponding cathodic feature to peak A0 is not seen 
under these conditions. At higher potentials, peaks A2 

/C2 reflect the conversion of some fraction of the oxide 
sites to the Ir(V) and (VI) states [5-7,10-13,20], along 
with the onset of oxygen evolution. 

In our prior work [3], it was shown that the A0 reaction 
involves a different stoichiometry from that given in 
reaction (1). based on its higher pH dependence as well 
as the comparatively large in situ mass change 
measured during a positive scan. Reaction (2) de
monstrates that a greater number of ions is exchanged 
in the A() peak than in the main redox reaction. 

Ir(III )oxide(H,O + ) l 3 5 (HSO;) 0 „ 
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Fig. 2. Normalized CV response (y'/.v) of Ir oxide film 
(CEF = 35, grown in 0.5 M H2S04) in 1.0 M NaOH at .v = 2 
(—) and 100 ( ) mV/s. 

Experiments have also shown [3] that when Ir oxide 
electrodes are transferred between solutions of different 
acid concentration, the Ai/Ci peak characteristics equi
librate immediately to the new medium, while the po
tential must be cycled numerous times over the entire 
potential range for the A() peak to achieve a steady-
state magnitude and potential. This was suggested to 
imply that the oxide sites which react in the A0 peak 
are located deep within the film, making access of the 
new solution difficult [3]. It has been reported that the 
A0 peak is absent for Ir oxide films, grown in phos
phoric acid solutions [5]; however, the prepeak has 
been seen under very similar growth conditions in 
phosphoric acid in recent work in our laboratory [4], 

It is interesting to note that when attempts are made 
to grow an Ir oxide film in 1 M NaOH solution, only 
very thin films can be formed, due to concurrent Ir dis
solution and, even under these conditions, an A0 peak 
does not develop. Also, when Ir oxide films are grown 
in sulfuric acid solutions and then transferred to 1 M 
NaOH [3], the steady-state CV shows (Fig. 2) no evi
dence of the A0 prepeak, even when thin films and 
very slow sweep rates are employed. The A() prepeak 
has been reported to be present in 0.1 M KOH sol
utions [12,17], but only in the first few cycles after the 
transfer. Reaction (3) shows that, in base, hydroxide 
ions and solution cations are involved in the Ai/Ci 
reaction and that in the reduced state, the film should 
have a negligible ion content [15,17-20]: 

Ir(III)oxide + .\OH" + rM + 

<i> Ir(IV )oxide(OH")v(M+), + e" (3) 

O Ir(IV )oxide + e^ + 1,35H30+ + 0.35HSOJ (2) The absence of ions in the reduced state of the oxide 
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Fig. 3. Normalized CV response (j/s) of Ir oxide film 
(CEF = 35), grown and cycled in 0.5 M H2S04 at 10 (—), 20 
( ), 50 (• • • •) and 200 ( ) mV/s. 

may, therefore, be related to the absence of the A0 pre-
peak in this solution. The A0 peak would not be 
expected to appear in basic solutions at high poten
tials, i.e. when film reduction commences and the film 
is saturated with ions. This is because, in this highly 
conducting state, it is likely that the reduction process 
would commence at the film/solution interface, gradu
ally moving inwards. Thus, the Ao sites, which are 
believed to be situated in the region of the Ir/oxide 
interface [3], would not be encountered until the film is 
nearly fully reduced. 

In a prior study by Gottesfeld et al. [21], the exist
ence of a prcpeak of this kind was suggested to relate 
to the large conductivity switch which occurs during 
the oxidation of films such as conducting polymers 
and hydrous metal oxides, e.g. Ir oxide films. The pre-
peak was suggested to arise only once a small fraction 
of the film has been oxidized and it would, therefore, 
not be related to the oxidation of any specific region 
or component of the film. When modeled mathemat
ically, it was shown [21] that the prepeak must be 
crossed before the reaction in the main peak can com
mence. The merging together of the prepeak and the 
main peak would, therefore, not be predicted by this 
model. In the case of Ir oxide films, experiments car
ried out at somewhat higher sweep rates always result 
in the complete merging together of the A0 and Ai 
peaks [1-4]. Fig. 3 shows an example of this, where 
the potential has been first continuously cycled at slow 
sweep rates, revealing peak A() as distinct from peak 
A,. Cycling at sweep rates higher than 0.1 V/s results 
in the merging together of peaks An and A]. 
Therefore, these results would argue against the notion 

t " ! l s " ! 

Fig. 4. qjt ' response to potential step over peak A(), 
£_ = 0.3 V, £ , =0.665 V for thin oxide film (CEF=12) in 
0.5 M H2S04. 

that film conductivity changes alone are the origin of 
the prepeak [21]. Also, this model [21] would not pre
dict that the prepeak would be present in one solution 
and would disappear in another (Fig. 2) when the 
identical film is transferred back and forth between 
them and the same film redox reaction occurs. Our 
argument that the prepeak does not originate just from 
the change in film conductivity is also consistent with 
the conclusions reached using capacitance measure
ments, and a treatment of the Ir oxide data using the 
Mott-Schottky approach [22]. 

5.2. Chronocoulometry of the A„/Cn reaction in sulfuric 
acid solutions 

One of the goals of the present work was to estab
lish the kinetics of the A0 process in order to determine 
the possible influence of this reaction on the kinetics of 
the main Ir(III)/(IV) reaction in peak Aj . Prior work 
[3] has shown qualitatively, using cyclic voltammetry, 
that the A0 reaction involves a slow electron transfer 
process, followed by rapid site hydration. However, 
because of the merging together of the A0 and Ai 
peaks at higher sweep rates and for thick films in CV 
experiments [1-4], the potential step technique, 
employing only very thin Ir oxide films, was the focus 
of the present kinetic study. In these particular exper
iments, the potential was stepped between £_ = 0.3 V, 
chosen to avoid inclusion of charge due to the hydro
gen adsorption/desorption reaction at negative poten
tials and E + values (<0 .7 V) negative enough to 
minimize the onset of the A! reaction. The charges 
passed in these potential step experiments were found 
to agree closely with those passed in the A0 peak in 
slow sweep CVs, indicating that the choice of potential 
limits was appropriate. Fig. 4 shows that a linear qjt 

plot is obtained for the Ao reaction at short times, for 
the case when £ \ = 0 . 6 0 V. The non-zero j'-intercept 
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Tabic 1 
D ' 2C values for the A0 and A| oxidation processes 

Peaks E ;V (versus RHE) E, jV(versus RHE) D' 'C (mol s ' cm -) 

A ( l 

A0 

A„ 
A„ + A, 
A, 

0.1 
0.1 
0.1 
0.1 
0.5 

0.50 
0.55 
0.60 
1.2a 

1.2" 

3.5 x 1010 

5.2 x I 0 m 

6.9 x I01" 

0.7 x I07 

1.1 x 107 

' See explanation in the text. 

reflects the c h a r g e passed in d o u b l e layer c h a r g i n g in 

these expe r imen t s . 

The usual interpretation of a linear q/t' : plot is that 
the reaction is diffusion controlled under the con
ditions of the experiment. If this is the case here, then 
the slopes of the plot in Fig. 4 should be proportional 
to £ ) ' ' C (from the Cottrell equation, [12]), where D is 
the diffusion coefficient (cm /s) of the rate determining 
species and C is the concentration (mol/cm ) of the 
electroactive sites within the film: 

q = 2nFD,'2Cn-]/2t]/2 (4) 

Assuming simple one electron diffusion control in peak 
A(), a D]2C value of 6.9 x I0~1 0 mol s _ l c m - 2 is 
obtained for the A0 process for the Ir oxide film exam
ined in Fig. 4. 

When the kinetics of the A0 process were examined 
chronocoulometrically using other E+ values (and an 
E_ value of 0.1 V), the slope of the q/t1/2 plots was 
seen to increase significantly with £ » (Table 1). The 
very notable dependence of the reaction rate on poten
tial, with the slope of the </ / ' ' " plots approximately 
doubling for an increase in E+ of 100 mV, may signify 
that the potential limits used in the step experiments 
are too close to the reversible potential for the simple 
Cottrell Eq. (3) to be valid. However, this cannot be 
avoided, due to the onset of the A[ peak at higher £ * 
values. It is also possible that slow charge transfer kin
etics are being reflected in the potential dependence of 
the Cottrell slopes. Under these conditions, at short 
times, anomalously low charge densities would be 
passed, so that the reaction would appear to be in
itially delayed, leading to an S-shaped q versus t 
plot [23], As seen in Fig. 4, however, an initial time 
delay or an S-shaped qjt' 
process. 

plot is not seen for the A0 

3.3. Chronocoulometry of the A,ICi reaction in sulfuric 
acid solutions 

3.3.1. Influence of the inclusion of the A0 process in the 
potential step 

Prior kinetic studies of the principal Ir(lll)/(IV) 

oxide reaction (Ai/C, peaks in Fig. 1) have generally 
been carried out with relatively thick films in sulfuric 
acidic solutions, conditions which are relevant to most 
of the useful applications of this material [5-13]. As 
the potential range employed is usually between that 
of hydrogen and oxygen evolution in CV experiments, 

t ^ / s 1 

Fig. 5. (a) q/t11 data for oxidation of Ir oxide film 
(CEF = 380) in unaged (A) and aged (A) condition, £_ = 0.24 
V and E, =0.95 V in 0.5 M H2SOj. (b) q/t' 2 data for the 
reduction of Ir oxide film (CEF = 380) in unaged O and 
aged ( I ) condition, £_-0.24 V and £ i =0.95 V in 0.5 M 
H2S04. 
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the A0/C0 process will also have been included in these 
past experiments. However, holding the potential at 
<0.2 V during the CV scans exacerbates the positive 
shift of the A0 peak into peak Aj [3], slowing down 
the kinetics (reversibly aging) of the Ir(IIl) to Ir (IV) 
process [1,2]. In order to unage the films to regain the 
original kinetic response, complete oxidation of the 
film must be achieved by holding the potential at 
values positive of ca. 1.2 V for some time or by slow 
cycling of the potential over the whole potential range. 
Additional kinetic complications can arise, under cer
tain conditions, from the positive displacement of peak 
A i into peak A :, sometimes leading to a greater than 
unity sweep rate dependence of peak A2 [12]. 

In the present work, an attempt has been made, 
first, to compare the kinetics of the A,/Ci process for 
Ir oxide films which have been stabilized in the unaged 
condition, with films which have been reversibly aged. 
The effect of the inclusion of the slow A0 reaction on 
the measured A,/Ci kinetics was also determined. It 
was found that Ir oxide films of CEFs up to 400 could 
be studied and maintained in the unaged condition by 
avoiding long times at E_, whereas after holding at 
£_ = 0.2 V for 75 min, an aged response was seen to 
be stable for a period of time of potential cycling [3]. 

Figs. 5(a) and (b) show the qjt'' plots for the 
anodic and cathodic steps, respectively, using potential 
limits of 0.2 and 1.0 V, a potential range which 
includes the A0 and A, processes for both the unaged 
and aged film condition. Assuming again that revers
ible one electron diffusion controlled kinetics apply 
(Eq. (1)), the slope of the plots for the unaged oxide 
gives D]2C values (mol s - 1 2 CITT2) of 3.7 x 10"7 and 
3.1 x 10 7 for the unaged anodic and cathodic pro
cesses, respectively, as compared to 2.3 x 10~ and 
1.9 x 10 for the aged film. These results confirm the 
fact that time spent at negative potentials, forming 
reversibly aged films, results in slower lr(III)/(IV) kin
etics. Also, this data indicates that the susceptibility of 
the Ir oxide film kinetics to slight variations in the elec
trochemical conditions could partly explain the diver
sity of kinetic data reported in the literature for this 
system. 

In order to establish the impact of the simultaneous 
occurrence of the An and A, processes on the Ir(III) to 
(IV) conversion rate and to determine if the inclusion 
of the apparently slow A() reaction is responsible for 
the decrease of the rate of the Aj/Q process for aged 
oxides, another set of experiments was carried out. 
Our approach involved the study of unaged films only, 
and comparing the kinetic data for the A[ process in 
potential step experiments in which the A0 process was 
already complete before the potential step into the A] 
region was applied, with the kinetic data collected 
when both the A0 and A) reactions occur together. In 
these experiments, it has been assumed that the A0 
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Fig. 6. (a) q/l'1 plot obtained for the oxidation of Ir oxide 
(CEF = 300). (1) Reaction of A, only (A) using £_=0.5 V 
and E, =1.2 V; (2) Reaction of A0 + A| together. (A), using 
£_ = 0.1 V and E, =1.2 V in 0.5 M H,S04. (b) qlt"2 plot 
obtained for the reduction of Ir oxide (CEF = 300). corre
sponding to (a). No effect is seen of lower limit on reaction 
kinetics. 

process would be complete if sufficient time was spent 
at a potential of 0.5 V (Fig. 1) and that the A, process 
would not have commenced yet under these con
ditions. 

The results of a typical experiment involving a po
tential step from 0.5 to 1.2 V (only the A| reaction 
occurs, as the A0 process is already complete) are 
shown in Fig. 6(a) (open triangles). From the slope of 
the qjt'" plot for the anodic reaction and assuming 
simple diffusion controlled behavior (Eq. (1)), 

1.1 x 10 mol cm" When a step from 
0.1 to 1.2 V was applied, in which both A„ and A! 
now occur (Fig. 6(a), closed triangles), a value of 
0.7 x 10~7 mol cm"2 s~1/2 was obtained for the same 
oxide film. This shows that the inclusion of the A0 pro
cess in the overall oxidation step, even for unaged 
films, does indeed serve to reduce the overall measured 
oxidation kinetics. The relative effect is similar in mag
nitude to that shown above for oxide films studied 
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Table 2 
D ' 2C values for A, oxidation process in 0.5 M H ;S04 

£_/K(vs. RHE) E. 'I'(vs. RHE) D ' : C (mill s ' : cm -) 

t " 2 / s " ? 

Fig. 7. </ / ' : plols for the anodic step from 0.68 to 0.95 V for 
three oxide film thicknesses in 0.5 M H2S04 (CEF = 60 (A). 
165(D) and 2X0(O)). 

over the identical potential range of 0.25 to 0.95 V ver
sus RHE. but in the unaged versus aged condition 
(Figs. 5a and b). Interestingly, the electrode kinetics 
are identical in the cathodic steps (Fig. 6(b)), and no 
effect of the value of E_ or of the size of the potential 
step is seen. 

These results demonstrate the previously unrecog
nized fact that the kinetics of the Ir(III) to (IV) conver
sion reaction in Ir oxide films depend significantly on 
the E value used in potential step experiments (Fig. 
6a). and in particular, on whether the Ay process is 
included or not. It should be noted that the differences 
in the dill'usional kinetics of Ir oxide, described above, 
can only be reliably interpreted when the conditions of 
oxide growth are exactly the same and the degree of 
film ageing of the films is carefully controlled, as was 
done in this work. 

3.3.2. Relative rales of the A/JCi reactions and 
dependence on film thickness in acidic solution 

In order to compare the rates of the A{ versus the 
C| processes without any influence of the slow A0 reac
tion and to clarify the Ir(III)(IV) oxide kinetics rela
tive to the data in the published literature [10-13], a 
series of potential step experiments were carried out. 
E_ was selected to be sufficiently positive such that the 
A0 sites were maintained in their oxidized state and to 
ensure an unaged film condition (£_ = 0.5 V). The f _ 
values were kept at potentials near the A, peak 
(£+ =0.95 V) in order to avoid any possibility of me
diation by the lr(V)/(Vl) sites [5 7,10-13.24]. another 

0.68 0.86 0.5 x 10 ' 
0.6X 0.95" 2.0 x I 0 - 7 

0.68 0.98 3.6 x 10 7 

0.68 i : ; 4.4 x 10 7 

• £ p A I -0.95 V. 

complicating factor in achieving reproducible kinetic-
data for Ir oxide films (see Section 4). Films of various 
thicknesses were examined in this part of the study. 

Fig. 7 shows that, for a relatively wide range of 
oxide thicknesses ranging from CEFs of 60 to 280. the 
same c//t ' slope is obtained for film oxidation in a 
step from £_ = 0.68 V to £ 4 =0.95 V. In fact, using 
Eq. (1). the Z)' 2C value for both the anodic and 
cathodic step (not shown) is very similar for all films, 
i.e. 3.1 x 10_ s mol CITT2 S"1 - and 2.8 x 10~8 mol 

cm"" s~ . The ratio of the anodic to cathodic diffu
sion constant, (D C)Ilno,i,a,ii,„d, is 1.1, while this ratio 
was previously reported to be as high as 8 [10] and as 
low as 1.6 in other work [12]. This shows that, by 
avoiding the A0 process as well as any possible kinetic 
mediation by Ir(V) (VI) species at higher E. values, 
the kinetics of the lr(lll (IV) process are well-behaved, 
the film properties appear to be independent of thick
ness and the anodic and cathodic reaction rates are 
essentially the same. 

Since the E^ value used in all o( the above exper
iments is close to the equilibrium potential of the hy
drous Ir oxide reaction, the D ' 2C values should, in 
fact, not be calculated using Eq. (1). However, all of 
these oxide films have the same A | / C | peak potentials 
and presumably the same E values, so that their kin
etic data can be compared directly. However, for com
parison of these D' : C values with those obtained for 
solution based systems, for example, the q/t plots 
should ideally be examined at potentials 100-200 mV 
more positive than E°. 

Table 2 shows the D]2C values calculated from 
chronocoulometric data for various potential steps in 
which £_ was kept constant at 0.68 V, but E, values 
were changed from 0.86 to 1.21 V, i.e. from ca. —100 
to +250 mV away from the equilibrium potential, 
which is assumed to be the same as the anodic peak 
potential {EpM =0.95 V). A more detailed study of the 
A | / C | kinetics, as measured using the ae impedance 
technique, is in preparation [4]. Although not shown in 
detail in the present paper, the D' C values for elec-
trochemically formed Ir oxide films can be seen (Table 

2) to increase somewhat more slowly with £+ after the 
Ai peak potential (0.95 V) is exceeded. The D' 2C 
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Fig. 8. /,( data for oxidation (—) and reduction (—) of Ir 
oxide film (CEF = 850) in (a) 0.5 M H2S04. and (b) 1 M 
NaOH, using E_ = 0.5 V and E, - 1.2 V. 

values increase again when the Ai process commences, 
at ca. 1.2 V for these electrochemically formed films. 
In parallel work with sol-gel formed Ir oxide films 
[26], it is seen that peak A2 occurs already at ca. 1.0 V. 

3.4. Unusual j/t andqjt behavior of hydrous Ir oxide 
films 

In applications of the Ir oxide electrode as an oxi
dation catalyst, both the first (Ir(III) to Ir(IV)) and the 
second (to Ir(V) and (VI)) oxidation steps are import
ant. For instance, the oxygen evolution reaction occurs 
at potentials at which the highest oxidation states of Ir 
oxide are predominant. When the potential of an Ir 
oxide film is stepped to these E+ values, anomalous j/t 
and q/l' : responses are often seen. This is more pro
nounced the thicker the film (and related to this, the 
more reversibly aged it has become [1,2]) and is also 
enhanced by increasingly positive values of E+. 

Fig. 8(a) shows the anodic and cathodic j/t transi
ents observed for a very thick (CEF = 850) Ir oxide 
film in 0.5 M sulfuric acid solution. During oxidation 
(solid line), the potential was stepped from 0.5 V such 
that the A„ reaction is complete and does not interfere 
with this analysis. The upper limit in this experiment is 

Fig. 9. qjt data for oxidation of two Ir oxide films in 0.5 M 
H2S04, £_ = 0.5 V and £+ = 1.25 V (CEF = 400 (A). 
CEF = 850(A)). 

1.25 V, a potential at which the higher oxidation states 
of lr oxide are being formed. An initial drop in cur
rent, followed by a current plateau and a subsequent 
more pronounced decrease in current, is seen. In com
parison, the cathodic transient appears more typical of 
a diffusion controlled process. 

Similar unusual j/t transients have been reported for 
various redox-active polymer electrodes [25,27], usually 
for the oxidation step, where they have been explained 
in terms of delays in the injection/expulsion of ions 
and/or solvent. Comparable effects have also been 
reported for hydrous oxide films formed at Ni-Co 
amorphous alloy electrodes in alkaline solutions [28]. 
Therefore, by analogy and considering reaction Eq. 
(1). these transients may reflect the retarded expulsion 
of ions from and/or delays in the exchange of water 
into, the thick Ir oxide film during oxidation in acidic 
solutions. Once some sites have been oxidized and the 
film properties have begun to change (hydration, for 
example), the reaction rate increases, leading to higher 
currents, and then later it drops as the reaction reaches 
completion. 

In fact, this interpretation has strong similarities to 
the explanation for the CV pre-peaks provided by 
Gottesfeld et al. [21], although their view is based on 
the switch from the reduced, insulating Ir(III) form of 
Ir oxide to the conducting Ir(IV) oxide film. Once 
again, however, the results obtained for Ir oxide films 
grown in acidic solutions and then cycled and exam
ined kinetically in alkaline solutions contradicts this. 
Fig. 8(b) shows the anodic and cathodic j/t transients 
in alkaline solutions for a similar film to that studied 
in sulfuric acid solution (Fig. 8 a). The potential limits 
were chosen so that a similar fraction of lr oxide sites 
was reacted in the two solutions. While the anodic j/l 
transient (solid line) displays a similar shape to that 
seen in the acidic solution, the cathodic j/l response 
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(broken line) reveals a shoulder between 20 and 70 ms. 
Therefore, the peculiarities in the / / / transients cannot 
be linked simply to an increase in film conductivity, 
which would then be seen only in the anodic step. 
Also, as these features are seen for both ion injection/ 
solvent expulsion during film oxidation and the reverse 
processes during film reduction in base, it is difficult to 
invoke film hydration effects, for example, as a consist
ent explanation for this phenomenon. 

It is important to note that, in the case of Ir oxide 
films grown and cycled in sulfuric acid solutions, this 
type of behavior occurs only when the potential step is 
extended, as in the experiment shown in Fig. 9, to po
tentials positive of the A,/Ci peak, where Ir(V) and/or 
Ir(VI) sites can be generated [5-7,10-13,24]. Also, the 
films must be sufficiently thick such that, in a CV ex
periment, they would be described as reversibly aged, 
as much of the Ai peak has shifted into the higher po
tential range of the A : peak [1,2]. The shapes of the 
anodic j ' t transients can therefore be explained, as fol
lows. At short times, the oxidation rate is very similar 
to that of reduction, as principally only the Ir(111),'(IV) 
process occurs. However, because of the high E+ 
values employed, a sufficient number of Ir(V)/(Vl) sites 
are generated to mediate [12] the oxidation of many of 
the remaining Ir(III) sites, leading to more rapid kin
etics in the plateau region of the transient. The current 
then drops off to zero, as would be normally expected, 
as film oxidation nears completion. 

This explanation of the shape of the jjt transients 
and their dependence on film thickness and E, values 
can be verified by a comparison of the Q/I1 2 plots for 
very thick and hence unavoidably reversibly aged films 
with those for thinner and only slightly aged films. 
Fig. 9 (open triangles) shows that an initial delay 
(leading to an apparent finite intercept on the time 
axis, if the linear segment of the plot is extrapolated to 
zero charge) is seen for thick, aged films (CEF = 850) 
when £ + is positive enough (1.25 V) to generate some 
Ir(V)/(VI) sites. In the same plot (Fig. 9, closed tri
angles), data for a thinner, but only slightly aged Ir 
oxide film (CEF = 400) is shown, with only a small 
non-zero time intercept appearing. Importantly, in the 
former case (open triangles), the anodic kinetics are 
now no longer independent of film thickness, as was 
clearly the case for the much thinner, fully unaged 
films in Fig. 7. In fact, the ratio of the D' : C values 
obtained from the linear segments of the two plots in 
Fig. 9 is significantly larger than the ratio of the film 
thicknesses (estimated from the charge passed in slow 
sweep CVs), demonstrating the greater extent of kin
etic mediation of Ir(III) oxidation by Ir(V)/(VI) sites 
for the thicker film. Also, it is significant that the kin
etics during reduction of these two films (not shown in 
Fig. 9) are essentially identical, indicating that only 

kinetic measurements made during the anodic step arc 
susceptible to this type of kinetic mediation. 

These results clearly show that the kinetic data for 
Ir oxide films can be highly variable if the film thick
ness, its state (in terms of the extent of aging) and the 
potential limits employed in step experiments are not 
carefully controlled. The literature has indicated that 
the oxidation of Ir oxide is more rapid than is its re
duction in acidic media, while the opposite is suggested 
to be the case in basic solutions [8-10]. However, the 
results of the present study have shown that the former 
observation would be true only if mediated oxidation 
is occurring when high £ T values are employed. 

4. Summary 

The kinetics of the Ir(III)/Ir(IV) conversion process 
for electrochemically formed hydrous Ir oxide films 
depend significantly on the experimental conditions 
employed, even for the same oxide film examined in 
the same acidic solution. In chronocoulometric exper
iments carried out in 0.5 M sulfuric acid solutions, 
when the potential is stepped anodically from suffi
ciently negative potentials such that the A(l process is 
included in the Ir(III) to Ir(IV) oxidation process, the 
anodic kinetics are significantly slower than when the 
anodic step commences at potentials positive of the A0 

potential. The effect of including the A0 reaction in the 
anodic potential step is very similar to the impact of 
reversibly aging the Ir oxide films (reversible aging is 
achieved by spending time at negative potentials), both 
of which result in kinetics which depend strongly on 
the lower potential limit employed. This may be partly 
responsible for some of the scatter in the kinetic data 
reported in the prior literature for hydrous Ir oxide 
films. 

The A() peak cannot be attributed simply to a 
change in the conductivity of the Ir oxide film, as pro
posed in prior literature, for several reasons. First, at 
high potential sweep rates, the A0 and A, peaks merge 
together, contrary to predictions made based on this 
model. Secondly, the A0 peak is not seen for oxide 
films grown in alkaline solutions or for oxide films 
grown in acidic solutions and then transferred to basic 
media, despite the fact that the same changes in film 
conductivity occur in both solutions. Based on our 
prior work [3], it is suggested that the A0 reaction 
reflects the oxidation of Ir(III) sites located near the 
Ir/oxide interface. The oxidation of these sites has 
been shown to involve the expulsion of a larger num
ber of protons and anions per Ir site and a greater 
degree of water gain than for lr sites in the bulk of the 
oxide film. It is conceivable that charge transport 
during bulk film oxidation must then occur via the 
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kinelically slower A0 sites, explaining the results 
obtained when potential steps include the Ao reaction. 

Another complication encountered during kinetic 
measurements of Ir oxide films involves the mediation 
(acceleration) of the oxidation process if the upper po
tential limit in chronocoulometric experiments is suffi
ciently positive to generate lr(V)/(VI) sites. Under 
these conditions, the j,'i transients (and corresponding 
q/l plots) have an unusual appearance and the 
anodic reaction appears to become much more rapid 
than the cathodic process. This has been attributed to 
the mediated oxidation of Ir(lll) sites by these higher 
oxidation states of Ir. while the reduction reaction rate 
is unaffected by the £ . or £_ values. 

When both the lower and upper potential limits are 
set so as to avoid the film aging effects related to the 
A0 process and the formation of the Ir(V)/(Vl) states 
at high potentials, the kinetics of the Ir(III)/(IV) reac
tion in the bulk of the oxide film can be reliably 
measured. Under these conditions, the kinetics are dif
fusion controlled and the rate of oxidation is essen
tially the same as reduction, contrary to some of the 
prior reports in the literature. Also, the oxidation/re
duction kinetics are now seen to be independent of 
film thickness. 
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