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ABSTRACT 

A detailed investigation of the electrochemistry of Ir in 0.5 M H 2 S0 4 has been used as an 
experimental basis for a model for oxide growth at Ir. It appears that a compact oxide (probably IrO,) is 
formed initially. At potentials above +1.2 V vs. RHE, the outer monolayer of this compact oxide is 
oxidised and becomes hydrated. The hydrated surface layer inhibits further oxidation of the compact 
oxide and therefore only one monolayer of hydrous oxide can be formed at constant potential. To obtain 
more hydrous oxide than this, the compact oxide must be continually reduced to Ir metal and reformed, 
by cycling of the potential. On each cycle, the hydrated surface layer of the compact oxide remains after 
reduction of the compact oxide. Thus, this material accumulates as a hydrous oxide layer. 

INTRODUCTION 

Although there have been many studies of anodic hydrous oxide growth at Ir, the 
mechanism of this process has still not been elucidated [1-14]. An understanding of 
the mechanism of oxide growth at Ir is important in gaining a better understanding 
of the structure and electrochemical properties of the hydrous oxide. Further, if it is 
known how the hydrous oxide is formed, then it should be possible to choose the 
growth conditions to optimise either the growth rate or the properties of the oxide. 

Following a number of investigations of anodic oxide formation on Ir [15-20], it 
was realised [21-25] that thick layers of an electroactive, electrochromic, conducting 
oxide could be built up on the electrode by potential cycling. Virtually all the 
iridium atoms in this oxide can be cycled reversibly between Ir(III) and Ir(IV) at a 
formal potential (E°') of +0.97 V vs. RHE in 1 M H2S04 [22]. It is now accepted 
that this is a hydrated form of iridium oxide. It has been suggested recently that this 
hydrous oxide should be regarded as a gel-like material containing chains of oxygen 
bridged hydroxy-aquo complexes of Ir [11]. 

It has been found that hydrous oxide growth on Ir occurs only under potential 
cycling (cyclic scans or pulses) conditions and will not occur at any fixed potential 
[2,8,23]. For sustained hydrous oxide growth to occur, the potential must exceed 
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critical upper and lower potential limits during each cycle. These critical limits 
depend somewhat on the electrolyte and the growth conditions (scanning or pulsing, 
cycle time). In 0.5 M H2S04 , they are ca. +1.15 and +0.30 V vs. RHE, respectively 
[2,23]. Several authors have proposed explanations for this phenomenom. 

Mozota and Conway [8] suggested that Ir oxide formed in the positive sweep is 
incompletely reduced in the negative sweep and accumulates in a hydrated form. 
However, no explanation was given for why the oxide remaining after the negative 
sweep becomes hydrated. 

Burke and co-workers [12,14] have invoked a comparison of Ir oxide growth with 
oxide growth at Au [26,27] and Pt [28,29]. At these metals, two forms of oxide have 
been identified. First, a thin compact oxide is formed and then, at higher positive 
potentials (> 2.0 V vs. RHE), the outer layers of this oxide become hydrated and 
more dispersed. This process will continue at constant potentials above 2.0 V vs. 
RHE. The compact inner layer remains at an almost constant thickness while the 
outer hydrous layer grows to some limiting thickness. However, the rate of hydrous 
oxide growth can be enhanced by reducing periodically the inner compact oxide 
layer, which is more easily reduced to the metal than is the hydrous layer. 
Supposedly, a newly formed inner layer is more readily hydrated than is an aged 
layer. 

In the case of Ir, however, hydrous oxide growth does not occur under constant 
potential conditions. Perhaps this is because a sufficiently high potential cannot be 
used as any hydrous oxide formed above +1.6 V is dissolved immediately [3,23]. 

By comparison with hydrous oxide growth at Pt, Burke and Scannell [14] 
concluded that for hydrous oxide growth to occur at Ir, an initially formed compact 
anhydrous oxide layer must be reduced substantially and then reoxidised. This 
reoxidation of "displaced" metal atoms leads to a dispersed hydrated oxide. 

Although this mechanism is feasible, it is not clear why the displaced metal atoms 
should form a different type of oxide. However, an important feature of the work of 
Burke and co-workers is the concept that a compact anhydrous oxide is formed 
initially and that this inhibits the growth of the hydrous oxide in some way. 

In this paper, we present the results of a detailed electrochemical investigation of 
oxide growth at Ir in 0.5 M H2S04 . The results are then used as a basis for a model 
of oxide growth which encompasses both Conway's [8] and Burke's [12,14] mecha
nisms. 

EXPERIMENTAL 

General 

A three-compartment glass cell was used in all of this work. The working 
electrode was 99.9% purity Ir wire (Johnson Matthey; 0.5 mm dia.). The length in 
contact with the electrolyte was determined by the position of a polyethylene collar 
which was replaced between most sets of experiments. To attach a collar, a small 
length (ca. 1 mm) of polyethylene tubing was slid onto the wire to the required 
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distance (typically ca. 6 mm) and then heated lightly with a flame, causing it to melt 
slightly and form a water-tight collar. In this paper, geometric electrode areas are 
represented by "cm2" and real electrode areas by "real cm2". 

The reference electrode was a hydrogen electrode in the same solution as that in 
the main compartment of the cell (RHE) and all potentials are quoted relative to 
this. It was separated from the working electrode by a Luggin probe. The counter 
electrode was a large-area Pt gauze in a compartment separated by a glass frit from 
the working-electrode compartment. 

An EG & G PARC 173 potentiostat was used with a PARC 175 Universal 
Programmer and a PARC 179 digital coulometer. Voltammograms were recorded on 
a Hewlett-Packard 7044A X-Y recorder. 

Reagent ACS grade sulphuric acid (Fisher) and triply distilled water were used 
throughout this work. 

Electrode pretreatment 

As with Pt, it is important to achieve a reproducible Ir surface when studying the 
first few monolayers of oxide growth. The reproducibility is most conveniently 
assessed by examining the hydrogen adsorption/desorption region of a voltammo-
gram obtained in 0.5 M H2S04 [30]. 

The surface pretreatment procedure used in this work was devised, not only to 
produce a reproducible surface, but also to remove any oxide that had been formed 
in a previous experiment. In this way, the same wire electrode could be used for 
many experiments without exposure to any chemicals other than aqueous H2S04 

and without any mechanical cleaning. 
The pretreatment procedure is as follows. The electrode is potentiostated at 2 V 

vs. RHE for 5 min in 2 M H2S04 , which is continually degassed and stirred by N2. 
After a further 5 min at 0 V under these conditions, the potential is cycled between 
0 and +1.8 V at 100 mV/s for 5 min. The upper limit is reduced to +1.2 V for a 
further 15 min of cycling and then the electrode is transferred to the electrolyte to 
be used for the experiment (0.5 M H2S04 in this work) and cycled between the 
same limits for 30 min. This leads to a reproducible, although not totally oxide-free 
surface (see below). 

In a variation of this procedure, the holding of the potential at 0 V in the 2 M 
acid solution was omitted and the cycling between 0 and + 1.2 V was carried out for 
only 5 min in each solution. Results following this procedure were not significantly 
different from those following the longer pretreatment, except that there was slightly 
more residual hydrous oxide following the shortened procedure (see below). 

To test the reproducibility of these surface pretreatment procedures, the hydro
gen adsorption and desorption charges (qH) were measured routinely. A voltammo-
gram recorded between +0.03 and +0.40 V at 100 mV/s was integrated between 
+ 0.06 and +0.40 V (Fig. 1A) and then the calculated double-layer charge was 
subtracted from this. As the anodic and cathodic charges were equivalent, within 
experimental error, an average (qH) is used. It is possible to measure the double-layer 
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Fig. 1. Cyclic voltammograms at 100 mV/s of Ir in 0.5 M H 2 S0 4 . (A) Bare Ir. (B) after hydrous oxide 
growth for 400 cycles between +0.15 and +1.50 V at 1 V/s. (The upper potential limit was 1.2 V 
( ) or 0.4 V (— —).) The dotted lines indicate the boundaries used during integration. 

capacitance (CdI) at potentials between ca. +0.35 and +0.45 V, since these 
potentials are too high for H adsorption and too low for OH adsorption. Using a 
scan speed of 10 V/s, an average result of Cdl = 25 jitF/real cm2 was obtained. This 
is in fair agreement with the value of 31 juF/real cm2 obtained by Hoare [17]. 

An interesting result arose from the routinely determined values of qH. The new 
piece of Ir wire initially had a roughness factor (rf determined from <yH/(0.65 X 0.218 
mC/real cm2) [30]) of 5.2. However, once some hydrous oxide had been grown 
during experimentation and then removed by the above procedure, the roughness 
factor had decreased. This decrease in the rf was observed for the next two oxide 
growth and removal cycles and then the rf reached a constant value of 2.4. The 
charge under the monolayer oxide region of the voltammogram (0.40 to 1.20 V) 
decreased in proportion to the decrease in qH, indicating that the rf really had 
decreased. Thus it appears that oxide growth and removal can cause an electro-
polishing of Ir electrodes and eventually leads to a reproducible rf. For all results 
presented here, the roughness factor was 2.4 + 0.2. 

Determination of the quantity of hydrous oxide 

The charge under the oxide region (+ 0.40 V to the oxygen evolution region at ca. 
+ 1.5 V; Fig. IB) of a cyclic voltammogram of an electrode coated with hydrous 



87 

oxide gives a direct measure of the amount of hydrous oxide present [3]. However, 
some decisions must be made regarding the upper potential limit to be used for the 
integration and how the charges due to the double layer and compact inner oxide 
are accounted for. 

In this work, we have used either +1.20 or +1.30 V as the upper potential limit 
for the integration. The total anodic charge density between +0.4 V and one of 
these limits, minus the calculated double-layer charge for bare Ir metal (see above), 
can be used as a relative measure of the quantity of hydrous oxide (<7oxl2

 a n d 
q x , 3, respectively; qm 12 — 0.8gox x 3). In this work, we have been concerned mainly 
with changes in the quantity of hydrous oxide which occur during a particular 
period of oxide growth. Thus, A^o x l 3 is the relevant parameter, and is simply the 
difference in <7oxl 3 before and after any specified oxide growth period. 

To compare qOJilJ values with the charge enhancement factor (CEF) parameter 
used by Mozota and Conway [8,31], or the charge capacity used by Burke and 
co-workers [11,22], conversion factors of 1.2 (cm2/mC) and 1.3 respectively, should 
be used. 

RESULTS AND DISCUSSION 

The effect of hydrous oxide growth on hydrogen adsorption on Ir 

At potentials below + 0.40 V, hydrogen atoms adsorb reversibly onto Ir, 0.65 of a 
monolayer being formed at +0.06 V [30]. On polycrystalline Ir in 0.5 M H2S04 , 
there are three (Fig. 1A) or sometimes four [8] waves in the voltammogram 
corresponding to this process. The magnitude of these waves is very dependent upon 
the condition of the Ir surface and can therefore be used to probe changes in the 
surface. 

One of the unique features of Ir is that the hydrogen adsorption and desorption 
waves do not disappear completely when numerous layers of hydrous oxide are 
grown [20-24]. This has led to the view that the hydrous oxide is a very porous solid 
or gel which lies on top of the Ir substrate, but is not strongly bound to it, and 
allows free access of electrolyte to it [8]. 

Figure 1A shows a cyclic voltammogram of a clean Ir electrode in 0.5 M H2S04 . 
The charge under the hydrogen adsorption/desorption region was measured as 
described above. Here, qH is 0.35 mC/cm2, which gives a roughness factor of 2.5. 

Figure IB shows a voltammogram of the same electrode after hydrous oxide 
growth. The oxide was grown by cycling the potential at 1 V/s between +0.15 and 
+ 1.50 V for 400 cycles. The reversible hydrous oxide Ir(III) <̂> Ir(IV) wave has 
developed at E°' = +0.963 V while the hydrogen adsorption and desorption waves 
have virtually disappeared. This indicates that the underlying Ir metal is no longer 
fully exposed to the electrolyte. It is now difficult to estimate qH because it appears 
that the double-layer capacitance has increased considerably, as judged by the 
magnitude of the current change on sweep reversal at +0.40 V and the almost 
featureless current-potential profile in the H region. A similar apparent increase in 
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Fig. 2. Amount of oxide growth (A</oxl2) and change in qH (Ac/H%) vs. lower potential limit for 400 
cycles at 1 V/s with an upper potential limit of + 1.5 V. 

Cdl, following oxide growth at Ir, was observed by Hoare [17]. If qH is estimated in 
the usual way (obviously an underestimation), a 37% decrease is found, as compared 
with the bare electrode. 

The above experiment was repeated at various lower potential limits for the 400 
cycles of oxide growth, while maintaining the upper limit at +1.50 V and the scan 
speed at 1 V/s. Figure 2 shows plots of the percentage change in qH and of the 
quantity of oxide growth, as functions of the lower potential limit. It can be seen 
that there is an excellent correlation between the decrease in the rate of oxide 
growth and the decrease in qH as the lower limit is made more positive. Burke and 
co-workers [22] and Gottesfeld and Mclntyre [2] have published similar results for 
the effect of the lower limit on the rate of oxide growth. 

When the lower limit is less than or equal to 0 V, maximum oxide growth per 
cycle occurs and qH is not affected by oxide growth. In these cases, the oxide can be 
regarded as a hydrous gel which is not strongly bound to the underlying Ir metal. 
Thus, its presence does not affect the electrochemical properties of the metal 
surface. 

However, when the lower limit is more positive than 0 V, the hydrous oxide 
growth rate is decreased and qH decreases during oxide growth. This implies that, 
under these conditions, some material is accumulating on the Ir metal surface, 
blocking the H-adsorption sites and inhibiting hydrous oxide growth. This is 
probably some form of oxide other than the hydrous oxide. It is presumably 
reduced to Ir metal at ca. 0 V and so it does not accumulate if the lower potential 
limit is 0 V or less. This must be the compact anhydrous oxide discussed by Burke 
and co-workers [12,14]. However, since the identity of this oxide is unknown, we will 
refer to it merely as the "inner oxide". 
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The A<7H% result for a lower potential limit of +0.20 V in Fig. 2 appears to be 
anomalous, but is correct since this point was obtained repeatedly. This apparent 
anomaly arose because in this case, the H-region waves grew back rapidly when the 
potential was cycled to 0.03 V. Thus, by the time a voltammogram was recorded, 
much of the inner oxide had been reduced. This was not a problem when less 
positive lower potential limits were used as in these cases, the inner oxide was much 
more stable to reduction. The potential could be cycled through the H waves many 
times with little increase in the size of these waves. 

Several other workers have observed 20-30% decreases in qH following hydrous 
oxide growth at Ir [8,20,21,24]. The present results indicate that in these cases, the 
lower limit must have been insufficiently low to cause complete reduction of the 
inner oxide. Even with the lower limit below 0 V, it is still possible for an 
accumulation of the inner oxide to occur if the scan rate is high or the pulse time is 
short and the hydrous oxide is thick. Under these circumstances, the iR drop in the 
solution and the film can make the effective lower potential limit significantly more 
positive than the limit set. 

The inner oxide 

The qH results presented in the previous section support Burke's postulate [12,14] 
of a "compact anhydrous" oxide at Ir between the hydrous oxide layer and the 
metal surface. The growth and reduction of this inner oxide are examined here. 

Figure 3 shows consecutive positive and negative linear sweep voltammograms of 
a bare Ir electrode in 0.5 M H2S(D4. The total charge passed during the sweep from 
+ 0.20 to + 1.20 V and a subsequent 5 min holding of the potential at +1.20 V was 
measured. This was also done for the negative sweep with a 5 min hold at + 0.20 V. 
This sequence of sweeping and then holding the potential was repeated ten times 
and the measured charge densities are shown in Table 1. 

After the first few cycles, constant values of 1.1 and 1.0 mC/real cm2 were 
established for q^ and <7cath, respectively. These charges correspond to ca. 5 
electrons per surface Ir atom. However, there was no development of the reversible 
wave at ca. +1 V, indicating that no hydrous oxide was formed during these ten 

E/VvsRHE 

Rg. 3. Positive and negative linear sweep voltammograms at 100 mV/s of Ir in 0.5 M H ,S0 4 . 
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TABLE 1 

Charge densities passed during consecutive scans at 100 mV/s between 0 and +1.20 V with holding of 
the potential at each limit for 5 min 

Cycle Anodic charge density Cathodic charge density 
number g a n /mC (real cm~2) ^ M l h /mC (real cm~2) 

1.16 0.94 
1.12 -
1.10 0.97 
1.08 0.99 
1.08 0.99 
1.08 0.99 
1.08 1.00 
1.08 0.99 
1.08 0.99 
1.08 0.99 

cycles. Thus, one must conclude that several layers of some other form of oxide (the 
inner oxide) were produced and reduced back to the metal during each of these 
cycles. This inner oxide growth is presumably similar to oxide growth at Pt [32-36] 
and probably occurs by a place-exchange mechanism [32]. A difference from the 
behaviour of Pt is that no well-defined reduction peak can be obtained for the inner 
oxide at Ir. At Ir, the inner oxide is slowly reduced at potentials below +0.40 V. 
This has been discussed by Mozota and Conway [8]. 

The slight difference between the anodic and cathodic charges in Table 1 is 
probably due to oxidation of impurities in the electrolyte. Oxidation of impurities 
adsorbed on the electrode would explain the initial larger difference between the 
anodic and cathodic charges. 

Hydrous oxide growth 

Further experiments similar to that described above were performed in order to 
determine what conditions promote hydrous oxide growth. These experiments will 
be described in a shorthand notation in which the above experiment for inner oxide 
growth is written as; 

100 mV/s 
+ 0.20 (300 s) < >+ 1.20 (300 s); 10 cycles 

100 mV/s 
Table 2 shows the results of these experiments, giving the amount of hydrous 

oxide growth per cycle (measured as Ago x l 3) for various experiments which have 
been decribed with the above notation. 

Experiment 1 is the benchmark experiment and represents the most efficient (in 
terms of number of cycles) method of growing the hydrous oxide. During repetitions 
of experiment 1, it became obvious that the growth per cycle decreased linearly with 
the amount of hydrous oxide already on the electrode. A least-squares fit of the 
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TABLE 2 
Hvdrous oxide growth (qoxl3) per cycle during various cycling procedures 

Exp- Cychng procedure Number Oxide growth per cycle 
of cycles / m C (real cm ~ ") 

1* 0(100s) <-> 1.50 (100 s) 
step 

100 m V / s 

1 0.20 (300 s)« > 1.20 (300 s) 
100 m V / s 

10 

0.091,0.093.0.097. 
0.102,0.106,0.110. 
0.111. Av. = 0.101 

0 

100 m V / s step 
> 1.20 (300 s) -> 

1 0.20 (300 s) 1.50 (100 s) 
« 1.20 (120 s)<-
100 m V / s step 

0.019 

step lOOmV/s step 

-* 0.20 (120 s) > 1.20 (300 s) -» 
4 0(100s) 1.50 (100 s) 3 

<- 0.20 (300 s) < 1.20 (120 s) <-
step 100 m V / s step 

0.025 

100 m V / s 

<id 0(100s)« »1.50(100s) 
100 m V / s 

step step 

• 1.20 (1200 s ) ^ 
6 0 (100 s) 1.50 (100 s) 

step 

0.043 

0.086 

0.095 

step step 
- 1.20 (300 s) -

7 0(100s) 1.50 (100 s) 
«- 1.20 (300 s)<-

step step 

0.101 

step 

8 0(100s) 1.50 (100 s) 
*- 0.40 (300 s) «-

step step 

0.044 

9 O(K)Os) 1.50 (100 s) 
«-0.40 (1200 s) «-

step step 

0.057 

a See text for explanation of notation. 
Corrected for the quantity of hydrous oxide already present (see text). 

' This experiment was performed 7 times. 
This experiment was performed twice. 
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experiment 1 Agox j 3 data vs. qOK 13 (proportional to total hydrous oxide quantity or 
CEF) gave a slope of —0.021 and an intercept at qml3 = 0 of 0.10 mC/real cm2. 
The origin of the decrease in growth rate with increasing qox 13 is probably slow 
dissolution of the hydrous oxide at +1.50 V. The rate of dissolution would be 
expected to be proportional to <?oxl3-

Since many of the experiments in Table 2 were done consecutively without 
removal of the oxide grown in previous experiments, we have corrected for the 
presumed loss of hydrous oxide at + 1.5 V by extrapolation to zero qox, 3, using a 
slope of —0.021. The highest qmi 3 involved was 2.3 mC/real cm2. 

Experiment 2 is the experiment described in detail in the previous section. It 
represents the other extreme case where no hydrous oxide growth occurs. 

Experiment 3 demonstrates that extending the upper potential limit of the cycle 
to +1.50 V causes hydrous oxide growth to occur. Thus, the hydrous oxide is 
formed at potentials between +1.20 and +1.50 V. Above +1.50 V, the oxide 
begins to dissolve, and therefore higher potentials were not used in this work. 
Extension of the lower limit to 0 V (experiment 4) increased the rate of hydrous 
oxide growth slightly. 

The most striking feature of the result of experiment 4 is that, despite the fact 
that the same amount of time was spent at 0 and +1.50 V on each cycle as in 
experiment 1, the hydrous oxide growth was only 25% of that observed in experi
ment 1. In order to explain this, experiments 5 to 9 were undertaken. 

Experiment 5 shows that scanning the potential between 0 and +1.50 V rather 
than using a single potential step (experiment 1) causes a decrease in hydrous oxide 
growth rate. Experiments 6 and 7 show that the time spent at +1.20 V (hydrous 
oxide in the Ir(IV) state) on either the positive or negative part of the cycle has no 
effect on hydrous oxide growth. Experiments 8 and 9 show that time spent at +0.40 
V (hydrous oxide in the Ir(III) state) during the negative part of the cycle does cause 
a substantial decrease in hydrous oxide growth. 

These results indicate that the hydrous oxide is lost in some way or becomes 
electrochemically inactive when the potential is held at +0.4 V, for example. 
However, when the potential of an electrode coated with hydrous oxide (qoxlJ ~ 0.8 
mC/real cm2) was held at +0.40 V for 16 h, there was only a 3% decrease in qml3. 
Thus, instability of the bulk hydrous oxide cannot account for the low growth rates 
in experiments 3, 4, 5, 8 and 9. A possible explanation will be presented in the 
"model" section of this paper. 

The first monolayer of hydrous oxide 

Ideally, an investigation of the first few monolayers of hydrous Ir oxide growth 
should commence with an electrode that is completely free of oxide. However, in 
practice it is difficult to prepare an electrode that is completely oxide-free. Electrode 
pretreatments usually involve oxidation of the electrode followed by reduction of 
the oxide, in the hope of yielding a clean oxide-free surface. Unfortunately, with Ir, 
this pretreatment leaves a small amount of hydrous oxide on the electrode and this 
cannot be reduced in 0.5 M H2S04 . The reversible wave at E°' = +0.980 V in Fig. 
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Fig. 4. A succession of voltammograms at 100 mV/s of Ir in 0.5 M H 2 S0 4 . See text for full explanation. 

1A clearly shows that there is some residual hydrous oxide present. A possible 
explanation for this problem will be given in the "model" section. 

However, it is possible to remove the residual hydrous oxide by cycling the 
potential of the electrode between +0.03 and +1.20 V vs. RHE in 0.1 M NaOH. 
The difference in qml2 in H2S04 before and after this treatment indicates that the 
residual hydrous oxide corresponds to a qml2 of ca. 0.04 mC/real cm2. This small 
amount of oxide was not considered to be a problem, so therefore the above 
treatment in NaOH was not generally used. 

Figure 4A shows a steady-state voltammogram between + 0.40 and +1.00 V of a 
bare Ir electrode (with ca. 0.04 mC/real cm2 of residual hydrous oxide) in 0.5 M 
H2S04 (curve 1). Also shown are subsequent cycles in which the upper potential 
limit was progressively increased to +1.50 V (curves 2 to 6). The potential was then 
cycled between 0.40 and 1.50 V for 2 h, after which the trace shown in Fig. 4B 
( ) was obtained. Figure 4C shows the subsequent steady-state voltammogram 
between 0.40 and 1.00 V (curve 1), and also the voltammograms obtained as the 
lower potential limit was progressively decreased to + 0.03 V (curves 2 to 5). After 
30 mm of cycling between 0.03 and 1.00 V, the voltammogram shown in Fig. 4B (— 
— —) was obtained. 
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The voltammograms in Fig. 4A correspond to exceeding the upper critical 
potential limit for oxide growth but not the lower critical limit. In the voltammo
grams in Fig. 4C, the potential was extended below the lower critical limit but not 
above the upper critical limit. As a hydrous oxide growth cycle must involve 
attaining potentials above the upper critical limit and also below the lower critical 
limit, only one hydrous oxide growth cycle is represented by Fig. 4. Thus, the series 
of voltammograms in Fig. 4 give a comprehensive picture of oxide growth during a 
single hydrous oxide producing cycle. Figure 4 will be used to summarise the major 
observations and assumptions on which our model for hydrous oxide growth is 
based. 

The steady-state voltammogram obtained between the limits of 0.40 and 1.00 V 
shown in Fig. 4A (curve 1), represents double-layer charging and the reversible 
adsorption of OH onto the Ir metal [8]. At ca. + 1 V, slow place exchange occurs 
[8,32], but virtually all the place-exchanged oxide is reduced back to metal during 
the negative part of the cycle. We assume here that place exchange occurs at Ir as it 
does at Pt [32,35], producing a thin, compact oxide layer. 

As the upper potential limit is extended (Fig. 4A, curves 2 to 6), more place 
exchange occurs and a cathodic current due to the reduction of the compact inner 
oxide becomes apparent at potentials below +0.6 V. However, not all of this inner 
oxide is now reduced during the negative scan. Thus, the inner oxide accumulates so 
that on each positive scan, the oxidation currents become diminished and higher 
potentials are required to cause further growth of the compact oxide. This interpre
tation is based on oxide growth at Pt, where the growth rate is proportional to the 
applied potential and inversely proportional to the oxide film thickness [35]. 

As the upper potential limit is extended beyond + 1.2 V (Fig. 4A, curves 4 to 6), 
a small broad reduction wave appears at ca. 1.0 V. This indicates that some hydrous 
oxide has now been formed. Continuous scanning between 0.40 and 1.50 V does not 
lead to an increase in the size of the reversible hydrous oxide wave at ca. 1.0 V, but 
the oxidation current above 1.0 V becomes suppressed as does the reduction current 
below 0.6 V (Fig. 4B, ). Presumably, at this stage, enough inner oxide is 
present so that further growth of the inner oxide is very slow and its reduction is 
inhibited (cf. oxide growth at Pt [32]). 

The steady-state voltammogram shown in Fig. 4B ( ) thus corresponds to: 
(i) reversible Ir(IV/III) electrochemistry of a small amount (<?oxl 3 ~ 0.08 mC/real 
cm2) of newly formed hydrous oxide and the residual hydrous oxide; (ii) double-layer 
charging of the inner oxide/solution interface; (iii) oxygen evolution at potentials 
close to 1.5 V. 

The sequence of voltammograms in Fig. AC shows the kinetically irreversible 
reduction of the compact oxide. The initial suppression of H-atom adsorption is 
clearly seen in curves 4 and 5 (cf. Fig. 4B, ). The H-adsorption waves and 
the current due to the initial stages of oxide formation gradually reappear as the 
compact oxide is reduced. It is particularly significant that the compact oxide is 
reduced at a significant rate only at potentials below ca. +0.3 V, which is also the 
critical lower limit for sustained hydrous oxide growth. 
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It is now possible to give a qualitative description of the processes which appear 
to occur during a hydrous-oxide growth cycle at Ir. During the positive scan (or 
after the positive pulse), a compact inner oxide is formed by a place-exchange 
mechanism and then some hydrous oxide is formed by oxidation and hydration of 
the outer portion of this inner oxide. On the negative scan (or after the negative 
pulse), the inner oxide is reduced back to the metal while the hydrous oxide is left 
on the surface of the metal. Continuous cycling builds up a thick, insoluble, hydrous 
oxide layer, which is presumably held at the electrode surface only by weak 
adsorption. 

Quantity of hydrous oxide formed per cycle 

During recording of the series of voltammograms of Fig. 4, the quantity of 
hydrous oxide (measured as qml3) increased by only 0.08 mC/real cm2. Similar 
figures have been obtained in other experiments. A repetition of the procedure used 
in Fig. 4 increased qoxl3 by a further 0.08 mC/real cm2. These results indicate that 
there is a limit to the amount of hydrous oxide that can be grown in a single cycle. 

This is supported by the more accurate data in Table 2. We have found no way to 
grow more hydrous oxide per cycle than that grown with 100 s pulses between 0 and 
1.50 V. Under these conditions, the maximum growth per cycle was Aqoxa 3 = 0.11 
mC/real cm2, with the corrected (see above) average of Table 2 being 0.10 mC/real 
cm2. 

A simpler way to express these quantities is to convert them to a ratio of the 
number of Ir atoms entering the hydrous layer per cycle to the number of Ir atoms 
in the surface atomic layer of the metal. This is given by AqmA , /0.218JC, where x is 
the fraction of Ir sites in the hydrous oxide that is oxidised to Ir(IV) at + 1.30 V and 
0.218 mC/real cm2 is the charge corresponding to 1 electron per Ir atom at the 
metal surface [30]. From chemical analysis of Ir oxide films, we have determined 
that x ~1.2 [37], and so the required ratio is ca. 0.4. 

We can conclude that only about half of the atoms in the surface atomic layer of 
the Ir metal can be converted into hydrous iridium oxide during any single 
oxidation procedure. Since it seems probable that it is an inner oxide and not the 
metal surface that is converted to the hydrous oxide, this result is quite reasonable. 
It suggests that only the outer monolayer of the inner oxide can be converted to the 
hydrous oxide. 

A model 

The outline of a model for oxide growth on Ir has been incorporated into the 
discussions above. In this section, some details are added and the model is used to 
account for the experimental observations presented in earlier sections. 

The first stage of oxide formation at Ir is the formation of an inner oxide by a 
place exchange mechanism as shown in Fig. 5A. We will assume this inner oxide to 
be Ir02 (Fig. 5B) [17]. We propose that the second stage, which occurs at potentials 



96 

@ Ir (IV); • Ir(Vl) r O O2" 

AJafter 100s at 0V B/'after 5min at l .2 V Carter 100s at 1.5V 

Fig. 5. Detailed diagram of the proposed mechanisms for oxide formation at Ir in 0.5 M H2SO„. The 
numbered structures on A and B indicate the mechanisms of the transitions to B and C, respectively. 

greater than +1.2 V, is the oxidation of the surface of this inner oxide in contact 
with the solution to a higher oxide (perhaps Ir03), which immediately becomes 
hydrated (Figs. 5B and 5C). The hydrated higher oxide monolayer catalyses the 
oxidation of water [9] and therefore its formation coincides with the onset of oxygen 
evolution at Ir. Because of the complication of concurrent oxygen evolution, the 
Ir(IV) «-> Ir(VI) electrochemistry of neither the inner oxide nor the hydrous oxide 
can be identified clearly. However, it has been established [3,11] that the hydrous 
layer is reduced to Ir(IV) at potentials below ca. +1.4 V, and to Ir(III) at E°' ~ 1.0 
V. The hydrated surface of the inner oxide must be different from the bulk hydrous 
oxide, formed in previous cycles, because it is bonded to the inner Ir02 layer (see 
Figs. 5B and 5C). 

If the potential is held at +1.5 V, a stable surface structure is obtained (Fig. 5C). 
Further oxidation of the inner Ir02 layer is inhibited by the presence of the 
hydrated surface layer and therefore no more than a monolayer of hydrated oxide is 
formed. This inhibition is probably caused by the fact that there is little access of 
the electrolyte to the second layer of the IrOz. Hence the applied potential 
difference is dropped across the hydrated surface layer/solution interface rather 
than across the inner oxide/hydrated surface layer interface. A similar situation 
arises with bulk Ru02 where only the outer monolayer is electroactive [38,39]. 

When the oxidised Ir electrode is reduced, the inner Ir02 layer is reduced to Ir 
metal but the now hydrated surface layer cannot be reduced to the metal at the 
potentials (e.g. 0 V) used. Therefore a monolayer of hydrous Ir(III) oxide is left on 
the electrode. 

Following reduction at 0 V for a sufficient length of time (a few seconds), if the 
electrode is reoxidised, the sequence described above is repeated and a further 
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monolayer of hydrous oxide is formed. Thus, the quantity of hydrous oxide left on 
the electrode surface following reduction builds up with each cycle. 

Once the inner oxide has been reduced, the hydrated oxide is no longer bound to 
the electrode except by weak electrostatic forces and Van der Waals forces. 
Therefore, the normal electrochemistry (i.e. H adsorption and oxide formation) of 
the Ir metal is hardly affected by its presence. However, if the inner oxide layer is 
not fully reduced, then the H-adsorption process is inhibited (Fig. 4C). When 
hydrous oxide is grown with a lower potential limit which is insufficiently negative 
to permit the complete reduction of the inner oxide in the allowed time, the inner 
oxide builds up. The result is a decrease in qH and a loss of hydrous oxide growth 
efficiency (Fig. 2). The latter occurs because, in any cycle, the only new hydrous 
oxide that enters the hydrous oxide phase is that part of the surface of the inner 
oxide that has been freed by the reduction of the underlying inner oxide. The 
greatest quantity of hydrous oxide that can be formed per cycle is obviously one 
monolayer. This is in agreement with the observed limit of 1/2 of the Ir atoms in 
the metal surface layer, which is approximately equivalent to all of the Ir atoms in a 
single layer of Ir02 (see Fig. 5B). 

It is not known how thick the inner oxide layer becomes, but the charge densities 
in Table 1 indicate that ca. 1.5 monolayers of Ir metal are oxidised to Ir(IV) after 5 
min at +1.20 V. This corresponds to the formation of ca. 3 layers of IrOz. Charges 
measured during reduction of oxide films formed at +1.50 V indicate that the inner 
IrO, layer does not become significantly thicker than this. Thus Fig. 5C is probably 
a fair representation of the Ir surface following oxidation at +1.5 V. This structure 
is attained after only a few seconds and does not change significantly during 
prolonged oxidation. 

The above mechanism explains why some residual hydrous oxide is left on the 
electrode surface after the pretreatment procedure. The electrode is oxidised during 
pretreatment and although most of the hydrous oxide is dissolved, there must still 
be an inner oxide layer present, having a hydrated surface layer. Reduction 
therefore leaves this hydrated material as the residual hydrous oxide. 

The final point to be addressed is the loss of hydrous oxide growth efficiency 
which occurs when the potential is scanned from the upper limit to the lower limit 
or when the potential is held at 0.2 or 0.4 V during the negative part of the cycle 
(Table 2). At potentials between 0.2 and 0.7 V, the hydrated surface layer of the 
inner oxide is reduced to hydrated Ir(III) oxide while the rest of the inner oxide is 
only very slowly reduced to the metal. While the electrode potential is in this range, 
the hydrated surface layer slowly ceases to be electroactive at + 1.0 V and this leads 
to the decrease in hydrous oxide growth per cycle. A possible explanation for this is 
that the hydrated surface layer becomes dehydrated and is then reduced to Ir metal 
at 0 V. Possible products of the dehydration are l r 20 3 , Ir02 (by simultaneous 
oxidation by the electrode) or Ir metal and IrO, (by disproportionation). 

The model discussed above is summarised in Fig. 6. Once a stable tri-layer of 
inner oxide (Ir02), hydrated surface layer (HSL) and bulk hydrous oxide (BHO) has 
been formed at +1.5 V, the potential must be taken to approximately 0 V in order 
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Fig. 6. Schematic diagram of the overall mechanism of hydrous oxide growth under potential cycling 
conditions. BHO = bulk hydrous oxide; HSL = hydrated surface layer. 

to reactivate the electrode by reduction of the inner oxide. At this point the 
hydrated surface layer becomes part of the bulk oxide layer. Hydrous oxide growth 
is most efficient if the potential is stepped from 1.5 to 0 V (route 1 in Fig. 6). If the 
hydrated surface layer is allowed to remain in the Ir(III) state for any length of time 
(routes 2 and 3; e.g. if the potential is scanned from 1.5 to 0 V), then a slow 
decomposition of the hydrated surface layer leads to an inefficiency in the hydrous 
oxide growth. 

CONCLUSIONS 

The main new feature of the model discussed above and represented in Figs. 5 
and 6, is the postulation of a hydrated surface layer on a compact inner oxide. This 
hydrated monolayer has similar electrochemical properties to the bulk hydrous 
oxide but differs from it in that it is strongly bound to the inner oxide. The hydrated 
monolayer becomes part of the bulk hydrous oxide only when the inner oxide is 
reduced to Ir metal. This explains the need to cycle the electrode potential below a 
critical lower limit in order to obtain an accumulation of the hydrous oxide. 

An important consequence of the fact that the hydrated monolayer is chemically 
different from the bulk hydrous oxide is that it has a different chemical stability. 
Thus, when it is in the Ir(III) state it is unstable whereas the bulk hydrous oxide is 
stable in the Ir(III) form. Because of this, hydrous oxide accumulation is slower 
when the potential is scanned between the upper and lower limits of the growth 
cycle than when it is stepped. This is true even when the time spent at the two limits 
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is the same in both cases. Therefore, for most rapid hydrous oxide growth, potential 
pulsing should be used. 

The model proposed here may also be applicable to oxide growth at other metals 
such as Pt and Au. At these metals, however, the hydrous oxide can be grown at 
constant potential. The difference may lie in the higher potentials that can be used 
with Pt and Au, without significant dissolution occurring. At sufficiently high 
potential, the electric field in the region of the hydrated surface layer/inner oxide 
interface will cause oxidation and hence hydration of further layers of the inner 
oxide. However, more rapid growth of the hydrous oxide can be obtained if the 
inner oxide is repeatedly reduced and reformed by cycling the electrode potential. If 
the above model is applicable, the explanation for this is that, each time the inner 
oxide is reformed, a monolayer of hydrated oxide is formed very rapidly whereas 
formation of further hydrous oxide at constant potential is very slow in comparison. 
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