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Abstract 

The stoichiometry of the Ir oxide reaction in sulfuric acidic solutions was investigated by tracking the pH dependence of its 
principal Ir( + III)/Ir( + IV) redox peaks, as well as monitoring the film mass change with in-situ quartz crystal microbalance 
measurements. A pH dependence of ca. — 68 mV versus a pH independent reference electrode was found for films grown by 
potential pulsing using a wire electrode, indicating the injection/expulsion of protons and some solution anions during film 
reduction/oxidation. The unaccounted mass change was interpreted as being due to water flux in/out of the film. The pH 
dependence, and hence, the ion stoichiometry appears to be independent of the acidic solution used to grow the Ir oxide film, 
while the acidic solution in which the oxide is cycled between its reduced and oxidized states appears to influence the 
Ir( + III)/Ir( + IV) reaction stoichiometry. Crown copyright © 1999 Published by Elsevier Science S.A. All rights reserved. 

Keywords: Redox reaction; Iridium oxide 

1. Introduction 

Hydrous Ir oxide films have attracted much attention 
due to their potential use as electrochromic devices 
[1,2], supercapacitors [3,4] and interneural stimulating 
electrodes [5]. Ir oxide films up to several microns in 
thickness and exhibiting high film charge densities can 
be grown on Ir metal substrates by continuous poten
tial cycling or pulsing in aqueous solutions using spe
cific upper and lower potential limits [6-8] . 
Electrochemically formed Ir oxide films respond in a 
super-Nernstian manner, seen as a > |59| mV/pH 
dependence (vs. a pH independent reference electrode) 
of the principal anodic and cathodic peaks, when exam
ined using slow sweep cyclic voltammetry (CV) at 25CC 
[9]. This behavior has caused some controversy con
cerning the nature of the species involved during the 
electrochemical Ir( + III)/Ir( + IV) reaction of these 
films [9,10]. Some researchers [10,11] have suggested 
that, in acidic solutions, protons and anions, and in 
basic solutions, hydroxide ions and cations, are in
volved during the reaction in order to maintain 
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electroneutrality within the films. However, other ther
modynamic changes of Ir oxide film properties, such as 
a differing interaction energy between redox sites in the 
oxidized versus reduced form, can also introduce a 
non-Nernstian behavior [12,13], and hence, additional 
studies are required to understand the £ / p H response 
of these films. 

Electrochemical quartz crystal microbalance mea
surements (EQCM) have been used to study the ion/ 
solvent expulsion/injection processes which accompany 
the electrochemical conversion reactions of materials 
such as redox polymers and hydrous metal oxide films 
[14,15]. This technique has also been used to study Ir 
oxide films grown electrochemically in 0.2 M H 2 S0 4 , 
and then studied in the same solution or in 0.2 M K O H 
[16]. A reversible film mass loss of ca. 6 g mol ~ ' Ir sites 
in the oxide film was found to accompany the Ir( + III) 
to Ir( + IV) reaction in the acidic solution, whereas in 
the basic medium, a smaller mass change of opposite 
sign (i.e. mass gain) of ca. 3 g mol ~ ' Ir was found 
during film oxidation. These results suggested that, 
during oxidation to Ir( + IV), protons are expelled from 
the film in acidic solutions, while hydroxide ions are 
injected into the film in K O H . Additionally, the magni
tude of the mass changes indicated that not only pro-
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tons and hydroxide ions are involved during the Ir( + 
III)/Ir( + IV) conversion reaction, but that counter an
ions (in acid) and cations (in base), and/or H 2 0, may be 
injected/expelled. The involvement of counter anions/ 
cations in the reaction would be consistent with the 
model proposed by Pickup and Birss [10], suggested on 
the basis of the super-Nernstian response of electrochem-
ically grown Ir oxide films and the chemical analysis of 
the ionic content of the fully oxidized versus reduced Ir 
oxide films. 

In the present research, the pH response of Ir oxide 
films grown in H2S04, HC104 and HNO, solutions is 
reported. The observed £7pH response is also compared 
with literature values, as well as examined in terms of 
factors which can introduce a super-Nernstian ( > |59| 
mV/pH) response. These factors include the acid/base 
character of the Ir( + III)/Ir( + IV) forms of the oxide, 
and changes in the interaction energies of redox sites. 
Mass changes during the reduction/oxidation of Ir oxide 
films, grown and studied in a range of acidic solutions, 
were determined and compared to the experimental 
E/pH response, as well as to previously reported EQCM 
data. 

2. Experimental 

2.1. Electrodes and cell 

Ir oxide films were formed electrochemically on either 
polycrystalline Ir wires (1 mm diameter, 1 cm length, 
99.9% purity, Johnson-Matthey) or on Ti/Ir sputter-
coated 5 MHz AT-cut quartz crystals (2.5 cm diameter, 
Valpey-Fisher). The quartz crystals were sputter-coated 
on both sides in a keyhole pattern, first with a ca. 80 nm 
Ti layer and then with a ca. 50 nm Ir layer. A Denton 
Vacuum DV-502A system was employed to sputtercoat 
the crystals in an argon atmosphere. The Ti was sputtered 
for 100 s at ca. 0.4 A, whereas the Ir was sputtered for 
6.5 min. at ca. 0.1 A. Au wires were attached to the edges 
of the Ir keyhole-shaped coating on the crystal with 
conducting Ag epoxy (2400 Circuit Works kit, dis
tributed by Allied Electronics) to provide electrical 
contact. 

Ir oxide flms were grown in 0.4 M H2S04, 0.6 M HC104 

and 0.4 M HN0 3 solutions by either potential cycling at 
100 mV s ' or applying potential pulses of 2 s duration 
between 1.2 and —0.3 V versus a saturated sodium 
chloride calomel electrode (SSCE). The equilibrium CV 
characteristics in all growth solutions were very similar. 
In fact, oxidation and reduction peak potentials (EA and 
Ec , respectively) were 0.68 V, and the anodic and 
cathodic peak half-widths measured at the peak half-
height of A, and C, (i.e. E{] /2)A and £<, 2)C ) were 140 + 5 
mV in these three solutions. The equilibrium film charge 
densities (q) were estimated from the anodic charge 

passed in a slow sweep CV to EA + 0.22 V and are 
estimated within an error of + 5%. It is assumed here 
that only Ir( + III) and Ir( + IV) states are stable in this 
potential range, i.e., that each electron passed reflects 
the electrochemical conversion of one Ir site between the 
( + III) and ( + IV) states [17]. Previously grown Ir oxide 
films were removed by anodic dissolution in 2 M H^S04 

[8]. 
Standard two compartment glass cells, in which the 

reference electrode compartment was connected to the 
working electrode (WE) compartment containing also a 
high area Pt mesh counter electrode, through a Luggin 
capillary, were employed to grow and study the Ir oxide 
films. An SSCE or a reversible hydrogen electrode (RHE) 
was employed as the reference electrode and all potentials 
reported in this work are referred to the SSCE. The WE 
compartment utilized in the EQCM studies differed in 
construction from the standard cell generally employed. 
The quartz crystal working electrode was sandwiched 
between the open-ended, circular base of the working 
compartment of the EQCM cell and a glass tube. Two 
rubber O-rings were placed between the crystal and the 
two glass interfaces to prevent leakage of the solution, 
and a ball and socket clamp (no. 28, VWR Scientific) was 
used to hold the two compartments together. 

2.2. Equipment 

A Jaissle potenstiostat/galvanostat IMP 83 and an 
EG&G PARC 175 function generator were employed. 
An EQCM system was utilized to measure the oxide film 
mass changes by monitoring changes in the resonance 
frequency of the quartz oscillator. The home-built oscil
lator was powered by a 3 V dc source and the crystal 
frequency changes were tracked by a Philipps PM 6654C 
high resolution frequency timer/counter. A resolution of 
1-0.1 Hz was achieved using integration periods of 1 -10 
s. The frequency and current responses were plotted 
versus potential on BBC Goerz Metrawatt SE 780 
recorders. 

All chemicals used in this work were A.C.S. analytical 
grade. The water was deionized and distilled using a 
Corning MEGA-Pure MP-6A system and had a resistiv
ity of ca. 18 Mfi cm"1 . The solutions for the electro
chemical system were generally deoxygenated using high 
purity nitrogen gas and all experiments were carried out 
at room temperature, i.e. 20 + 2°C. 

3. Results and discussion 

3.1. The EjpH response: thermodynamic issues 

The super-Nernstian £7pH response of hydrous, elec
trochemically formed Ir oxide films and other similar 
systems has been suggested to be due to the different 
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acid/base characteristics of the oxidized and reduced 
oxide states [9]. This results in the expulsion/injection of 
more than one proton or hydroxide ion, per electron 
passed, with charge compensation then accomplished by 
additional solution ions, e.g. in acidic solutions: 

Ir( + III)oxide = Ir( + IV)oxide + x H + 

+ ( * - l ) A - + e - (1) 

The potential (E) of the Ir( + III)/Ir( + IV) reaction 
would then be defined as follows [10], assuming that the 
classical form of the Nernst equation applies [9]: 

poRT [Ir( + IV)oxide][H+r[A-T- ' , « 
£ = £ + T l n [Ir( + III)oxide] ( 2 ) 

Eq. (2) can be rearranged to: 

„ , 2.3RT, X0 23RT TT 
E-E +-F-lo*(i~^—T-X*n 

- ^ l o g f A - f - ' (3) 
F 

In Eq. (2) and Eq. (3), XQ is the fraction of the active Ir 
sites in the oxide which are in the oxidized state and, x 
indicates the number of protons which are expelled from 
and injected into the oxide film per Ir( + III)Ir( + IV) site 
(i.e. per e~) converted and [A~] represents the acitivity of 
univalent counter anions (A~). All other symbols in Eqs. 
(2) and (3) have their usual meaning. Eq. (3) shows that 
an increase in solution pH shifts E negatively and vice 
versa, a decrease in solution pH shifts E positively. 

The classical form of the Nernst equation (Eqs. (2) and 
(3)) correctly describes the dependence of E of Ir oxide 
films on the solution pH when their properties (other 
than the acid/base characteristics of the oxidized and the 
reduced film forms) are unaltered by the electrochemical 
reaction and the test solution composition. It should be 
noted that changes in the interaction energy between 
redox sites and alterations in the chemical potential of the 
counter ions and/or other species within the oxide film 
could also cause a shift in the iT value [12,13]. This would 
also result in a non-Nernstian E/pH response, even for 
the case when only one proton per electron is involved 
during the electrochemical conversion reaction [12,13]. 
However, this would predict a change in peak shape 
(symmetry or peak separation (EA — Ec )) with pH. As 
this is not seen in the present work (see below), this 
explanation can be ruled out for the case of Ir oxide films. 

3.2. Determination of the EjpH response for Ir oxide 
films in solutions of low pH: general experimental 
procedure 

In the present work, the £/pH response of ca. 35 
mC c m - 2 Ir oxide films, grown in 0.4 M H2S04, 0.6 M 

HC104 and 0.4 M HN0 3 solutions by potential puls
ing, was measured. All potential measurements were 
carried out in constant ionic strength solutions made of 
H2S04 + Na2S04 versus the RHE, assuming that the 
potential of the RHE shifts exactly — 59 mV per pH 
unit at 25°C [17,18]. The test solution concentrations 
ranged between 10~2 and 0.75 M H2S04, 0 and 0.74 
M Na2S04. The approximate solution pH range was 
between 0.5 and 2, as indicated by the measured poten
tial difference between the SSCE and RHE (ignoring 
liquid junction potentials). The Ir oxide films were 
equilibrated in the test solution by first cycling the 
potential at 20 mV/s for 10 full cycles and then at a 
sweep rate (s) low enough so that /pocs until steady-
state Ef. and Ec values were reached, which occurred 
rapidly. In fact, EA and Ec were found to reach 
constant values rapidly even when the oxide films were 
transferred between 0.5 M H2S04 and 1 M KOH 
solutions. This indicates that protonation and deproto-
nation of Ir sites within the film occurs rapidly, with
out the need to multicycle the films between the 
Ir( + III)/Ir( + IV) states. Also, the Ir oxide films were 
cycled between an upper potential limit (E+) less posi
tive than EA +0.5 V and a lower potential limit (E_) 
more positive than EA — 0.7 V in these experiments. 
These E+ and E_ values were selected to avoid disso
lution of the oxide, as well as any irreversible aging 
effects frequently observed with these films when sub
jected to negative potentials [19]. 

Before and after the EjpH responses were deter
mined in each test solution, slow sweep CVs of the 
films were recorded in the growth solution. The CV 
characteristics of the Ir( + III)/Ir( + IV) main charge 
storage reaction (A, and C,) observed in the growth 
solution were found to be uninfluenced by the fact that 
the oxide films had been cycled in different solutions. 
Identical values of EA, Ec and equilibrium film 
charge densities were found before and after the E/pH 
measurements. This shows that the film properties 
defining the EjpH behavior are not irreversibly altered 
by the test solutions. The EA and Ec values were 
found to be highly reproducible, with potentials vary
ing by less than + 3 mV. 

3.2.1. EjpH response of Ir oxide firms grown in H2S04 

solutions 
The CVs for ca. 35 mC c m - 2 Ir oxide films grown in 

0.4 M H2S04 and subsequently cycled at 1 mV s ~ ' in the 
same solution and then in one of two test solutions, 0.05 
M H2SO4 + 0.74 M Na2S04 and 0.05 M H2S04, are 
shown in Fig. 1. In these CVs, the current is plotted 
versus the applied potential (E) — EA , for the oxide film 
in the corresponding solution to enable better compari
son of the data. The following EA values were found for 
these films: 0.68 V in 0.4 M H2S04, 0.59 V in 
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0.05 M H2S04 + 0.74 M Na2S04 and 0.62 V in 0.05 M 
H2S04, consistent with the change in solution pH. Also, 
newly formed Ir oxide films were employed for each of 
the two test solutions. Fig. 1 shows that the E( (1 2)A and 
E{\ DC values are very similar in all these solutions. 
Also, the symmetry of peaks A, and C, are uninflu
enced by the test solution. This indicates that the values 
of Z0/(l — XQ) at the peak maxima are identical for all 
test solutions used in this work and that changes in 
XQj{\ — X0) not contribute to the experimentally ob
served £7pH response (Eqs. (2) and (3)). 

An additional small cathodic peak (C0) is observed 
in the CV for the Ir oxide films studied in the two test 
solutions at more negative potentials. This peak is often 
observed when Ir oxide films are studied at slow sweep 
rates, especially when cycled between different potential 
limits than those employed for film growth [20]. This 
peak, which corresponds to the anodic A 0 peak [21], 
appears not to influence the main charge storage reac
tion, since the equilibrium film charge density is not 
affected, as shown in Fig. 1. 

The influence of the test solution concentration on 
the E/pH dependence was also investigated for ca. 35 
mC cm^ 2 Ir oxide films grown in H2S04. Solutions of 
constant ionic strength, made up with H2S04 + Na2S04 

or only H2S04 solutions were used. Fig. 2 shows the 
dependence of Ec on ERHE — ESSCE for the different 
test solutions. A very similar E/pH response of ca. 
— 68 mV/pH ( + 3 mV/pH) was found in the two cases, 
suggesting that the Na + cation does not influence the 
electrochemical conversion reaction, consistent with re-
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Fig. 1. The influence of the test solution pH and composition on the 
CV characteristics of a ca. 35 mC cm~ 2 Ir oxide flra grown by 
pulsing the potential for 2 s between 1.2 and —0.3 V in 0.4 M 
H,S04 . Subsequent cycling (—) at 2 mV r 1 in 0.4 M H2S04 

between 1.2 and - 0 . 3 V; ( ) at 1 mV s~ ' in 0.05 M H,S0 4 

between 1.05 and 0 V; ( ) at 1 mV s~ ' in 0.05 M H2S04 + 0.7 M 
Na2S04 between 1.15 and 0 V. All CVs were recorded after 10 cycles 
at 20 mV s" ' in the new test solution between the corresponding 
limits and then holding the potential at E _ for 10 min. Note that the 
current scale for the Ir oxide film cycled in 0.4 M H,S0 4 at 2 mV s ~ ' 
(—) has been divided by 2 to give a better comparison of the data. 
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Fig. 2. The mV/pH response of £ c for ca. 35 mC cm~ 2 Ir oxide 
films, grown by pulsing the potential for 2 s between 1.2 and — 0.3 V 
in 0.4 M H2S04 , as a function of the test solution composition. ( • ) 
H2S04 + Na2S04 solutions, (x) in H 2S0 4 solutions. 

action (1). Furthermore, it is noteworthy that the EA 

and Ec values measured directly versus the RHE also 
yielded a — 68 mV/pH response. 

The observed E/pH response of — 68 mV/pH is 
smaller than the ca. — 90 mV/pH observed [9,22] over 
a broad range of pH (1-12) and that reported by 
Pickup and Birss of — 82 mV/pH, measured over a 
narrow pH range (ca. 1.5-2.5) [10]. It should be noted 
that over a large pH range ( > 6 pH units) the is,, 2)A 

and E0/2)C values are also altered by more than 100 
mV [22]. This indicates that the classical form of the 
Nernst equation (Eqs. (2) and (3)) does not account for 
all of the factors influencing the dependence of E on the 
solution pH [9,12,13], thus explaining the different E\ 
pH responses observed in prior work. Also the work 
[10], however, investigated Ir oxide films grown and 
examined in different (buffered) solutions from those 
used here and involved only three pHs in the acidic 
range, which may have introduced some error. 

The value of — 68 mV/pH obtained in the present 
work in the H2S04 containing test solutions suggests 
that more than one proton per Ir site oxidized/reduced 
is expelled/injected from/into the hydrous Ir oxide 
films. Therefore, some counter anion (assumed to be 
HSO^) expulsion/injection must occur to maintain 
electroneutrality within the Ir oxide films. The classical 
form of the Nernst equation (Eq. (3)) yields the rela
tionship between the number of protons involved per 
each electron passed (x) and the E/pH response (i.e. the 
shift in the equilibrium peak potential (AEC ) with 
solution pH), as follows: 

- AECl F _ 0.068V 
ApH 2.iRT~ 0.059V 

1.15 (4) 

Therefore, the experimental £7pH response of — 68 
mV/pH suggests that 1.15 H + and 0.15 HS04 (x - 1 = 
0.15 A - (Eq. (3)) are involved in the lr( + III)/Ir( + IV) 
reaction in H2S04 solutions of low pH (ca. 0.5-2). 
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Note that changes in the activity of the univalent 
counter anion (A~) are ignored, based on the indepen
dence of the £/pH response from the HSO f̂ concentra
tion of the test solutions. It is also noteworthy that 
both EA and Ec are independent of the film charge 
density for Ir oxide films > 1 mC cm~2 [19], indicating 
that the E/pH response for these films is also indepen
dent of the film charge. 

3.2.2. Experimental EjpH response of Ir oxide films 
formed in different acidic solutions 

Fig. 3 shows the experimental £/pH responses for Ir 
oxide films grown in 0.6 M HC104, 0.4 M H2S04 and 
0.4 M HN0 3 . The E/pH responses of these films were 
obtained in H,S04 + Na2S04 solutions. Similar EjpH 
values of ca. — 68 mV/pH were found for these Ir 
oxide films, suggesting that it is the Ir oxide (and 
perhaps partly the nature of the test solution anion 
(HSO^")) which defines the acid-base character of these 
oxide films. 

3.3. EQCM measurements 

3.3.1. General frequency response during 
oxidation!reduction of Ir oxide firms in acidic solutions 

For the EQCM studies, all Ir oxide films were grown 
on Ir sputter-coated 5 MHz quartz crystals in 0.4 M 
H2S04, 0.6 M HC104 and 0.4 M HN0 3 by either 
potential cycling or pulsing between 1.2 and —0.3 V 
for 4-80 min. Equilibrium film charge densities of ca. 
2 -7 mC cm~2 were achieved. The Ir oxide films were 
rinsed with ca. 200 ml H 2 0 before transferring them 

800 

750 

0.08 

o 
CO 
TO 

> 
e 

700 • 

650 

600 

550 

500 
-400 -350 -300 

(EHHE-ESSOE)/mV 

-250 -200 

Fig. 3. The mV/pH response for ca. 35 mC cm~ 2 Ir oxide films, 
grown by pulsing the potential for 2 s between 1.2 and — 0.3 V in a 
range of acidic solutions, and determined in H2S04 + Na2S04 solu
tions of constant ionic strength. ( • ) and (Q) EK and Ec , respec
tively, for oxide films grown in 0.4 M H2S04; ( • ) and (O) EA and 
Ec , respectively, for oxide films grown in 0.4 M HC104; ( • ) and ( 0 ) 
EAi and ECi, respectively, for oxide films grown in 0.4 M HNO v The 
lines represent the best linear fit to the experimental data: (—) oxide 
films grown in 0.4 M H2S04; ( - - - ) oxide films grown in 0.6 M 
HC104; ( ) oxide films grown in 0.4 M HNO,. 
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Fig. 4. CV (Fig. 4a) and selected frequency data (Fig. 4b) for a ca. 3.5 
mC cm~2 Ir oxide film grown and cycled at 10 mV s~ ' between 1.05 
and 0 V in 0.4 M H2S04 . ( ( + ) data collected during oxidation scan; 
(x) during reduction scan). 

between solutions in their partially oxidized state, i.e. at 
the open-circuit potential of ca. 670 mV. The mass 
change per mole of Ir sites oxidized/reduced (Am/mol 
Ir) was estimated from the mass and charge passed 
between 0.2 and 0.9 V, using s < the equilibrium sweep 
rate (seq), which allows full film charge recovery [23]. 
The Am/mol Ir value and the absolute film mass were 
generally constant with repeated cycling and indepen
dent of s, unless otherwise stated. The Am/mol Ir values 
for an individual oxide film were highly reproducible 
(i.e. + 0.08 g per mol Ir), whereas a larger error of ca. 
+ 0.5 g per mol Ir was found for Ir oxide films grown 
in identical solutions, but on different crystals. 

A typical CV for a ca. 3.5 mC cm~~2 Ir oxide film 
formed on an Ir sputter-coated quartz crystal in 0.4 M 
H2S04 by potential pulsing is shown in Fig. 4a. The 
voltammetric characteristics are identical to the re
sponse of oxides formed on an Ir wire substrate, thus 
justifying the comparison of these oxide films. Fig. 4b 
shows the typical frequency change (A/) accompanying 
the Ir( + III)/Ir( + IV) reaction for the Ir oxide film 
grown and then cycled at 10 mV s ' 1 between 0 and 
1.05 V in 0.4 M H2S04. This response is consistent with 
the reaction shown in Eq. (1), since an increase in the 
frequency (observed during oxidation) indicates that 
the film mass decreases, consistent with proton expul-
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sion from the film, and vice versa, a decrease in the 
frequency (observed during reduction) indicates that 
the film mass increases due to proton injection (Eq. 
(1)). It should be noted that other species may also 
contribute to these mass changes (see below). 

The change in frequency was converted to mass 
change using the Sauerbrey equation, and a proportion
ality constant of 56.6 Hz ug~ ' c m - 2 [24]. This relation
ship is valid for thin and rigid films [24]. Birss et al. [16] 
have shown that this condition is fulfilled for hydrous 
Ir oxide films in the range of 1-40 mC cm~2, as 
indicated by the linear relationship found between the 
equilibrium film charge density and the frequency 
change observed during potential cycling. In this work, 
the Ir oxide films studied were actually very thin (ca. 
40-100 nm [20]). The linear relationship found between 
the q and A/ data is shown in Fig. 5 for the ca. 3-8 mC 
cm~2 Ir oxide films grown in 0.4 M H2S04 by potential 
pulsing between 4 and 16 min, and then cycled at 10 
mV s _ 1 between 1.05 and 0 V. Extrapolation to zero 
equilibrium film charge density results in a close to zero 
A/(ca. 0-1 Hz) intercept, as similarly found by Birss et 
al. [15]. This justifies the application of the Sauerbrey 
equation to the Ir oxide films studied here. 

3.3.2. Amjmol Ir values measured in 0.4 M H2S04 

In this section, the Am/mol Ir values for the ca. 
3.5-7 mC cm~2 Ir oxide films, grown by potential 
pulsing in 0.4 M H,S04 and then cycled (in the growth 
solution) between 1.05 and 0 V, were obtained. The fact 
that several ionic species plus water may contribute to 
the mass change of these oxide films complicates the 
interpretation of the EQCM data (see below). In the 
following, the EQCM data is analyzed in terms of the 
protonic/anionic stoichiometry obtained from the mea
sured pH dependence (see above). To fit the Am/mol Ir 
data to the observed E/pH response, the expulsion/in
jection of H + is assumed. However, the data could also 

5 0 1 ' ' • ' ' ' • ' • 
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< 20 x / * 
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q /mC/cm 2 

Fig. 5. Frequency change measured during the conversion between 
the reduced (0.2 V) and oxidized (0.9 V) states of Ir oxide films, 
grown and studied (10 mV s _ 1 ) in 0.4 M H2S04 versus the equi
librium film charge density. The solid line shows the best linear fit to 
the experimental data (x). 

be interpreted as reflecting one H 2 0 injected into the 
film for each H 3 0~ expelled during the Ir( + III) to 
Ir( + IV) oxidation process, and vice versa, during re
duction. In fact, H 3 0 + rather than H + , is the more 
likely species to be expelled/injected from/into these Ir 
oxide films, which are very hydrous in nature [16,25]. 

Fitting the experimentally observed Am/mol Ir value 
of 5.5 g/mol Ir to the observed — 68 mV/pH response, 
consistent with an anion to Ir site rate of 0.15 HSO4"/ 
Ir, would then suggest that ca. 0.6 mol of H 2 0 per mol 
of Ir( + III)/Ir( + IV) sites reacted would also be ex
pelled and injected from/into the Ir oxide films, as 
follows: 

Ir(-r-III)oxide(H+)115(HS04 ) o l 5 + 0.6H2O 

= Ir( + IV)oxide(H2O)0.6 + 1.15H + 

+ 0.15HSO 4 -+e" (5) 

Eq. (5) suggests that the involvement of H 2 0 and 
counter anions in the Ir( + III)/Ir( + IV) reaction is 
small, and hence, large changes in film volume are 
unlikely to accompany this reaction. (The latter is 
consistent with previously reported ellipsometric studies 
[25], which showed that a film volume change of less 
than 10% accompanies the Ir( + III)/Ir( + IV) reaction.) 
A very similar mechanism has been suggested by Birss 
et al. [16], who, however, proposed that larger amounts 
of H 2 0 (1 mol H20/mol Ir) and counter ions (0.5 mol 
HS0 4 and 1.5 H + /mol Ir) are involved in the reaction. 
The difference between their results [16] and those of the 
present work (even though their raw data value of 6 g 
per mol Ir agrees very closely with the present 5.5) is due 
to the fact that they fitted their EQCM data to an 
estimated — 90 mV/pH response. Such a large depen
dence is observed only over a broad range of solution 
pH [9,22] over which the film equilibrium potential is 
influenced by several other factors [12,13]. It is only in 
the present research that a more precise measurement of 
the pH dependence of Ir oxide films in low pH H2S04 

solutions, i.e. — 68 mV/pH, has been made available. 

It is of interest also that the Am/mol Ir value of 5.5 
g per mol Ir found here for potential pulse grown Ir 
oxide films in 0.4 M H2S04 is in good agreement with 
the value obtained for Ir oxide films grown and studied 
in 0.2 M H2S04 using the potential cycling method [16]. 
This indicates that (at least small) changes in solution 
pH and different growth techniques do not significantly 
affect the film mass gain/loss accompanying the Ir( + 
III)/Ir( + IV) reaction of electrochemically grown, hy
drous Ir oxide films. 

3.3.3. The influence of the growth and test solution on 
the Amjmol Ir values 

The mass changes for Ir oxide films grown by poten
tial pulsing in either 0.6 M HC104 or 0.4 M HNO, and 
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Table 1 
Mass differences between reduced and oxidized forms of Ir oxide 
films grown and studied in a range of acidic solutions 

Growth solution Am ' 7g (mol I r ) " ' H 2 0 (Ir)" "Ymolfmol)-1 

0.6 M HC104 

0.4 M H2S04 

0.4 M HNO, 

12 
5.5 
6.5 

-0 .2 
-0 .6 
-0 .2 

a Mass differences between the reduced and oxidized Ir oxide film 
form (i.e. between 0.2 and 0.9 V vs. SSCE). 

b Assuming 1 H , 0 f is expelled and one H 2 0 is injected per Ir site 
during film oxidation, and vice versa, during film reduction, a —68 
mV/pH response in the three solutions and that univalent anions are 
involved in the Ir( + III)/Ir( + IV) reaction (see Eq. (5)). 

then studied in the same growth solution were also 
obtained (Table 1). The Am /mol Ir values for oxides 
grown and studied in the different solutions were found 
to decrease in the following sequence: 0.6 M HC104 > 
0.4 M HNO, > 0.4 M H2S04 (Table 1, 2nd column). The 
mass gain/loss accompanying the electrochemical Ir( + 
III)/Ir( + IV) reaction is seen to be influenced by the 
growth solution, consistent with the presumed involve
ment of electrolyte anions (Eq. (1)) in the Ir( + III)/Ir( + 
IV) [10,16]. As the E/pH dependence of Ir oxide films 
grown in these various solutions was determined only in 
H2S04, the complete stoichiometry for the oxidation/re
duction reaction can be established only in this medium. 
However, if a — 68 mV/pH response is assumed for 
these oxides in the three solutions, the number of H 2 0 
per Ir site oxidized/reduced can be estimated (Table 1, 
3rd column). This would then suggest that slightly 
different amounts of H 2 0 are involved during the Ir( + 
III)/Ir( + IV) oxide reaction in different acidic media. 
This could arise from a somewhat different oxide film 
structure, nanoporosity or morphology which is devel
oped when Ir oxide is formed electrochemically in 
different acidic solutions. This was confirmed from both 
SEM and kinetic studies [20]. However, it is also possible 
that this difference in the extent of water exchange is a 
consequence of the nature of the solution. In order to 
clarify this, the following experiments were carried out. 

The influence of the solution anion on the Am /mol Ir 
value was investigated for ca. 3 mC cm" 2 Ir oxide films 
grown only in 0.6 M HC104 by potential cycling. After 
growth, the Ir oxide films were subsequently cycled at 20 
mV s - ' between 1.05 and 0 V for 7 cycles in 0.6 M 
HC104 (test solution I, for 10 cycles in 0.4 M H2S04 (test 
solution II) and then back in 0.6 M HC104 (test solution 
III) for 10 cycles. In all test solutions, a steady-state 
Am /mol Ir value was reached by the second cycle. The 
CV characteristics of the main peaks were not altered 
when the Ir oxide films were potentially cycled in any of 
the three test solutions. 

Table 2 shows that larger Am /mol Ir values of 11.5 g 
mol^1 are found in test solutions I and III (0.6 M 

Table 2 
Typical mass differences for a 3 mC cm^2 Ir oxide film grown in 0.6 
M HC104 and then studied in different test solutions 

Am a/g (mol Ir) ' 

Test solution I 
(0.6 M HC104) 

Test solution II 
(0.4 M H :S04) 

Test solution III 
(0.6 M HC104) 

11.5 5 11.5 

" Mass difference between the reduced and oxidized Ir oxide film 
form (i.e. between 0.2 and 0.9 V vs. SSCE). 

HC104) than the 5 g mol ' value seen in test solution 
II (0.4 M H2S04). In fact, the Am/mol Ir values for Ir 
oxide films grown in 0.6 M HC104 and then cycled in 
0.4 M H2S04 (ca. 5 g per mol Ir) are similar to the 
Am /mol Ir values found for oxides grown and cycled in 
0.4 M H2S04 (ca. 5.5 g per mol Ir) (Table 1). This 
continues to support the counter anion involvement 
model (Eq. (1)). These results show that the test solu
tion anion, rather than the growth conditions, influ
ences the stoichiometry of the Ir( + III)/Ir( + IV) 
conversion reaction. 

4. Conclusions 

The £7pH response of hydrous Ir oxide films, deter
mined over a narrow pH range (ca. 0.5-2) in acidic 
bisulfate solutions, has been found to be smaller than 
the previously reported values of ca. — 85 mV/pH 
[9,22]. However, the latter value was obtained over a 
broad range of pH (acidic to alkaline), over which the 
classical form of the Nernst equation does not apply 
[12,13]. In this work, a super-Nernstian E/pH response 
of — 68 mV, was found for Ir oxide films grown in 0.6 
M HC104, 0.4 M H2S04 and 0.4 M HNO, solutions 
using constant ionic strength H2S04 + Na2S04 test so
lutions. This indicates that a small number of anions 
(ca. 0.15 mol A~ ' ) per mole of Ir sites converted are 
involved in the Ir( + III)/Ir( + IV) reaction in sulfuric 
acid solutions. 

The mass change during oxidation/reduction of Ir 
oxide films, grown and studied in 0.4 M H2S04, was 
also fitted to the experimental E/pH response of — 68 
mV/pH, suggesting that 0.6 mol H 2 0 per Ir site oxi
dized/reduced are injected (expelled) into (from) these 
films. The mass difference between the reduced and 
oxidized form of Ir oxide films has been found to be 
influenced primarily by the solution anion used to study 
the oxide, and to be almost independent of the growth 
conditions used (pulsing vs. cycling method or growth 
solution). This suggests strongly that both protons and 
anions are expelled from the oxide film during oxida
tion, and injected during film reduction. 
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