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Irreversible Decrease of Ir Oxide Film Redox Kinetics
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Hydrous Ir oxide films have been studied using cyclic voltammetry, ac impedance, and ellipsometric techniques. Under certain
conditions of exposure after oxide growth, an irreversible decrease of the Ir(1III)/Ir(1IV) conversion kinetics, also referred to as
irreversible film aging, is observed. However, these films are thermodynamically not unaltered and the film charge is not lost dur-
ing aging. Aging of Ir oxide films involves the detachment of oxide segments from the Ir substrate and/or cracking within the oxide
itself. This leads to an increase in the characteristic transport length and a possible explanation of the altered kinetics. Furthermore,
Ir oxide film aging can be prevented, depending on the conditions employed to grow and subsequently study them.
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Ir oxide films are known to have good film stability and rapid
charge transfer kinetics, which are both desirable properties for their
potential use in electrochromic devices, supercapacitors, interneural
stimulating electrodes, etc.1-3 However, these films can exhibit an
irreversible aging phenomenon, resulting in the deterioration of the
Ir(1III)/Ir(1IV) charge transfer kinetics.4 Aging of electrochemi-
cally grown Ir oxide films has been previously reported by Birss and
Elzanowka.4,5 However, their work focused primarily on films
grown in HNO3 or H2SO4 solutions, and their emphasis was primar-
ily on a reversible film aging effect. The aging phenomenon associ-
ated with Ir oxide films has also been reported by Pickup and Birss.6

They observed irreversible film aging by the diminishment of the
Ir(1III)/Ir(1IV) reaction kinetics for films grown and studied in
HClO4/LiClO4 solutions.

Hydrous Ir oxide films can be grown electrochemically by con-
tinuously cycling or pulsing between specific upper (E1

g) and lower
(Eg

2) potential limits.7,8 In acidic solutions, the electrochemical
Ir(1III)/Ir(1IV) reaction involves the expulsion of protons and
counter anions from the film during oxidation, and the injection of
protons and counter anions into the film during reduction.9,10 This
results in a super-Nernstian mV/pH dependence of the Ir(1III)/
Ir(1IV) reaction, seen in the current-potential characteristics as a
shift in the oxidation (EA1) and reduction (EC1) peak potentials by
>59 mV/pH (at 258C) . Prior research11 has indicated that the role of
the anion is, mainly, to serve as a charge compensating species in the
electrochemical conversion reaction. Also, the anion of the acidic
solution used to grow and/or study the oxide film appears to influ-
ence the Ir oxide film morphology, which, in turn, affects other film
properties such as the Ir(1III)/Ir(1IV) charge transfer kinetics.12

In this paper, the phenomenon of irreversible film aging is first
described in general terms using cyclic voltammetry (CV). The
nature of irreversible aging of electrochemically grown Ir oxide
films is then investigated using ellipsometry and electrochemical im-
pedance spectroscopy (EIS). A simple model of the film after aging
is proposed and used to explain the diminished kinetics. Factors
which influence irreversible film aging, and its possible prevention,
are also briefly discussed.

Experimental

Ir oxide films were grown on polycrystalline Ir metal substrates,
either wires (generally of 1 mm diam and 1 cm length) or foils
(0.3 cm wide, 0.5 cm long, and 0.1 cm thick). The metal was pur-
chased from Johnson-Matthey and was of 99.8% purity. The Ir wire
was spot-welded to a Ni wire and sealed into soft glass tubing, ex-
posing only the Ir wire to solution. For scanning electron microscope
(SEM) studies, foils were suspended from an Au wire which was
attached to the foil via a small hole. The foil electrode was wrapped
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partially with Parafilm to prevent contact of Au with the solution.
The foils utilized for this electrode type were ca. 0.3 cm wide and ca.
0.5 cm long.

The Ir oxide films studied in this work were generally grown by
application of potential pulses of 2 s duration (pulsing, 2 s) between
1.2 and 20.3 V vs. a sodium chloride saturated calomel electrode
(SSCE). Generally, 0.6 M HClO4, 0.4 M H2SO4, 2 M H3PO4, and
0.3 M para-toluenesulfonic acid (TsOH) solutions were used to grow
and study the films; an Eg

1 of 1.12 V was employed to grow the films
in the latter solution for reasons discussed elsewhere.11 The CV char-
acteristics (peak half-widths of A1 and C1, EA1 and EC1) of Ir oxide
films grown and studied in these particular solutions are essentially the
same,11 indicating that these films are, thermodynamically very simi-
lar. Upper (E1) and lower (E2) potential limits employed during
cycling after film growth were the same as Eg

1 and Eg
2, unless stated

otherwise. Equilibrium film charge densities (Q) were measured from
the anodic charge passed in slow sweep rate CVs up to the anodic peak
potential (EpA1) 1 0.22 V, assuming that every active Ir site within the
film yields one electron.13 Note that the thicknesses of these films are
proportional to the film charge densities.11,12 Previously grown Ir
oxide films were removed by anodic dissolution in 2 M H2SO4. 8

Generally, an SSCE was employed as the reference electrode in
this work and all potentials are referred to it. A high area Pt mesh
served as counter electrode in all of the electrochemical experiments.
A standard two compartment glass cell, in which the reference com-
partment was connected to the working electrode and counter elec-
trode compartment by a Luggin capillary, was employed to grow and
study the Ir oxide films.

Most of the electrochemical experiments were carried out using
a Jaissle IMP 83 potentiostat/galvanostat and an EG&G Parc 175
function generator. A BBC Goerz Metrawatt SE 780 X/Y recorder
was employed to record the CVs, current-time response, etc. A
Solartron Schlumberger 1255 HF frequency response analyzer and a
Solartron Schlumberger 1286 electrochemical interface were uti-
lized for the EIS measurements. An IBM 8088 PC, which was dri-
ven by ZPlot 1.6 software (Scribner Associates, Inc.), was interfaced
to the Solartron system and used to acquire the EIS data. A sinu-
soidal excitation signal of 5 mV root mean square (rms) amplitude
was found to be sufficiently small to yield a linear response for the
systems investigated by ac impedance in this work. Frequencies
below 100 kHz were used and 12 data points per decade of frequen-
cy were collected. 

A Gaertner Scientific Corporation ellipsometer (model L116C)
was employed to measure the optical properties of the Ir oxide films.
The ellipsometer was interfaced to an IBM 386 PC, which was dri-
ven by Standard Program software (Gaertner Scientific Corpora-
tion). The ellipsometric data were acquired using a red laser beam of
632.8 nm, an angle of incidence of 708, and a polarizer drum angle
of 458. The data acquisition time was 2 s. 

The EIS data were analyzed and fitted using a nonlinear least
square fitting software program (Equivalent Circuit, version 4.1),
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written by B. A. Boukamp of the University of Twente. This program
also allowed testing of the ac data using the Kronig Kramer trans-
formation and the use of several error calculations.14 A software pro-
gram (Ellips), written by Dr. S. Xia (University of Calgary), was
used to analyze the ellipsometric data.

A Hitachi 100 SEM was used for the SEM work. The samples
were first sputter-coated with a ca. 30 nm Au/Pd layer to reduce
charging effects. The samples were attached by conducting carbon
tape (Electron Microscopy Sciences) to Al stubs. An accelerating
voltage of 20 kV and a typical working distance of 15 mm were
employed.

All chemicals used in this work were ACS analytical grade. The
water was deionized and distilled by a Corning MEGA-Pure MP-6A
system and had an approximate resistivity of 18 HV. Generally, the
solutions for the electrochemical measurements were deoxygenated
using high purity nitrogen gas and all experiments were carried out
at room temperature, 20 6 28C.

Results and Discussion

General CV characteristics of irreversible aging of Ir oxide
films.—Figure 1 shows a typical series of CVs recorded during the
irreversible aging of a 14 mC/cm2 Ir oxide film, grown in 0.6 M
HClO4 by pulsing (2 s) the potential between 20.3 and 1.2 V for
10 min. Immediately after film growth, the potential was cycled at
20 mV/s. During the first cycle, a mirror-image type CV is seen [re-
flecting the kinetically facile Ir(1III)/Ir(1IV) conversion reaction],
as typically observed when Ir oxide films are cycled at a rate less than
the equilibrium sweep rate (neq),7 allowing complete film charge re-
covery. However, Fig. 1 shows that during the second cycle, the
charge in the anodic peak (A1) decreases, and a new peak, A91, appears
at more positive potentials. The appearance of the A91 peak indicates
that the film properties achieved during growth are altered during sub-
sequent potential cycling. Note also in Fig. 1 that the full film charge,
seen best in the cathodic scan, appears to decrease with cycling time.
However, this film aging phenomenon does not reflect a permanent
loss of charge, since when the potential is cycled at lower n, the com-
plete charge can be recovered. This suggests that the neq of the film
has become smaller, indicating diminished Ir(1III)/Ir(1IV) charge
transfer kinetics. Figure 1 also shows that film aging continues until a
steady-state CV is observed, in this case, after ca. 8 cycles.

Figure 1. Typical series of CVs seen during irreversible aging of a 14 mC/cm2

Ir oxide film, grown and cycled in 0.6 M HClO4. The oxide film was grown by
pulsing (2 s) between 1.2 and 20.3 V and then aged by cycling at 20 mV/s
between 1.2 and 20.3 V until a steady-state CV was reached after eight com-
plete potential scans. (——) 1st scan, (— - —) 2nd scan, (- - - - - -) 8th scan.
Figure 2 shows the CV recorded at 2 mV/s for an unaged film of
7 mC/cm2, grown in HClO4, in comparison with the CV for the same
Ir oxide, but in the partially aged condition. This latter film (Fig. 2)
was ca. 20% aged in eight complete oxidation/reduction scans at a
rate of 50 mV/s. The fact that the A1 and C1 peak potentials and half-
widths are identical for the aged and unaged films, when cycled at
sufficiently slow rates, indicates that the hydrous oxide thermody-
namically itself is not altered during aging. This suggests that com-
plexation reactions and/or the irreversible dehydration or hydration
of a large fraction of the Ir redox sites are not the likely origins of
the irreversible aging of Ir oxides. This is contrary to the explanation
provided for aging phenomena reported for other films such as poly-
mers15 and Ni/Co oxide films,16 where film dehydration has been
suggested to explain the altered peak potentials and half-widths.

It is known that11 the sweep rate employed during the process of
aging influences the number of cycles required to reach the final
steady-state CV. Therefore, to study the dependence of the rate of
irreversible film aging on various factors, the term “A-rate” is intro-
duced here. It is defined to be proportional to the inverse of the num-
ber of cycles required to reach a steady-state CV [scanning first
anodically, starting at the open-circuit potential (OCP) of ca. 0.68 V]

[1]

Also, the degree of film aging (% aged) is defined here as (1 2
QA1

aged/QA1
unaged) 3 100, QA1

agedand QA1
unaged being the charges in peak

A1 in the aged and unaged conditions, respectively. In prior work,11

it was found that both the A-rate and the degree of film aging are
influenced by n, and therefore the sweep rate used to induce film
aging must always be stated. Further, the A-rate and the degree of
aging appear to be related, as the degree of film aging was found to
be larger for films aged more rapidly. It should be stressed that the
aging phenomenon studied in this work is irreversible in nature. All
attempts to recover the original rapid kinetics of the Ir(1III)/Ir(1IV)
reaction of the unaged Ir oxide were unsuccessful, once these films
were aged.11

Ellipsometry of unaged vs. aged Ir oxide films.—Figure 3 shows
a typical set of ellipsometric data, with the measured changes in
phase shift (D) plotted vs. the changes in amplitude (C), for an un-
aged and then aged Ir oxide film, grown in 0.6 M HClO4 by poten-
tial pulsing (2 s) for a total time of 10 min and for data collected at

A-rate
1

no. of cycles required to reach a steady-state CV
5

Figure 2. CVs at 2 mV/s for aged and unaged 7 mC/cm2 Ir oxide films,
grown and studied in 0.6 M HClO4. The oxide film was grown by pulsing
(2 s) betwen 1.2 and 20.3 V and then aged in seven complete oxida-
tion/reduction scans at 50 mV/s between 1.2 and 20.3 V. (——) Unaged Ir
oxide, (- - - - -) ca. 20% aged Ir oxide.
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0.6 V. In Fig. 3, the squares represent data collected during the ini-
tial growth of Ir oxide in its still unaged condition, starting with a
bare Ir foil substrate. After 14 mC/cm2 of oxide film growth, the
potential was cycled between 1.2 and 20.3 V at a rate of 10 mV/s to
age the film (circles) in a manner similar to what was done in Fig. 1.
It should be noted that complete (ca. 90%) film aging was achieved
within 10 oxidation/reduction cycles and that less than 0.5% of addi-
tional oxide was formed during the aging process.

The data collected during growth of the unaged film (squares in
Fig. 3) were fitted to a model of a single, homogenous film, sand-
wiched between the electrolyte and the Ir substrate (Fig. 4). A com-
puter best-fit calculation (solid line connecting squares in Fig. 3)
yielded an effective refractive index (neff) of 1.49, an effective ex-
tinction coefficient (keff) of 0.06 and a final film thickness (d) for the
14 mC/cm2 Ir oxide of 190 nm. This relatively low value of neff of
1.49 indicates that the film is very hydrous, possibly consisting of
the oxide and the solution phase homogeneously mixed together.
This is consistent with previously reported results.12,17 The extinc-
tion coefficient of 0.06 shows that this film is slightly absorbing, as
the film is in the partly colored state at 0.6 V. The film thickness is
also consistent with measurements obtained from prior SEM studies,
which predicted a thickness of ca. 14 nm per 1 mC/cm2, 4 i.e., a
thickness of ca. 200 nm for this oxide film.

The data for the aged film could be fitted to either a single, homo-
geneous, or a multilayered heterogeneous film model. However, fit-
ting the data to either model shows that the values of both neff and
keff decrease. This indicates that aged films contain more solution
than do unaged films and that they become thicker. It has been
shown previously that Ir oxide films are not altered thermodynami-

Figure 3. Ellipsometric data collected at 0.6 V, using a 632.8 nm laser source,
during growth and subsequent irreversible aging of Ir oxide films in 0.6 M
HClO4. A final equilibrium film charge density of 14 mC/cm2 was achieved
by pulsing (2 s) between 1.2 and 20.3 V for 11 min. The oxide was then ca.
90% aged at 10 mV/s in 10 complete potential scans between 1.2 and 20.3 V.
(h): Data collected during growth of unaged Ir oxide film, (s) data collect-
ed during different stages of film aging, (——) computer-best fit model for
the growth of unaged Ir oxide film line to growth data.
cally, and the total film charge is the same during aging. Therefore,
the ellipsometric results indicate that solution may have penetrated
the film via cracks, defects, pores, etc., which would result in some
increase in the overall film volume, and hence, in the apparent film
thickness, daged (Fig. 4a). However, the basic composition of the
oxide itself is thought to remain constant, as suggested from the
nonchanging characteristics of the slow sweep CV results. 

The increase in solution content could also reflect the detachment
of some oxide fragments from the Ir substrate (Fig. 4b), which
would also increase the apparent film thickness (daged). This could
occur without changing the thickness of each fragment. Fewer oxide
sites would be in direct electrical contact with the Ir substrate as a
consequence of either cracking within the film or partial delamina-
tion of oxide fragments from the Ir substrate (Fig. 4a and b). Penetra-
tion of solution via cracks in the film vs. film delamination (Fig. 4a
and b) cannot be distinguished from the ellipsometric data of Fig. 3.

Support for this model arises from SEM views of an unaged and
aged Ir oxide film, both formed in TsOH. Figure 5a shows the typi-
cal mud-cracked structure of the unaged film, indicative of the high
degree of water content of Ir oxide, consistent with the ellipsometri-
cally determined neff value. However, films which were partly aged
show much more curling of fragments away from the Ir substrate in
the SEM chamber (Fig. 5b). Indeed, films which were aged to a
greater extent often showed missing pieces when examined visually,
after drying in air, or in the SEM chamber. It is noteworthy that aged
films can be easily removed from the substrate, by the impingement
of a jet of H2O and/or by physical jarring, when immersed in acid
solutions, whereas unaged films are much more stable and adherent
to the Ir substrate. This is consistent with the proposed physical
model of film aging (Fig. 4).

Electrochemical impedance spectroscopy (EIS) of unaged vs.
aged films.—Figure 6 shows a typical Nyquist plot obtained for a
14 mC/cm2 unaged Ir oxide film grown in 0.6 M HClO4. The ac data
was gathered at 0.66 V, a potential at which the film consists of a
nearly equal mixture of Ir(1III) and Ir(1IV) sites. This Nyquist plot
(Fig. 6) is similar to the EIS response for hydrous Ir oxide films
reported previously,18,19 where it was shown that the simple circuit
in Fig. 7 could be fitted to this data. This equivalent circuit (EQC) is
similar to the circuit which, in its simplest form, pertains to an elec-
troactive porous film material in an electrolytic solution.20 It consists
of the parallel combination of Rct, the charge transfer resistance de-
scribing the electron transfer at the substrate/film interface, and Cdl,
the interfacial double layer capacitance of the film-free substrate.
The porous and rough character of the film leads to a nonideality of

Figure 4. Possible physical changes of Ir oxide films with aging, based on
ellipsometric, slow sweep CV and SEM results (not to scale).
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Figure 5. (a, top) SEM of ca. 90 mC/cm2 unaged Ir oxide film, grown by
pulsing (2 s) between 1.2 and 20.3 V in 0.3 V in 0.3 M TsOH. The acceler-
ating voltage was 15 kV and a magnification of 2000 times was employed.
The bar shows that 1 cm 5 5 mm. (b, bottom) SEM of ca. 90 mC/cm2 Ir oxide
film aged to ca. 10%. The Ir oxide film was grown (pulse, 2 s) and then aged
(in 3 cycles at 2 mV/s) between 1.2 and 20.3 V in 0.3 M TsOH. The accel-
erating voltage was 15 kV and magnification of 2000 times was employed.
The bar shows that 1 cm 5 5 mm.
the interfacial capacitance, so that Cdl is better described as either a
constant phase element (CPE), as shown in Fig. 7, or as a skewed arc
function.20,21 In Fig. 7, Rs represents the solution resistance between
the Ir oxide and the tip of the Luggin capillary.

A transport impedance element, Ztp, is introduced into the EQC
(Fig. 6) to represent the transport of electrons and counterions with-
in the film. Mobile charged species (electrons and counterions) are
required to satisfy the principles of electroneutrality in the film.
Also, it has been shown previously18-21 that, at intermediate fre-
quencies, the conditions of counterion and electron transport are
semi-infinite in nature, described by a partly capacitive and resistive
transmission line (TML), and seen in the Nyquist plot as a linear seg-
ment with a slope close to unity (Fig. 6). The slope of this segment
(in this paper, referred to as a TML) depends on the type of trans-
port, which is influenced by the film morphology.22 At lower fre-
quencies, when sufficient time is allowed for every film site to react,
the transport becomes finite, resulting in a mainly capacitive TML
(of slope approaching infinity), reflecting the pseudocapacitance

Figure 6. Typical Nyquist plot of a 14 mC/cm2 unaged Ir oxide grown and
studied in 0.6 M HClO4. The Ir oxide was grown by pulsing (2 s) between
1.2 and 20.3 V. The ac data were collected at 0.66 V between 100 kHz and
3 Hz.

Figure 7. Simplest form of an EQC describing a porous material which
undergoes a faradaic reaction. This equivalent circuit fits the data of Fig. 6
well.
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characteristic of Ir oxide films (Fig. 6). The transition between semi-
infinite and finite conditions is characterized by the transition fre-
quency (vtr),

18,19 which is ca. 75 s21 (12 Hz) for this particular
unaged Ir oxide film (Fig. 6). Also, vtr is known to increase inverse-
ly with both the square of the film charge density, film thickness, and
characteristic transport path length (dl). 

18,19

EIS was also performed with 14 mC/cm2 Ir oxide films grown
and aged to different degrees in 0.6 M HClO4. Figure 8a (all fre-
quencies) and b (higher frequency data only) show typical Nyquist
plots of a partly (ca. 20%) aged Ir oxide film after five complete oxi-
dation and reduction cycles at a rate of 20 mV/s. It is seen in Fig. 8a
that the capacitive film behavior can only be reached at a much lower
frequency, i.e., at ca. 0.1 Hz vs. 75 Hz, for the aged vs. the unaged
film, respectively. This indicates that the kinetics of the Ir(1III)/
Ir(1IV) reaction have significantly diminished in the aged oxide
films, consistent with the conclusions of Fig. 1 and 2. Further, an ad-
ditional partly capacitive-resistive TML (slope of ca. 1.4 for this spe-
cific film) is recognizable in the Nyquist plot of aged films in the fre-
quency range from ca. 12 to 0.8 Hz (Fig. 8b). This may indicate that
film aging introduces nonuniform transport properties into the sys-
tem (see below).

The frequency characterizing the slope change between the two
partly resistive-capacitive TMLs (v9tr) of the aged oxide film
(Fig. 8b) is ca. 75 s21. This is the same as the vtr value found for the
unaged Ir oxide film (Fig. 6). Also, the slope of the partly resistive-
capacitive TMLs, seen at higher frequencies for the aged oxide film
(Fig. 8b) vs. the unaged oxide film (Fig. 6), are very similar (close
to unity). These results may indicate that a portion of the aged oxide
is responding as though it were still unaged, while the remaining part
of the film exhibit hindered kinetics.

Possible explanation for the diminished kinetics of aged Ir oxide
films.—Ellipsometric studies have shown that the overall volume of
aged films is larger than for unaged films. This, together with the
fact that aged and unaged films are thermodynamically similar sug-
gests that Ir oxide films may crack and curl away from the substrate
during aging. SEM studies of unaged and aged films further support
this model. This would result in an increase in the characteristic
transport path length (dl) through the film (Fig. 4), particularly for
Ir(1III)/Ir(1IV) sites which are situated at the edges of the curled
fragments which would then be located further away from the Ir sub-
strate as they protrude into solution. When n # neq

6 (v # vtr), all Ir
oxide sites will have sufficient time to react and an unaged CV
response is seen. However, when n > neq (v > vtr), as is the case
when film aging is induced and the Ir(1III)/Ir(1IV) redox reaction
process becomes transport controlled, an increase in dl for those sites
at the edge of the curled fragments of film will increase the time
required for all film sites to react.18,19 Therefore, this could explain

Figure 8. Nyquist plot of a partially aged 15 mC/cm2 Ir oxide film grown,
aged, and studied in 0.6 M HClO4. The Ir oxide film was grown by pulsing
(2 s) between 1.2 and 20.3 V and then aging at 20 mV/s in five complete oxi-
dation and reduction cycles between the same limits. The ac data were col-
lected at 0.66 V from 100 kHz to 0.1 Hz (Fig. 8a, left), shown also from 100
kHz to 5 Hz (Fig. 8b, right).
the diminished kinetics of aged Ir oxide films (Fig. 8). It should be
noted that other factors, such as changes in film porosity, could also
affect the kinetics of these films.22

The fact that an additional partly resistive-capacitive TML (at
lower frequencies) appears in the case of aged Ir oxide films may be
explained by the development of regions of nonuniform film thick-
ness, as different oxide fragments curl and/or as cracking occurs to
a variable extent within the film. This would lead to a range of char-
acteristic transport path lengths (as well as a range of transition fre-
quencies) within the aged films, consistent with this additional fea-
ture seen in the Nyquist plot (Fig. 8b). The equivalent circuit of aged
Ir oxide films may contain several Ztps, which, based on the suggest-
ed model for film aging (Fig. 4), would be electrically connected in
parallel, as shown in the in Fig. 9. Each Ztp is thought to represent
oxide fragments curled and/or cracked to a similar degree, whereas
different Ztp elements represent oxide fragments protruding to dif-
ferent extents away from the Ir substrate, and therefore having dif-
ferent characteristic transport lengths. The number of Ztp elements
within this EQC would vary, depending on the nonuniformity of film
aging. Note that the EQC in Fig. 9 reduces to the EQC assigned pre-
viously for unaged Ir oxide films (Fig. 7) when the transport proper-
ties of electrons and counterions within the film are uniform, and
therefore, sufficiently described by one Ztp.

It was found that the experimental ac impedance data for ca. 20
and 80% aged Ir oxide films of 14 mC/cm2 equilibrium charge den-
sity, grown (pulse, 2 s) and aged (cycling at 20 mV/s for 5 and 9
cycles, respectively) in 0.6 M HClO4 between 1.2 and 20.3 V, can
be fitted to the EQC in Fig. 9 using two and three Ztp elements, re-
spectively. This again supports the suggested model of film aging
(Fig. 4a and b). The good agreement between the experimental (•)
and theoretical (3) data is shown in Fig. 10a and b (ca. 20%-aged Ir
oxide film) and 11a and b (ca. 90%-aged Ir oxide film) for the fre-
quency ranges of 100 kHz to 5 Hz and 100 kHz to 0.1 Hz. The

Figure 9. Possible EQC for partly and fully conductive Ir oxide films which
are aged to different degrees. Any number of transport elements (Ztp) can be
used, depending on the nonuniformity of film aging.
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detailed interpretation of the magnitudes of the EQC elements, and
their dependence (on aging) is lengthy and complex, and is not dis-
cussed here.

Comments regarding Rct and CPEdl.—Both film delamination
and film cracking are expected to alter the values of Rct and CPEdl.
It is well known20 that the parallel combination of Rct and CPEdl (as
shown for the equivalent circuit in Fig. 7) results in an apparent
semicircle seen at high frequencies in the Nyquist plot. The value of
Rct for Ir oxide films in their partially conductive state is expected to
be low. Indeed, an Rct value of only ca. 0.1 V was obtained by fitting
the experimental data shown in Fig. 6 to the EQC in Fig. 7. There-
fore, for this Ir oxide film, the high frequency features typically seen
for Rct and CPEdl are only barely recognizable in the Nyquist plot
(Fig. 6). Furthermore, changes in Rct and CPEdl accompanying the
process of film aging are also only vaguely recognizable in the
Nyquist plot. Indeed, small differences in the high frequency data for
the unaged vs. aged films are recognizable when the raw ac data
(Fig. 6 and Fig. 8b) are overlaid. The error for the value of Rct and
CPEdl, extracted by fitting the raw ac data (Fig. 6 and Fig. 8b) to the
EQCs shown in Fig. 7 and Fig. 9, respectively, are very high. There-

Figure 10. Experimental and theoretical Nyquist plots for ca. 20% aged Ir
oxide film of 14 mC/cm2 equilibrium film charge density. The Ir oxide film
was grown (pulse, 2 s) and aged in 5 cycles at 20 mV/s between 1.2 and
20.3 V. The ac data were collected at 0.66 V and the frequency ranges of
100 kHz to 0.1 Hz (a, left) and 100 kHz to 5 Hz (b, right) are shown here.
The data have been fitted to the EQC shown in Fig. 9, using two Ztp elements.

Figure 11. Experimental and theoretical Nyquist plots for ca. 90% aged Ir
oxide film of 14 mC/cm2 equilibrium film charge density. The Ir oxide film
was grown (pulse, 2 s) and aged in nine cycles at 20 mV/s between 1.2 and
20.3 V. The ac data were collected at 0.66 V and the frequency ranges of
100 kHz to 0.1 Hz (a, left) and 100 kHz to 5Hz (b, right) are shown here. The
data have been fitted to the EQC shown in Fig. 9, using three Ztp elements.
fore, a quantitative comparison of Rct and CPEdl, for aged vs. unaged
films was not attempted.

Experimental factors affecting the irrversible aging of Ir oxide
films.—Prior work has found that several factors influence the sus-
ceptibility of Ir oxide films toward irreversible aging.4,5,11 Mass
transport limitations of anions across the solution/film interface dur-
ing the reduction of Ir(1IV) to Ir(1III) make Ir oxide films prone to
aging.4,11 An increase in the film thickness has been found to in-
crease the rate and the degree of aging, also consistent with mass
transport limitations.11 The influence of the anion on film aging has
been further emphasized by the fact that Ir oxide films grown and
studied in H2SO4 are less prone to aging than films grown and stud-
ied in either HClO4 or HNO3. 11 Also, rapid film aging occurs when
these films are transferred between solutions containing different
anions, which also illustrates the influence of the solution anion on
the Ir oxide electrochemistry.11 It has been found4,5,11 that irre-
versible aging of Ir oxide film is a very complex process and a large
number of factors influence the susceptibility of these films to aging.
It has been found also that film aging can be prevented, using sever-
al methods, before and after film growth.11 Some additional experi-
mental oxide growth parameters which affect the suceptibility of Ir
oxide to irreversible aging are discussed below. 

Effect of tEg
1 and tEg

2 on the propensity of Ir oxide film aging.—
The duration of the potential pulses applied to grow Ir oxide films,
tEg

1 and tEg
2, has also been found to affect the tendency of an oxide

film to age during subsequent potential cycling. Ir oxide films were
grown and studied in various growth solutions, 0.4 M H2SO4, 0.3 M
TsOH, 0.6 M HClO4, or 2 M H3PO4, at cycling rates of n < neq.
Table I shows that a sufficient lengthening of tEg

2 at fixed tEg
1 val-

ues prevents film aging altogether, whereas for a sufficiently large
decrease in tEg

2 (tEg
1 constant), film aging is induced, even for Ir

oxide films grown in H2SO4 and H3PO4 solutions. The minimum
tEg

2 required to prevent film aging depends on the growth solution
(Table I). This observed effect of tEg

2 on the susceptibility of Ir
oxide films to aging is not yet understood, but may be related to the
Ir(1III)/Ir(1IV) reaction rate, since it is known that an increase in
tEg

2 reduces the rate of this reaction, and vice versa.11,12

The critical lower potential cycling limit.—A sufficiently posi-
tive value of E2 was found to either decrease the A-rate or prevent
film aging completely. The critical value of E2 depends on the solu-
tion anion and the concentration of the solution employed to grow
and study the oxide. For example, a 14 mC/cm2 Ir oxide film grown
in 0.6 M HClO4 is not prone to aging when cycled at 20 mV/s to an
E2 limit more positive than 20.2 V, whereas the critical E2 for Ir
oxide films of similar charge density, but grown and studied in 0.4 M
HNO3 (E1 in both solutions was 1.2 V) is 0.1 V. The fact that the
critical E2 is more positive for Ir oxide films grown and studied in
0.4 M HNO3 vs. in 0.6 M HClO4, indicates that it is more difficult
to avoid aging in HNO3 solutions.

Table I. Influence of solution and pulsing times during growth
of Ir oxide films on susceptibility to irreversible aging.

tEg
1 tEg

2 Prone to
Growth and test solution (s) (s) aging

0.4 M H2SO4 2 <0.2 Yes
>0.2 No

2 M H3PO4 2 <0.2 Yes
>0.2 No

0.3 M TsOH a 2 0.2 Yes
$0.3 No

0.6 M HClO4 2 <10 Yes
$10 No

a Eg
1 is 1.12 V instead of 1.2 V vs. SSCE.
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The following critical E2 values were found for 14 mC/cm2 Ir
oxide films, grown and then cycled (5 and 20 mV/s) to 1.2 V in a
range of acidic solutions: 0.4 M H2SO4 < 0.3 M TsOH: 20.8 V; 2
M H3PO4: 20.32 V; 0.6 M HClO4: 20.2 V, and 0.4 M HNO3: 20.1
V. The critical E2 values also depend on the potential pulsing times
used to grow these oxides. In fact, film aging can be observed for Ir
oxide films which are grown and then cycled between 1.2 and
20.3 V in solutions of 0.4 M H2SO4, 0.3 M TsOH, and 2 M H3PO4
when tEg

2 is sufficiently shortened. Similarly, film aging is not
observed for Ir oxide films grown and then cycled between 1.2 and
20.3 V in 0.6 M HClO4 when tEg

2 is sufficiently lengthened. These
results indicates that the critical E2 value becomes more negative
with decreasing tEg

2. 
It is known that Eg

2 must be sufficiently negative for growth of
additional Ir oxide film to occur.7,9 The fact that both film aging and
oxide growth require cycling to sufficiently cathodic potentials may
suggest that the two processes are related. At E2, the newly formed
Ir oxide is thought to be released from the Ir substrate into the
hydrous Ir oxide film.7,9 It is possible that, depending on E2, differ-
ing degrees of binding of the new oxide monolayer with the over-
laying hydrous Ir oxide formed in previous cycles, develop. This
would be consistent with the fact that aged films appear to be more
susceptible to delamination at the substrate/film interface, indicative
of changes in film properties in this region.

Conclusions
An irreversible aging phenomenon of electrochemically grown Ir

oxide films, reflected in the decrease of the Ir(1III)/Ir(1IV) charge
transfer kinetics, has been investigated. Slow sweep CV studies
showed that aging does not alter the thermodynamic properties of
the film, nor is there any loss of film charge. Ellipsometry investiga-
tions showed that irreversible aging of Ir oxide films in the growth
solution involves an increase in the content of solution in the film
and an increase in the overall film thickness. This may occur through
the detachment of oxide fragments from the Ir substrate and/or
cracking (and hence swelling) of the oxide, thus reducing the num-
ber of oxide sites in direct electrical contact with the Ir substrate. As
a consequence, the characteristic transport path length of the aged
oxide and the time required to fully react all Ir sites is increased,
which is seen as diminished Ir(1III)/Ir(1IV) charge transfer kinet-
ics. It is likely that oxide fragments protrude to different degrees into
the solution away from the Ir substrate, thus introducing a range of
characteristic transport lengths. This is consistent with the best fit
EQC for aged Ir oxide films, which consists of several transport ele-
ments describing electron and counterion transport within the oxide
film, with each element being of a different magnitude.

It was found that Ir oxide films are made less prone to aging by
sufficiently lengthening the time spent at tEg

2 and/or by cycling to
potentials positive of a critical E2 value. Ir oxide films are not as
prone to irreversible aging in sulfuric acid and p-toluene sulfonic
acid solutions, as they are in nitric and perchloric acid solutions.

The fact that irreversible aging of Ir oxide films requires cycling
to sufficiently negative potentials (below the critical E2) suggests
that film aging and the formation of “new” hydrous Ir oxide film are
related. 
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