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The nature of the electronic structure of electrochemically formed iridium oxide films (EIROF) is investigated by in-situ conductivity
measurements in an electrochemical cell and ex-situ current-sensing atomic force microscopy (CS-AFM). A direct demonstration of
changes in the conductivity for electrochemically formed iridium oxide films (EIROF) with the applied potential of EIROF electrodes
in an electrochemical cell is presented. The in-situ conductivity shows a single step-like change at a potential of approximately 1.2 V
in 0.5 mol dm~3 H,SO, vs. a reversible hydrogen reference electrode. The change in conductivity is also reflected in results of
ex-situ CS-AFM for EIROF electrodes emersed at different potentials. At an emersion potential of 0 V the CS-AFM current-
voltage characteristics are non-linear and similar to those of diodes. At an emersion potential of 1.6 V the CS-AFM current-voltage
characteristics are approximately linear, consistent with metallic behavior. Mott-Schottky analysis shows that at low potentials the
oxide behaves as a p-type semiconductor with a flatband potential approximately 500 mV below the transition to high conductivity
from the in-situ conductivity measurements. These results allow for an interpretation of changes in the relative magnitudes of the
III/IV and IV/V (or IV/VI) voltammetric peaks during film growth through a block-release behavior involving space-charge layers
in the oxide.
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Iridium oxide' is relevant as a material for electrochromics,™
electrocatalysis® ' and as a pH sensor.”’ A proposed mechanism for
the electrochromic properties of the material based on the electronic
structure was suggested by Grangvist.>* According to this explanation
the change of color with potential is due to variations in band filling
associated with intercalation of protons and possibly other ions,?!

IO, - nH,O + (1 + §)H' + SA~
= Ir0;_3(OH), ;3A - mH,0 + (n — mH,0 +h*  [1]

where A~ is a solution anion, and h® and electron hole.

For oxygen-evolution electrocatalysts one expects the activity to
depend on the binding energy of intermediates involved in the reaction
according to the Sabatier principle. Since the binding energy of the
various relevant intermediates appear to scale with the binding energy
of oxygen, the latter quantity may serve as a descriptor of catalytic
activity for the oxygen evolution reaction. Exactly how the features
of the electronic structure of the catalyst are related to the binding
energy appears to be less clear than in the case of metals for which the
d-band theory and its refinements?>?3 appear to successfully rational-
ize electronic structure and (electro-) catalytic behavior. Recent work
indicates that the number of electrons in the d-band of transition metal
oxides is an important descriptor of catalytic activity,>+? although
other aspects of the electronic structure may be important as well.?

Also other electrochemical properties such as the shapes of
voltammograms have been attempted analyzed in terms of electronic
structure.”’

It is therefore of interest to characterize properties reflecting the
electronic structure of the various forms of iridium oxide, preferably
in-situ, to rationalize the various aspects of the oxide on common
platform. The band structure of iridium oxide?®" suggests that one
should expect the oxide to switch its conductivity from low to high
upon oxidation. Measurements of changes in the conductivity of the
oxide during the process therefore appear particularly important. In-
direct or ex-situ evidence of such switching is available for anodically
formed iridium oxide films (AIROF) in the literature,>!*? but direct ev-
idence is scant. Kukkonen et al.** measured the resistance of iridium
electrodes during passivation by measuring the resistance between
two identical electrodes contacting one another, face to face. These
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results do not comply with those expected from the band structure of
the oxide, however, and it is thus not quite clear how they relate to the
electronic structure of the oxide being formed.

Also, various forms of iridium oxide exist, and these may display
significant differences in their properties. Thus anodically formed
iridium oxide films (AIROFs) display distinct semiconducting be-
havior in the reduced form and metallic properties in the oxidized
form.?? A similar transition was not observed for iridium oxide synthe-
sized by hydrolysis.!” Electrochemically formed iridium oxide films
(EIROFs)*** are particularly interesting forms of iridium oxide from
the perspective of making thin iridium oxide layers for high utilization
of iridium. Their electronic properties are therefore correspondingly
relevant.

In this work we directly document changes in conductivity of elec-
trochemically formed iridium oxide films (EIROF) with the use of an
in-situ conductivity probe.*-3® We also include ex-situ measurements
of surface conductivity by current-sensing atomic force microscope
(CS-AFM) and show that these are consistent with the direct assess-
ment. Finally, we demonstrate how these measurements can be used
to analyze the growth mechanism and electrochemical properties of
EIROF in terms of the electronic structure.

Experimental

Electrodes.—Glassy carbon and gold electrodes were used as sub-
strates for the electrodeposited iridium oxide layers. The electrodes
were embedded in epoxy together with electrical contacts at the back
side of the electrode. After casting, the embedded electrodes were
polished until mirror finish (to 1 wm for carbon and 0.05 wm for the
softer gold electrodes) so that the electrode surface was flush with the
insulating epoxy surrounding it. The polished electrodes were rinsed
with water and washed twice for 10 min in an ultrasonic bath. The
geometric area for the glassy carbon electrode employed in this paper
was approximately 1 cm?. The polished gold electrodes appeared to
be too rough for characterization in the current-sensing atomic force
microscope (CS-AFM, see below) and were used mainly for in-situ
conductivity measurements as well as in the initial phases to adjust
the deposition process. Thus, for CS-AFM all electrode substrates
employed were glassy carbon.

Electrodeposition of iridium oxide.—Precursor solutions for elec-
trodeposition were prepared in a similar way to that described in
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Figure 1. Probe for in-situ conductivity measuremets. A: Top view. B: Perspective. C: Photo of the actual cell.

Ref. 35. Thus, an aliquot of H,IrCle solution was added to 50 ml
of water (deionised, 18 M), and stirred for 30 min. Aqueous H,0,
(0.5 ml, 30%, Alfa Aesar) was added, and the resulting solution was
stirred for 10 min. Potassium oxalate (460 mg Alfa Aesar) was added
and the solution was stirred for another 10 min. The pH was slowly
adjusted to 10.5 by the addition of potassium carbonate (Aldrich). The
resulting yellowish brown solution was covered and heated carefully
to 60°C and kept at this temperature for 1 h, after which it appeared
deep purple. The prepared solutions were in some cases stored in a
fridge at +4°C for up to four weeks. In case the solution appeared
darker due to formation of suspended particles during the precur-
sor synthesis or after storage the electrochemical synthesis was no
longer reproducible. These solutions were discarded. Also, after elec-
trodepositing large amounts of IrO; from the same solution further
electrodeposition was found to be less reproducible than desirable.
This was due to the iridium precursor concentration in the solution
dropping to too small values. At this point these solutions were also
discarded.

The deposition of IrOx was carried out in a conventional three-
electrode cell by cyclic voltammetry at 100 mV s~! with a Zahner
electrochemical workstation (potentiostat) IM6eX and a 3 mol dm~>
Ag/AgCl reference electrode. The counter electrode was a Pt mesh.
The combination of potential range and substrate was decisive for the
characteristics of the resulting iridium oxide layer. At gold substrates
a potential range of —0.6 V through 0.8 V vs. Ag/AgCl resulted in a
film contained within the electrode substrate itself. A potential range
of —0.6 V through 0.95 V, however, resulted in iridium oxide layers
extending beyond the gold surface and onto the epoxy.*> As the in-
situ conductivity measurements assumes that the gap between the
two edges constituting the probe is bridged by iridium oxide, we
consequently always employed the potential range —0.6 V through
0.95 V for this type of electrode. At carbon electrodes the potential
range was —0.6 V through 1 V. The number of cycles was varied
according to the targeted film thickness, as is discussed in each case
presented below.

Note that the method above represents a slight modification of the
procedure in Ref. 35. According to recommendations given in Ref. 34
the oxalic acid originally used in Ref. 35 was replaced by potassium
oxalate, and additional heating was applied to develop the color of the
solution more quickly. Also, H,IrCls was used instead of anhydrous
IrCly, the amount of H,IrCls being adjusted to give the same total
amount of iridium as in 70 mg of anhydrous IrCl;.*> This was done
based on the mass of iridium (as reported by the supplier) per 1 ml
solution.

Electrochemical characterization.—Electrochemical characteri-
zation consisted of cyclic voltammetry and measurements of ca-
pacitance. After deposition the electrodes were rinsed by leaving
them for 10 min in at least three different phosphate buffer solu-
tions (0.1 mol dm~3 Na,HPO, and 0.1 mol dm~3 KH,PO,) in order
to remove precursor solution from the film. They were then transferred
while wet into an electrochemical (glass) cell filled with a phosphate
buffer solution of the same concentration, with a Pt mesh counter elec-

trode and a reversible hydrogen reference electrode (RHE). The cell
was flushed with argon prior to the experiments. An argon atmosphere
was maintained above the solution at all times during the experiments.
The film was cycled at 150 mV s~! until the cyclic voltammograms
were stable. Capacitance data for Mott-Schottky plots were collected
at 1 kHz in 0.5 mol dm—> H,SO,.

In-situ conductivity measurements.—For in-situ conductivity
measurements a design similar to that presented in Ref. 36 was em-
ployed and is illustrated in Fig. 1. Two epoxy-embedded gold elec-
trodes (prepared as above and with gold plates of 1 mm thickness)
were sandwiched face to face but with a thin poly-ethylene (PET) foil
in between them. This sandwhich configuration ensures the absence
of any direct electrical contact between the two gold plates. The whole
sandwich was fixed together by conventional office Scotch 3M™ tape
and placed into a mold with a fast-curing epoxy. After hardening, the
epoxy bulb with the embedded electrodes was cut across so that two
parallel gold edges were exposed at the surface. The electrode was
polished as described above in the direction along the PET film. (If
polished across, the two gold edges tended to make electrical contact
with one another due to polishing damage.) The absence of elec-
trical contact between the gold plates was verified by a multimeter.
The resulting exposed geometric area of one gold edge electrode was
approximately 4 mm?.

In-situ conductivity measurements employed a similar circuitry as
that in Ref. 36 Thus, the working-electrode connection of a Wenking
MP04 minipotentiostat was connected to one of the two gold plates
of the in-situ conductivity probe (see above). We will refer to the gold
plate to which the working electrode connection of the minipoten-
tiostat was connected as the leading electrode. The counter-electrode
and reference-connections of the minipotentiostat were connected to
the counter electrode and reference electrode, respectively, as in a
standard electrochemical cell. The potential of the leading electrode
was thus controlled by the minipotentiostat with respect to the RHE
reference electrode in the cell. (The ground link was removed from
the minipotentiostat prior to the experiments.) The leading electrode
was also connected to the working and sense electrode connections
of a Zahner IM6eX potentiostat. The other gold plate of the in-situ
conductivity probe was connected to both the reference and counter
electrode connections of the Zahner potentiostat. The Zahner poten-
tiostat was thus employed in a two-electrode mode across the gap
between the two gold plates. A steady 20 mV potential was imposed
across the two gold plates of the conductivity probe by the Zahner
potentiostat. The resistance across the film was measured using the
built-in functionality of the Zahner potentiostat for measuring ohmic
resistance. The resistance of the film was thus measured as a func-
tion of the potential of the leading electrode with respect to the RHE
reference electrode as controlled by the minipotentiostat. The in-situ
conductivity measurements were performed in 0.5 mol dm~* H,S0,.

For all the leading-electrode potentials at which the conductiv-
ity was measured, we also measured the conductivity of the film
immediately after disconnection of the minipotentiostat, i. e. at
unrelaxed OCP. This resulted in slightly different values for the
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conductivity. However, the results were parallel as a function of the
leading-electrode potential, and we will not report the results for the
conductivity measurements performed at OCP.

Current-sensing atomic force microscopy.—The CS-AFM mea-
surements were performed with an Agilent Series 5500 AFM/STM
instrument and a 100 wm range N9524 scanner. The scanner was
equipped with an N9541A CS-AFM nose cone with a nose cone
preamplifier of current range 10 nA. Gold-covered silicon current
sensing tips were employed in all experiments.

The electrodes for CS-AFM were prepared in the following man-
ner. After electrochemical characterization in phosphate buffer as de-
scribed in Electrochemical characterization section above the carbon-
supported working electrodes were charged either at O V or 1.6 V (as
specified for each electrode below) for at least 1 min in the electro-
chemical cell employed for the electrochemical characterization. The
crocodile clip contacting the electrode was then disconnected while
the potential was still being applied and while the electrode was still
in the solution. The electrode was then removed immediately from the
solution and rinsed gently with deionized water to remove electrolyte
from the film surface. (It is important that the water stream is not
directed directly at the deposited layer. In cases where it was, flakes
of electrode material were coming off the electrode. These electrodes
were discarded.) Excess water at the film surface was collected by
contacting lint-free tissue with the rim of the electrodeposited layer,
leaving the film surface itself untouched. The entire operation, from
disconnecting the potential through rinsing to excess water removal,
was always carried out in less than 1 min. This is important because
separate experiments showed that the open circuit potential (OCP)
after charging at 1.6 V would relax at times longer 1 min to a final,
stable potential of approximately 0.8 V. The relaxation from 0 V to
higher potentials occurred more slowly, but also for these electrodes
the disconnection of the potential and removal of the electrolyte solu-
tion was performed in less than 1 min. The electrode was then left to
dry overnight in air, after which the dried electrodes were mounted in
the microscope for study.

Results

Electrochemical deposition.—Cyclic voltammograms for 100 cy-
cles of EIROF film growth on a glassy carbon electrode are presented
in Fig. 2. The figure shows every 10th cycle in the growth process.
During the first 50 cycles the CVs resemble previous published results
on iridium oxide film growth® and a steady increase in the current
with increasing number of cycles is apparent. A sudden change in the
CVs is observed after approximately 50 cycles, however; the peak at
around 0 V (“A-peak” in the figure) decreases considerably between
50 and 70 cycles, while the peak current of the peak at 400 mV (“B-
peak” in the figure) continues to increase. For the latter a significant
anodic shift in the peak potential is also apparent, however. Between
70 and 100 cycles the A-peak increases again, while the B-peak gets
broader without much increase in peak current. The peak currents for
the two peaks are shown in the inset of Fig. 2 as function of cycle
number, which shows the peak development as described above. Note
the simultaneous change in the two peak currents. This effect was also
observed when depositing EIROF at gold-supported electrodes. The
appearance of the voltammograms in Fig. 2 are very different from
those for iridium metal growth presented by El-Sawy and Birss,*’ and
indicate the direct formation of the oxide.

In order to simplify the discussion below, we now classify the
EIROF films into three different types. We will refer to films grown
with a number of cycles fewer than that causing the drop in the A-
peak current in the inset of Fig. 2 as type-I films. Films grown with
a number of cycles larger than the number of cycles required for the
peak current of the A-peak first to decrease and then to increase again
will be referred to as type-IlI films. Films grown with a number of
cycles in between those corresponding to type-I and type-III will be
referred to as type-II films. Obviously, since the charge of type-I films
is less than those of type-II films, in turn smaller than that of type-III
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Figure 2. Cyclic voltammograms collected during growth of EIROF on the
glassy carbon electrode in a solution containing H2IrClg, H,O2, NaC,0y4, and
NaCOs; (see Electrodeposition of iridium oxide section for details). The inset
shows peak currents as a function of cycle number. Blue: peak at 0 V. Pink:
peak at 400 mV. The potentials are stated vs. the Ag/AgCl reference electrode.

films, type-I would in some sense be thinner than type-II or type-III
films. Note that the cycle number representing the transition between
the different film types depended also on the anodic potential limit
and the sweep rate during synthesis.

Electrochemical characterization and in-situ conductivity
measurements.—A set of cyclic voltammograms in phosphate buffer
for two EIROF films, recorded at a number of different scan rates,
are shown in Figures 3 and 4. The CVs in Fig. 3 were recorded for a
type-I film, that in Fig. 4 for a type-III film. Both films were grown
for 100 cycles, but the anodic potential limit for the Type-I film was
740 mV (Fig. 3). For the type-III film (Fig. 4) the anodic potential
limit was 860 mV vs. Ag/AgCl. The sweep rate was the same as that
used in Fig. 2 in both cases (100 mV/s). The voltammograms for
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Figure 3. Cyclic voltammograms and peak current vs. scan rate (in-
set) recorded in phosphate buffer solutions (0.1 mol dm™3 Na,HPO4 and
0.1 mol dm—3 KH,POy) for carbon supported sample type I. The A peak
corresponds to the peak at approximately O V vs Ag/AgCl and B to the peak
at approximately 0.4 V vs. Ag/AgCl in Fig. 2.
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Figure 4. Cyclic voltammograms and inset with peak current vs. sweep rate
in phosphate buffer solutions (0.1 mol dm~—3 Na,HPO4 and 0.1 mol dm—3
KH;POy,) for carbon-supported an EIROF sample of type III. The A peak
corresponds to the peak at approximately 0 V vs Ag/AgCl and B to the peak
at approximately 0.4 V vs. Ag/AgCl in Fig. 2.

the type-I films in Fig. 3 are qualitatively similar to CVs previously
reported by a number of groups, for example for AIROF and EIROF
films.!-18:21:354144 The CVs of the type-III film in Fig. 4 also have
their counterparts in the literature,* but these shapes appear to be less
common.

The peak potentials vs sweep rate are shown for both films in the
insets of Figures 3 and 4. The peak current for the A-peak of the type-I
film is almost linearly dependent on the sweep rate for small sweep
rates in Fig. 3, and roughly so at larger sweep rates. For the same
type-I film, B-peak currents are close to perfectly linearly dependent
on the sweep rate. The values for peak currents are in the same range
for A- and B- peak. For the Type-III film in Fig. 4 the peak current for
the A-peak appears to be linear in scan rate, while B-peak currents are
not. For the last three points the B-peak did not reach its maximum
due to the peak being shifted with sweep rate to potentials higher than
the anodic limit of the CVs. For type-III film the peak currents for the
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B-peak are much larger than those for the A-peak, and the average
slope is also larger.

Type-I EIROF films on gold were observed to be electrochromic,
displaying a dark blue color at high (anodic) potentials and being
transparent at low (cathodic) potentials. Thicker films had a black
appearance not varying with potential. However, type-III films were
not always completely uniform, and fringe areas were in some cases
observed to display electrochromism also for these films. On glassy
carbon it was difficult to see any color change due to the black support.

Mott-Schottky plots from capacitance data collected for these elec-
trodes are shown in Fig. 5. The intercept of the negatively sloping
(approximately straight) line for 1/C? (C being the measured ca-
pacitance) with the potential axis indicate a flatband potential of ap-
proximately 0.65 V vs. the reversible hydrogen reference electrode
in phosphate buffer (pH=6.9). Fig. 5 also shows the conductivity of
an EIROF sample deposited on the double gold conductivity probe
vs. potential of the leading electrode as described in the Experimental
section. For reference a 5 mVs™! cyclic voltammogram of the syn-
thesized EIROF in the same solution and same reference electrode is
also given in the figure.

From Fig. 5 the conductivity is observed to be low and constant at
potentials below the redox peak at 1250 mV vs. RHE (the B-peak). An
almost step-wise increase in conductivity is present at 1.2 V, and the
conductivity remained high and approximately constant at potentials
above 1350 mV, even during formation of oxygen bubbles in the
OER region. The “anodic conductivity”, i. e. the conductivity above
the B-peak (1250 mV), is thus significantly higher than the “cathodic
conductivity”, the conductivity below the B-peak (1250 mV). The
flatband potential has a value well below that at which the transition to
the high anodic conductivity occurs, however. The transition appears
at approximately the same potential relative to the voltammogram as
that observed by Silva et al.,*! i.e. around the onset of the first peak in
the voltammogram.

As opposed to measurements performed dynamically, for example
those on poly-3-methylthiophene by Sunde et al.,?® our conductivity
measurements displayed no hysteresis on returning to low potentials
since the measurements here were performed in a quasi-steady state.

CS-AFM.—A summary of results for type-I film electrodes on
carbon emersed at 0 V and at 1.6 V are presented in Figs. 6 and
7. The figure shows two sets of data; the set in Fig. 6 is for the
sample emersed at an applied potential of O V, and the set in Fig. 7
is for the sample emersed at 1.6 V (see Experimental). For each set a
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Figure 5. Conductivity under potential control collected for an EIROF on gold substrate in 0.5 mol dm~3 H,SOj. The figure includes a Mott-Schottky plot and a

voltammogram for a film on carbon support collected at a sweep rate of 5 mVs~!.
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Figure 6. Current-sensing AFM images for samples emersed at 0 V. 6(a): Topography. 6(b): Current map. 6(c): Three-dimensional current map. 6(d): Current-
voltage curve. 6(e): Same as 6(c) but including both positive and negative currents. See text for details.

topographical image, a current map, a current map in 3D and a current-
voltage curve (I —V curve, curve at right) as recorded by the CS-AFM
probe are displayed. Similar measurements for type-III films were not
successful, presumably due to these being thicker, more rough, and
mechanically weaker (more “fluffy”) than type-I films. Therefore, no
results are presented for type-III films here.

For the current maps, the bias voltage was changed manually dur-
ing imaging; a new value was entered approximately every 1 um
scanned.

For the sample emersed at O V in Fig. 6, the bias voltage was thus
stepped intermittently between a “background bias” of 0.1 V and a
“peak bias”. The response is apparent in the current map as the bright
(background bias) and darker (peak bias) areas. The peak bias was
increased from 0.3 V to 3 V in units of 0.3 V per step. This resulted
in larger and larger currents as the scan progressed, corresponding to
darker and darker colors in the current map, Fig. 6. For Fig. 6e, peak
bias was varied between negative biases of —3.2 V and positive bias
of 3.2 V. Going to negative peak biases resulted in only small currents
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Figure 7. Current-sensing AFM images for samples emersed at 1.6 V. 7(a): Topography. 7(b): Current map. 7(c): Three-dimensional current map. 7(d): Current-

voltage curve. See text for details.

which were independent on bias level. A breakdown and large currents
were observed at —3.2 V.

For the sample emersed at 1.6 V the peak bias was increased from
—0.5 V10 0.5 Vin units of 0.1 V per step. The background bias was
0 V. In this case the brightest areas and the darkest areas correspond
to current flow in opposite directions. The areas intermediate in color
correspond to low or zero current (c.f. the adjacent color bar).

There is thus a very noticable difference in current vs. bias
(I — V) characteristics between the samples emersed atO Vand 1.6 V.
Those for the sample emersed at 1.6 V are quite symmetrical. For the
latter the current changes sign in response to a change in sign of
the bias, and the currents are similar in magnitude in both directions
for a given absolute value of the bias. For those emersed at 0 V the
current-voltage characteristics are those of a diode at positive bias and
moderate values of negative bias, but with a steep onset of negative
current at a certain negative bias.

The I —V curves (Figures 6d and 7d) confirm the difference for the
two samples seen in the current maps. The curves were reproducible
for all points that were probed on the sample. At higher values of bias
at either end of the scan, some higher deviations in the current values
may be present, though. For the sample emersed at 0 V the curve has
a zero-current region for bias from 43 V to approximately —0.75 V
to —3 V. At negative bias the current becomes negative and decreases
steeply with potential. This is believed to be due to breakdown of
the film. On the positive-bias side the current increases less sharply in
magnitude as the magnitude of the voltage gets larger, and the behavior

is clearly non-linear. For the sample emersed at 1.6 V the I-V curve
is symmetrical, the middle portion approximating to a straight line.

The two samples employed for the CS-AFM measurements display
similar surface topography except for some extra features apparent on
the surface of the sample emersed at 1.6 V. These protrusions were
also conducting, c.f. Fig. 7.

Discussion

The ex-situ CS-AFM measurements (current maps and I-V char-
acteristics, Figs. 6 and 7) are consistent with the in-situ conductivity
measurements, and display a significant increase in the current and
change in shape of I-V curves when electrodes are emersed at poten-
tials of 1.6 V compared to that for films emersed at 0 V. Likewise, the
existence of Mott-Schottky behavior in-situ is consistent with the ex-
situ current-voltage characteristics at low emersion potential, and cor-
respond to those of a p-type semiconductor with a single space charge
region (diode). At high emersion potential the current-voltage charac-
teristics were approximately linear at all probe positions. The entire
film appears ohmically conducting with no visible influence of semi-
conductor space charges on the current-voltage characteristics. The
consistency between ex-situ (CS-AFM) and in-situ (Mott-Schottky
measurements, coloration, conductivity) leads to the conclusion that
the conductivity changes are not related to the presence of liquid
electrolyte but an intrinsic property of the film.
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The in-situ conductivity measurements reported above represent
a direct observation of a significant increase in the conductivity in
the potentials around B-peak, above 1.2 V vs. RHE in our electro-
chemically synthesized iridium oxide films, see Fig. 5. The CS-AFM
results, the existence of a Mott-Schottky capacitance and the in-situ
conductivity results therefore all rather directly demonstrate that the
oxide layer goes through a semiconducting state in the reduced form
to a state of metallic conductivity in the oxidized form, and the tran-
sition potential is at 1.2 V vs RHE. Therefore, we conclude that the
conductivity of EIROF is directly affected by the applied potential.

The electrochemically deposited iridium oxide films (EIROF)
appear to share many of the properties of anodically formed irid-
ium oxide films (AIROF) such as anodic coloration, an identifi-
able flatband potential of similar magnitude, and similar voltammo-
grams. It is therefore relevant to compare our EIROF results with
the AIROF literature in the discussion below under the qualifica-
tion that more subtle differences may exist between the two types of
films.

In view of earlier work it is natural to associate the effect of
the applied potential on conductivity and other properties with the
intercalation reaction Eq. (1). In the rigid band approximation of
Granqvist®* the electron in Eq. (1) enters existing electronic levels in
the oxide.® Since four out of the five states per formula unit in the
t2,-band**= are filled in pure IrO,, one extra electron per formula unit
just fills the #,,-band when the oxide is reduced according to Eq. (1).
In other words, the intercalation process forces the Fermi level out
of the #,, band of the bulk oxide. This is consistent also with the
UPS results of Kotz et al.*® in which they demonstrate the crossing
of the Fermi level into the bulk oxide upon oxidation. According to
the explanation of Granqvist>* for electrochromism in octahedrally
coordinated oxides, color changes appear since the filling of bands
(e.g. the Fermi level shifts out of the #,, band referred to above)
introduce new electronic transitions in the material and thus causes
its color to change. The possible electronic transitions in the material
in the reduced state are those across a (large) bandgap, whereas those
in the oxidized state are (smaller) intraband transitions. This causes
the oxide to change from transparent to blue. Since the conductivity
changes observed here are easily accommodated within the same
picture — band filling upon reduction and depletion upon oxidation
— we conclude that the in-situ conductivity measurements comply
with the balance of electronic properties of iridium oxide.

The characteristics of EIROF may thus be separated into three
different regions. Below the flatband potential at 0.65 V (Fig. 5) the
characteristics are those of a p-type semiconductor in depletion. In the
potential region between the transition to high conductivity at 0.65 V
and 1.2 V the oxide may be also be described as a semiconductor, but
one in which an accumulation layer is present at the oxide-solution
interface. This is in line with the proposals of Silva et al.*' According
to these authors the conductivity is associated with a crossing of the
Fermi level and the valence band edge locally at the solid-solution
interface, therefore leading to a surface-confined conductivity. How-
ever, our results show that any change in surface conductivity cannot
be significant; if it was it should turn up as a current through the con-
ductivity probe. More importantly, the results also show the presence
of yet another region at higher potentials associated with a rather large
increase in conductivity. It is in principle possible that the potential
range 0.65 V through 1.2 V (corresponding to an electronic energy
range of 0.65 eV through 1.2 eV) indicates the degree of band bend-
ing required for the Fermi level to cross the band edge. However, this
is difficult to reconcile with the presumably rather high doping level
of the material. We therefore conclude that the conductivity transition
at 1.2 V may be associated with a bulk-like transition of the electronic
structure of the oxide.

Thus, above 1.2 V the Fermi level is positioned inside the valence
band. Any significant variations in the potential are confined to the in-
terface region of the electrolyte, and the oxide behaves as a metal. Any
changes in the applied potential will appear mainly across this region
(electrode surface and Helmholtz layer). In this case, therefore, the
entire electronic structure (band edges) will move up and down with
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the applied potential relative to any reference electrode in the elec-
trolyte. In the parlance of semiconductor-electrochemistry the bands
are “unpinned”.*’ Below 1.2 V the Fermi level is inside bandgap, at
least for the bulk; the electrode behaves as a semiconductor, and most
of the applied potential is used to build the space charge layer of the
electrode. In this case changes in the applied potential will be expected
to appear across the space charge in the semiconductor. The bands are
therefore “pinned”.*’

Having clarified the electronic structure of the oxide as a function
of potential we now suggest that the transition of type I to type III film
during film growth shown in Fig. 2 is an effect of the film thickness
becoming more than one space-charge layer thick. The detailed ex-
planation of this effect is given below and supported by the diagram
in Fig. 8. The figure is organized in three rows according to film type:
For each of the three types of film discussed above the figure shows
the CV collected during growth with the cycle numbers included, a
schematic highlighting how the different types of peaks change during
film growth, and an associated band diagram at the potentials of the
A-peak (below 1.2 V).

When the film is less than one space charge region thick, charge
carriers are driven through the film by slight imbalances between
strong electrical fields and large concentration gradients in the space
charge region.*® For a given driving force the transport of charges
(protons and holes, Eq. (1)) inside the film is facilitated and will
occur more swiftly than in the case where only solid state diffusion is
operative.*'*? In this case an increase in both A and B peak currents
are observed during the electrochemical synthesis but no peak shifts.
This process will proceed until the film is one space charge layer thick.
In Fig. 8 this situation is described in the first row, and is what we
have labeled type-I film above.

When the film becomes thicker than one space-charge region a
diffusion region emerges in the (quasi-neutral) bulk of the film, which
requires the applied potential to provide an additional driving force
over that necessary for thin films to support a given intercalation rate.
The diffusion region therefore tends to block the A-peak process at
the potential at which it took place in the thin-film case, i.e. approxi-
mately 0.8 V. The peak current thus decreases without shifting on the
potential axis. The film with partial or a completely blocked A-peak
is presented in the second row of Fig. 8§ and is labeled type-II to
type-111. In the absence of a semiconducting-to-conducting transition
in the oxide the same blocking would have been expected for the
B-peak. However, close to the potential of the B-peak (1.2 V), the
conductivity of the film is significantly increased. The applied po-
tential now appears across the Helmholtz layer at the solid-solution
interface instead of inside the oxide films (unpinning). This alters the
difference in electrochemical potential of intercalation ions inside the
film relative to those in the solution uncurtailed; the entire poten-
tial now goes into forcing these intercalation ions into or out of the
film,'”3? depending on scan direction. Some of the charge that from
a purely thermodynamic perspective should have entered the film at
the potential of the A-peak is thus transferred to the B-peak. In other
words, some of the charge of the A-peak has been delayed so that it
appears at the potentials of the B-peak.

In addition to the block-release effect for the A-peak, a potential
shift of the B-peak in Fig. 2 is actually present after 50 cycles of
film growth. This appears exactly at the number of cycles when the
growing film becomes thicker than one space charge region. This
confirms the suggestions above; the origin of the shift for the B-peak
after 50 cycles may be taken to be the same block-release effect as for
the A-peak and is thus also related to the conductivity transition.

In addition to the block-release effect suggested above, our growth
voltammograms contain one more interesting feature: After the tran-
sition from type I to Type III film continued cycling in the precursor
solution leads to a further increase of the A-peak. This is readily ex-
plained in terms of the discussion here: Areas on the electrode at which
the film did not reach the critical thickness of one space-charge region
will continue to grow as type-I films until such a critical thickness has
been reached. One may consider these areas as type-I islands in the
type-III film.
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Figure 8. Explanation diagram for the block-release behavior of the voltammograms collected during growth of EIROF.

Gottesfeld et al.>® discussed the shape of voltammograms of
AIROF and other types of conductivity-switching films in terms
of a simple power dependence of the film resistance on the oxida-
tion state.™® The model predicts among other things that for increas-
ing sweep rate the voltammetric peaks will shift to more positive
potentials,>® p. 20]. This is the case in Figures 3 and 4. However,
during film growth in Fig. 2 the A-peak appears at approximately the
same potential for every cycle. For a purely resistive film with no
space charges the resistance through the film would be proportional to
film thickness for any given oxidation state. In such a case the A-peak
would be shifted to higher and higher potentials as the film grows and
becomes thicker.*® This contradicts the experimental evidence, and
the results cannot be analyzed solely in terms of the effects of film
resistance. In our case it therefore becomes necessary to invoke the
existence of both a space-charge region and a bulk region in addition
to the conductivity change to explain the results.

We thus suggest here that the A-peak process in thick films is
shifted to higher potentials than in thin films. This is due to transport
limitations present in thick films, but absent or much less significant in
thin. Charge is thus transferred from the A-peak to the B-peak in films
significantly thicker than the thickness of one space-charge region.
We note in passing that this also favors the proposition of a change in
the bulk conductivity rather than the surface conductivity as it would
be difficult to reconcile the block-release effect solely with a change
in the surface conductivity.

This completed model is also consistent with explanation for ag-
ing effects in AIROF observed and explained by Bock and Birss.'
They observed that voltammogramms for AIROFs changed from type

I to type III after aging. The suggested explanation considered that
A-peak process (the Ir(IIT)/Ir(IV) peak) was shifted to higher poten-
tials because of longer pathways for charge transport associated with
the partial delamination of the film upon aging. This is effectively
equivalent to the mechanism suggested here.

Conclusions

Electrochemically synthesized iridium oxide (EIROF) behaves like
a p-type semiconductor at low potentials, for which the flatband po-
tential is similar to that of anodically formed iridium oxide (AIROF).
The electronic and electrochemical properties of the EIROF change
to those consistent with a bulk metallic electrode upon polarization of
the electrode to potentials above 1.2 V vs. RHE.

In-situ conductivity and CS-AFM measurements show that the
conductivity of the films increases at approximately 400 mV positive
of the flatband potential. The conductivity changes are therefore due
to changes in the bulk of the oxide with potential and not due to con-
ductivity changes associated with the formation of an accumulation
layer in the p-type oxide above the flatband potential. The results are
thus consistent with a band model for the oxide in which the valence
band is nearly filled with electrons upon proton insertion at low po-
tentials. Oxidation of the film and the associated proton expulsion at
high potentials shifts the Fermi level to within this band for the whole
bulk.

These results also demonstrate the utility of in-situ conductivity
measurements and ex-situ CS-AFM in the study of oxides displaying
semiconductor-to-metal transitions.
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The voltammetric behavior of the films during growth and aging
can be rationalized in terms of the observed conductivity changes
occurring in the film. The intercalation properties of thin films are
dominated by the presence of space-charge layers extending across
the entire film. Thicker films will contain a diffusion region in the
bulk in addition to the space-charge region for which there will be
no field-enhancement of transport rates. This leads to a block-release
effect for voltammetric peaks during film growth and aging.
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