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Abstract Hydrous iridium oxide films are highly resistant
to reduction under cathodic, hydrogen gas evolution,
conditions in aqueous acid or base. Such behavior is not in
agreement with simple thermodynamic (Pourbaix) data
based on the assumption that the system behaves in a
reversible manner. The barrier to reduction is attributed, as
discussed earlier for RuO,, to the involvement of high-
energy intermediates (iridium atoms or microclusters of
same) which can only be generated at unusually negative
overpotential values evidently far into the hydrogen gas
evolution region. Thermally prepared IrO,/Ti electrodes are
possible candidates for hydrogen gas evolution cathodes in
water electrolysis cells; however, under extended operating
conditions, the performance of these cathodes was found to
deteriorate due to gradual shedding of the active oxide layer.

Keywords Iridium - Iridium oxide - Metastability -
IrO, cathodes - Cathode deterioration

Introduction

The basic cyclic voltammetry behavior of the noble metals in
aqueous media has traditionally been discussed [1] in terms
of a combination of nonfaradaic (double layer) charging/
discharging and surface film (hydride and monolayer, or «,
oxide) formation/removal processes. However, there is
increasing evidence that such an approach is seriously
inadequate as it ignores two important factors: (1) nonequi-
librium surface states of metals and (2) the existence of
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hydrous (or (3), as opposed to monolayer (), oxide films.
The nature of metastable metal surface (MMYS) states was
discussed recently [2, 3] with particular reference to gold,;
however, the ideas involved are relevant to all noble metal
surfaces. It is assumed that there are two extreme, or limiting,
surface states, the low-energy equilibrated metal surface
(EMYS) state and the high-energy MMS state. The difference
between them is that the surface atoms involved in the MMS
state have a low lattice stabilization energy; this is an
intrinsically unstable, poorly ordered (or ill-defined) variable
state, whereas the EMS state involves well-embedded metal
atoms of high lattice stabilization energy.

A typical metal surface contains elements of both states,
usually with the EMS form predominating. Ideal, mon-
atomically flat, single crystal surfaces may be regarded as
EMS systems, but a perfect order (or total lack of surface
defects) in this area is apparently impossible to achieve [4].
Atoms and minute clusters that are mobile on the surface
are at the other extreme; these are very high-energy states,
with the atoms involved existing as transient species of low
mean coverage. Mobile surface atoms are not imagable by
STM; however, their existence is demonstrated by surface
dynamic studies [5, 6].

The MMS state (of which the mobile adatom is an extreme
form) is assumed to be intrinsically disordered and highly
variable. Recent work with gold [2, 3, 7] indicates that severe
disruption (or superactivation) of a metal surface can
temporally increase the coverage of MMS state, thereby
facilitating investigation of the latter. The effect of super-
activation can be quite dramatic; a gold surface in aqueous
solution usually begins to undergo oxidation [1] at ca. 1.3 V
(RHE) but, after superactivation, surface oxidation is
observed at a much low potential, ca. 0.3 V [7, 8]; such
premonolayer oxidation behavior correlates quite well with
the electrocatalytic behavior of gold [7].
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Hydrous (f3) oxides [9] are quite different in character to
their monolayer () oxide equivalents (this is discussed in
more detail in this study later with regard to iridium). The
extent of the deviation from the conventional behavior
when 3 oxide species are involved is often dramatic, e.g., it
is possible to produce a gold 3 oxide film which has a
major component that only undergoes reduction (at quite
slow sweep rates) in base [2] at ca. —0.2 V (RHE), i.e., at
least 1.2 V lower than the « oxide reduction response. The
[ oxides are low density, hyperextended, ill-defined
materials, not unlike (in terms of their disorder) the
superactivated state of the metal. Indeed, these two states
seem to be closely interrelated, with the MMS/3 oxide
couple (at low coverages) apparently undergoing a rapid,
quasi-reversible redox transition [7] at an unusually low
potential where both components of the couple are
thermodynamically unstable. As discussed recently for
RuO, cathodes [10], the sluggish character of the f3
oxide/metal reduction reaction at high (multilayer) cover-
ages is due to the presence of a high overpotential barrier,
the primary product of the reduction reaction being high
energy, unusually electropositive, metal atoms, a state that
is readily achieved only at unusually low potentials.

There is a considerable interest in the use of some of the
rarer noble metal oxides, e.g., RuO, and IrO,, in the energy
storage area at the present time. For example, thermally
prepared thin films of these materials (on titanium) have
been extensively explored as cathodes for use in water
electrolysis cells, some of which involve an acidic
electrolyte [10—15]. The initial deposits are anhydrous
(x-type) oxides but the outer layers undergo hydration (or
[3 oxide formation) at the early stages of the reaction [11].
Furthermore, these oxides, especially RuO, (in both
anhydrous and hydrated form [16], and often in combina-
tion with a less expensive oxide, e.g., NiO [17], TiO, [18],
and even glassy carbon [19]), have been explored for use in
the supercapacitor battery area [20].

Two basic points are of interest here: (1) according to
Pourbaix’s thermodynamic data [21], iridium and rutheni-
um have no oxides that are stable with respect to reduction
to the metal in aqueous media below ca. 0.93 and 0.74 V
(RHE), respectively; yet films of the oxides in question, i.
e., IrO, and RuO,, may be used as substrates for hydrogen
gas evolution, at £<0.0 V, for extended periods of time,
apparently without significant signs of deterioration; (2)
these oxide deposits exhibit a low hydrogen evolution
potential, i.e., they are catalytically active, although (in our
experience [10]) the RuO,/H,,H;0" electrode system
shows little sign of reversible behavior, i.e., the mechanism
of H, evolution catalysis at these oxide electrodes is quite
different to that involved in the case of platinum. These two
unusual features of noble metal oxide electrochemistry are
discussed in the present work which is concerned mainly on
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the anomalous (or active state) electrochemistry of iridium
and its oxides.

Materials and methods

The experiments were carried out using a Metrohm cell
(Type EA 880R-20) containing both the working and
counter electrode. For work with iridium metal, both
electrodes consisted of lengths of iridium wire (Alfa
Aesar), typically 0.5 mm diameter and ca. 0.5 cm* exposed
area, sealed into soda glass. These electrodes were cleaned
before use by mild abrasion with Emery paper and washing
with distilled water. IrO,-coated titanium electrodes were
prepared by conventional techniques [22, 23]. Titanium
wires, 1 mm diameter, were degreased with acetone, etched
for 10 min in aqua regia at 40 °C, and washed with distilled
water. Ir Cl3xH,O (Aldrich) was dissolved in 25% HCI
(0.1 g per 100 ml), and the solution evaporated almost to
dryness. The resulting material was taken up in a small
volume of isopropanol to form a paste which was painted
onto the titanium surface. The film was dried at 50 °C for
10 min and then heated in air at 550 °C, again for 10 min.
This coating process was repeated; a total of four coats
were normally applied, and the final heat treatment was
extended for a period of 4 h. The coated electrode was
sealed, using Araldite, into the end of a glass tube leaving
an exposed section, ca. 3 cm long, of IrO,-coated Ti wire.

Electrode potentials were measured with respect to either
reversible hydrogen in the same solution or saturated
calomel. The reference electrode was contained in a
separate vessel which was connected to the main vessel
by a Luggin capillary whose tip was positioned ca. 1 mm
away from the surface of the working electrode. Both
vessels were suspended in a thermostatted (£0.1 °C) water
bath. Solutions were made up using Analar grade chemicals
and triply distilled water and were regularly purged with
pure nitrogen gas to remove dissolved oxygen; all current
densities are given with respect to geometric surface area.

Potential control was maintained using either an ana-
logue system (Wenking LM 81 M potentiostat, Wenking
MVS 87 voltage scanner, Goerz, Servogar 790, X-Y
recorder) or, for the work with IrO,, a digital system (CH
Instruments, Model 660 B).

Results
Behavior of 3 oxide films in aqueous acid media
Typical cyclic voltammograms for initially (3 oxide-free

iridium electrodes in acid solution are shown in Fig. 1. Two
rather poorly defined pairs of peaks, evidently due to
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Fig. 1 Cyclic voltammograms (50 mV s ') for a clean, uncycled,
iridium electrode in deoxygenated 1.0 mol dm > H,SOy at 25 °C. a 0.0
t0 1.2 V.b0.0to 1.5V
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reversible adsorption/desorption of hydrogen, one at ca.
0.10 V and the other at ca. 0.26 V, are evident in Fig. la. In
the latter, a minimum anodic response occurred over the
range 0.4—0.5 V (positive sweep), the dominant reaction in
this region being double layer charging. Surface oxidation
(or o oxide formation) commenced at ca. 0.5 V, but the
reaction was sluggish. It extended over much of the positive
sweep, with two gradual increases in anodic current, one
from ca. 0.5 to 0.7 V and the other from ca. 0.8 to 1.0 V. It
is quite possible that even at this stage, both « and f3
oxides, and possibly an intermediate (partially hydrated)
state of this material, are present in the upper limit of the
sweep. Certainly, in the region above 0.5 V, the anodic
charge for oxide growth exceeded the cathodic charge for

oxide reduction (the difference between the two may be
attributed to a combination of hysteresis behavior and the
difficulty of reducing (3 oxide species).

The effect of increasing the upper limit of the sweep to
1.5 V is illustrated in Fig. 1b. Note (a) the low potential
(compared with most of the noble metals) for the onset of
oxygen gas evolution, (b) the charge imbalance (g.>¢.)
above 0.5 V, and (c) the absence of a cathodic (H,qs
formation) peak at ca. 0.26 V. Apparently, even at this stage
(a single cycle), the anodically generated oxide film is
difficult to reduce and the residual oxide impedes the
formation of strong adsorbed hydrogen.

The response for a 3-oxide-coated iridium electrode in
acid solution is shown in Fig. 2a. The major differences,
compared with Fig. 1b, are the pair of broad charge storage
peaks at ca. 0.97 V and a less well-defined reversible
response at ca. 1.4 V. Note that, despite the presence of the
relatively porous 3 oxide deposit, the hydrogen desorption
peaks at ca. 0.1 and 0.26 V are still clearly evident in the
positive sweep, while an increase in anodic current above
0.4 V (in this case leading to a maximum at 0.63 V) is
again observed. The counterparts of these peaks at 0.63 and
0.26 V are absent in the negative sweep but the cathodic
(evidently oxide reduction) current response is unusually
large over the range 0.6 to 0.3 V.

Attempts to grow thick multilayer 3 oxide films on
iridium in acid solution at 75 °C by potential cycling were
not successful; this is useful as it enables the response for
the « oxide reaction to be observed more clearly. As shown
by the full line in Fig. 2b, the reduction of such a deposit
occurred in a rather sluggish manner, giving rise to a broad
cathodic maximum in the negative sweep at ca. 0.34 V. It is
apparently quite difficult to reduce all the oxide present at
the interface (formed either on exposure of the surface to air
or to potential cycling) even at 25 °C; note the extremely
low anodic current at ca. 0.45 V in the positive sweep in
Fig. 2a (apparently, the anodic double layer charging
current in this region is almost cancelled out by the residual
oxide reduction current) and the cathodic response below
0.4 V in the positive sweep at 75 °C, dashed line in Fig. 2b.
The response for an iridium electrode coated with a (3 oxide
film (grown, as in Fig. 2a, by potential cycling at 25 °C) in
acid at 75 °C is shown by the dashed curve in Fig. 2b. In
the region above 0.4 V, the anodic charge in the positive
sweep is significantly greater than the cathodic charge in
the negative sweep. Also, the magnitude of the anodic peak
at ca. 0.95 V is much greater than that of its cathodic
counterpart; such behavior was reported earlier [24] and
was attributed to the poor electronic conductivity of the Ir
(III) 3 oxide deposit.

Changing the electrolyte from sulfuric to perchloric acid
makes little difference to the behavior of the electrode
system. Examples are shown in Fig. 3a of cycles recorded
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Fig. 2 Cyclic voltammograms (0.0 to 1.5 V, 50 mV s ') for iridium
in 1.0 mol dm> H,SO,4. a The electrode was coated with a hydrous
oxide film grown in situ by repetitive cycling (60 cycles, 0.0 to 1.5V,
0.1 Vsh), T=25°C. b Full line, repeat of (a) for a cell temperature
of 75 °C (in this case, hydrous oxide film growth was not observed);
dashed line, repeat of (a) for a film grown at 25 °C. The scan shown
here was recorded at a cell temperature of 75 °C

for a 3-oxide-coated iridium electrode in HC1O4 solution at
25 °C before (full line) and after (dashed line) polarization
at —0.40 V for 1.0 h; during this polarization period, the
hydrogen gas evolution current decayed from 278 to 73 mA
cm 2. Such extended cathodization had very little effect on
the voltammetric response; in particular, there was no
obvious sign of a reduction of the main charge storage
peaks at ca. 0.93 V (or in the charge storage capacity of the
film over the range 0.6-1.4 V).

Similar (3 oxide charge storage data is shown in Fig. 3b
for iridium in HCIO4 solution at 70 °C. As in H,SOy4
solution at elevated temperature, dashed line in Fig 2b, the
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Fig. 3 Cyclic voltammograms (0.0 to 1.4 V, 50 mV s ") for hydrous
oxide coated iridium electrodes in 1.0 mol dm > HCIO, (120 cycles,
with oxide growth conditions similar to those described in Fig. 2a).
a Full line, response for a freshly grown oxide deposit at 25 °C;
dashed line, response for the same electrode after cathodization at
—0.4 V for 1.0 h. b Repeat of (a) except that the cell temperature was
75 °C and the cathodization was carried out for 1.0 h at -0.3 V

response below 0.4 V in the positive sweep was predom-
inantly in the cathodic direction; this is attributed to a slow
oxide reduction reaction. However, as indicated by the
dashed line response in Fig. 3b, the vast majority of the f3
oxide deposit remained intact, with little change in its
charge storage behavior, even after cathodization at —0.3 V
for 1.0 h at 70 °C.

Behavior of 3 oxide films in aqueous base media
A cyclic voltammogram for a (-oxide-coated iridium

electrode in base is shown by the full line in Fig. 4a. The
main charge storage peaks (E,=0.64 V, E.=0.54 V)
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Fig. 4 Cyclic voltammograms (0.0 to 1.4 V, 50 mV s ") for a
hydrous-oxide-coated iridium electrodes in 1.0 mol dm > NaOH (the
oxide was grown in base at 25 °C,150 cycles, 0.0 to 1.5 V, 50 mV
s ). a Full line, response for a freshly grown oxide deposit at 25 °C;
dashed line, responses for the same electrode after cathodization at
—0.2 V for 1.0 h. b Repeat of (a) except that the cell temperature was
50 °C and the cathodization was carried out at 0.3 V for 1.0 h

occurred (as pointed out earlier [25]) in this case at a lower
potential than in acid; a less well-defined pair of peaks is
evident at ca. 1.2 V. A curious feature in this case is the
quite small anodic peak at ca. 1.1 V; this response (which
lacks a cathodic counterpart) appeared in much more
enhanced form in the first cycle, dashed line in Fig. 4b,
recorded after extended cathodization at elevated tempera-
ture in base. Several hydrogen desorption peaks (£,~0.11,
0.21, and 0.29 V) appeared in the positive sweep, full line
in Fig. 4a. The corresponding cathodic responses (below
0.3 V, negative sweep) were not well resolved; the
cathodic charge under the broad peak at ca. 0.1 V in the
negative sweep greatly exceeded its anodic equivalent;
evidently, hydrogen adsorption was not the only process
involved (it was apparently accompanied by sluggish
oxide reduction).

Extended cathodic polarization of the (-oxide-coated
electrode in base at 25 °C resulted in only a slight decrease
in the charge storage response at ca. 0.6 V, Fig. 4a. In the
same type of experiment in base at 50 °C, Fig. 4b, the peak
responses at ca. 0.6 V were slightly enhanced after
cathodization. It appears that (3 oxide deposits in general,
in both base and acid, are quite reluctant to undergo
reduction even on prolonged cathodization at potentials
well below 0.0 V.

The data shown in Fig. 4a indicate that prolonged
cathodization results in severe drop in the hydrogen
adsorption capacity of the iridium surface (note the large
decrease in anodic charge over the range 0.05 to 0.4 V,
positive sweep); a corresponding drop in the hydrogen gas
evolution rate in the course of extended cathodization was
also observed (Figs. 5 and 6). Extended cathodization in
base also significantly enhanced the anodic response above
0.7 V in the first positive sweep, Fig. 4; the effect on the
negative sweep was less dramatic, and after a few cycles,
the overall response was quite similar to that of the fresh,
uncathodized, [3-oxide-coated iridium electrode.
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Fig. 5 Examples of hydrogen gas evolution decay plots for an iridium
electrode in 1.0 mol dm > H,SO, at 25 °C. In both cases, (i), (ii), and
(iii) correspond to potentials of —0.2, —0.4, and —0.6 V, respectively.
a Hydrous-oxide-free surface and b hydrous-oxide-coated surface
(the oxide growth conditions for the latter in the acid solution were
120 cycles, 0.0 to 1.5 V, 50 mV s 1)
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Fig. 6 Hydrogen gas evolution decay plots for hydrous-oxide-coated
iridium electrodes in 1.0 mol dm > NaOH at 25 °C (oxide growth
conditions in base solution were 240 cycles, 0.0 to 1.5 V, 50 mV sfl):
applied potentials: (i) —0.2 V, (ii) —0.3 V, and (iii) 0.4 V

Hydrogen gas evolution on iridium

The variation of the hydrogen gas evolution rate with the
time, at a series of different potentials, is shown for a
[-oxide-free, Fig. 5a, and a [3-oxide-coated, Fig. 5b,
iridium electrode in acid solution. In all cases, but
especially at higher overpotentials, the rate of gas evolution
decreased with time. This is not unusual as similar behavior
was reported earlier [26] for gold in aqueous media. The
trends with regard to current decay behavior were rather
similar for both types of electrodes. However, the rate of
decay was faster in the initial stages with [3-oxide-coated
iridium, and the rate of gas evolution after 60 min of
cathodization at a constant potential was also slightly lower,
compared with the bare metal, with this type of electrode.
As illustrated in this study in Fig. 3, extended cathodiza-
tion, even at —0.6 V for 60 min, resulted in very little
change in the charge storage behavior of the interface, i.e.,
significant reduction of the (3 oxide film was not observed.

As outlined in Fig. 6, the hydrogen gas evolution
responses for [3-oxide-coated iridium electrodes in base
were rather similar to those observed, Fig. 5b, for the same
type of surface in acid. For a given potential, the initial
current density values were generally lower in base but the
same type of prolonged rate decay with time was observed
for both acidic and basic media.

Behavior of thermally prepared IrO, deposits

An interesting difference was noted between titanium-
supported RuO, and IrO, electrodes with regard to their
responses in hydrogen (P=1.0 atm) saturated acid solution.
Under such conditions, the RuO,-coated electrodes yielded a
steady-state open-circuit potential of ca. 0.8 V (RHE), while
the IrO,-coated electrodes yielded a value of ca. 0.0 V (RHE),
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ie., the IrO, surface apparently behaved in a catalytic
manner with respect to the hydrogen electrode reaction.

A typical cyclic voltammogram for a thermally prepared
Ti-supported IrO, deposit in acid solution is shown by the
full line in Fig. 7a. In the positive sweep, a substantial
anodic background current was observed over the entire
potential range. Poorly defined anodic peaks were noted,
one at ca. 0.27 V and another, which was very ill-defined, at
ca. 1.0 V. The corresponding cathodic maxima on the
negative sweep occurred at ca. 0.86 and 0.07 V, respec-
tively, and hydrogen gas evolution commenced at ca. 0.0 V.
While IrO, films are quite active substrates for hydrogen
gas evolution in acid, the deposit seemed to lack the long-
term stability required for sustained operation. The dashed
line in Fig. 7a shows that after 2.0 h of cathodization at
—0.20 V (during which the current density decayed from
630 to 550 mA cm 2), the voltammetric charge for the
oxide film (which, as in the case of RuO, [10, 22], is
assumed to be proportional to the mass of the deposit)
exhibited a substantial decrease.

In contrast to the behavior observed with iridium metal,
the rate of hydrogen gas evolution on IrO, deposits in acid
solutions showed no indication of a rapid initial decay with
time under constant overpotential conditions. Usually, the
rate of evolution remained constant for at least 30 min;
indeed, at an overpotential of —0.03 V, the cathodic current
density rose from ca. 78 to 88 mA cm 2 during this initial
30-min period probably due to limited hydration of the
outer region of the oxide film (as outlined earlier for RuO,
[10, 11]). However, as summarized in this study in Table 1,

80
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Fig. 7 Cyclic voltammograms (0-1.5 V at 20 mV s ') for an IrO,-
coated titanium electrode (annealed at 550 °C) in 1.0 mol dm>
H,SO, at 25 °C. a Fresh electrode (full line) and after cathodization at
—0.25 V for 2 h (dashed line). b First and second sweeps after
cathodization
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Table 1 Decrease in hydrogen gas evolution activity for an IrO,-
coated electrode in 1.0 mol dm > H,SO, at 25 °C

Values
n (V) (RHE) -0.03 —-0.08 -0.13 —0.18 -0.23
Je—o (mA cm %) 90 200 340 485 630
Je—2.0 (MA cm %) 60 168 290 420 550

The current density values were taken at various potentials (line 1)
before (j—o) and after (j,— ) 2 h of cathodization at —0.25 V

after extended use as a cathode (2.0 h at —0.25 V), the
hydrogen evolution performance of thermally prepared IrO,
coatings (examined at a range of overpotentials before and
after cathodization in acid solution) showed a significant
decay. The first positive sweep recorded after extended
cathodization was unusual. As shown in Fig. 7b, the anodic
current over most of this sweep was abnormally large
compared with later sweeps for the same electrode. The
cathodic current in the negative sweep showed virtually no
variation on postcathodization cycling, while after the first
positive sweep, the anodic current response also remained
constant for repeated cycles.

A typical cyclic voltammogram for a fresh thermally
prepared IrO,-coated electrode in base is shown in Fig. 8a.
In the positive sweep, a significant increase in anodic
current commenced at ca. 0.40 V; this was followed by an
unusually broad peak over the range 0.4 to 1.2 V, which
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Fig. 8 Cyclic voltammograms (0—1.5 V at 20 mV s') for an IrO,-
coated titanium electrode (annealed at 550 °C) in 1.0 mol dm > NaOH
at 25 °C. a Fresh electrode (full line) and after cathodization at
—0.25 V (RHE) for 8 h (dashed line). b First and second sweeps after
cathodization

had a similarly broad cathodic counterpart in the subse-
quent negative sweep. As in acid, there was a small anodic
feature at ca. 0.25 V (which was quite broad for IrO, in
base) in the positive sweep and again a marked cathodic
response below 0.3 V in the negative sweep.

IrO, deposits were quite active for hydrogen gas
evolution in base, though not as effective as in acid. As
illustrated in Table 2, the initial hydrogen evolution activity
of IrO, in base was significantly greater than that of RuO,
or RhO,. However, in contrast to RuO,, whose activity for
gas evolution increased initially with time (as the outer
layers of the deposit underwent hydration [10, 11]), the rate
of gas evolution, at constant overpotential, on IrO, decayed
quite significantly with time, Fig. 9 (the decay in question
is also evident in the data shown in Table 2).

The origin of the hydrogen evolution current decay in
base (as in acid) is attributed to a gradual loss of the oxide
deposit; evidence for such loss is provided in Fig. 8a from
which it is clear that extended cathodization is accompanied
by a substantial decrease in surface voltammetric charge.
As in acid, the first positive sweep recorded after prolonged
cathodization was unusual; as shown in Fig. 8b, the anodic
charge in this sweep was abnormally large. The responses
for the negative sweeps were virtually invariant, as were
those for the positive sweeps after the first. An interesting
feature of the steady-state response in Fig. 8b is the
presence of a pair of peaks at ca. 0.6 V; this is the region
where hydrous (f3) Ir oxide films in base exhibit their
reversible charge storage behavior, Fig 4a.

The kinetics of hydrogen gas evolution at IrO,-coated
cathodes in aqueous acid media have been examined by a
number of groups [12, 13, 38, 39]. A typical Tafel plot
obtained in the present investigation is shown in Fig. 10;
the slope in the region just below —0.4 V (SCE) is ca.
30 mV decade . This aspect of IrO, electrochemistry was
not investigated in detail as the behavior of high surface
area cathodes for gas evolution reactions is complicated by
electrode shielding effects plus gas trapping in pores. A
number of authors [11, 12, 40] have pointed out that IrO, is
more active than RuO, for hydrogen evolution, but reliable
Tafel slope values are difficult to obtain for these oxide

Table 2 Variation of the hydrogen gas evolution rate with the nature
of the Ti-supported oxide film in 1.0 mol dm > NaOH at 25 °C,
n=-0.25V

Film material IrO, RuO, RhO,
Jieo (mA cm ™) 390 240 170
2.0 (MA cm™?) 250 310 .

The rates refer to fresh electrodes (j—o) and in the case of both
IrO, and RuO, to the values (j—,o) observed after 2.0 h of
cathodization at —0.25 V; all the oxide deposits were prepared from
the appropriate chloride salts as outlined here for IrO,
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Fig. 9 Current decay plot for an IrO,-coated titanium electrode
(annealed at 550 °C) in 1.0 mol dm > NaOH at 25 °C; applied
cathodic potential=—0.25 V

cathodes [13]. Some authors [38] have interpreted the
cathodic behavior of IrO, in terms of a single Tafel plot
(complicated at high overpotentials by ohmic drop effect),
while others [12], who employed iR correction, have
postulated the presence of two Tafel slopes, i.c., a change
in mechanism, or rate-determining step, with increasing
overpotential.

Discussion

Basic response for an iridium surface in aqueous acid
solution

Iridium has a greater number of d-band vacancies than
platinum [27] and therefore is assumed to be a stronger
chemisorber and more susceptible to oxidation. This stronger
interaction of iridium with oxygen is reflected in this study

-0.4

Log (j) / A cni’
s
0
T

-1.2] 3 L
-0.35 -0.55 -0.75

E IV (SCE)

Fig. 10 Tafel plot for hydrogen gas evolution at an IrO,-coated Ti
electrode (annealed at 550 °C) in 1.0 mol dm > H,SO, at 25 °C. Tafel
slope at ca. —0.4 V (SCE) was ca. 30 mV decade '
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in the surface oxidation reaction which commences in acid
solution, Fig. 1a, at ca. 0.5 V, as compared with ca. 0.85 V
for a platinum surface under similar conditions [1]. Early
cyclic voltammetry data reported for iridium needs to be
viewed with caution as the distinction between monolayer
and hydrous oxide film responses was not always appreci-
ated and the reported behavior often appears to relate to
composite films, i.e., a combination of & and 3 oxide species
whose electrochemical properties are quite different.

There is a further problem with iridium in that the
monolayer oxide reduction reaction is often quite sluggish,
especially when the upper limit of the sweep is high. It is
evident for instance in both sweeps in Fig. 1 that the anodic
charge above 0.4 V in the positive sweep significantly
exceeds the cathodic charge over the same region of the
negative sweep. It is assumed that there are a number of
contributions to this charge imbalance (which was dis-
cussed earlier by Vetter [28] for platinum in acid), e.g., (1)
subsurface oxygen formation (in the first positive sweep,
some of the anodically produced oxygen species enter the
outer layers of the metal lattice [29], especially at defect
sites); such species are not readily reduced, (2) the
monolayer oxide species may only undergo partial reduc-
tion [28] in the region above 0.4 V in the negative sweep,
e.g., [rO,, may reduced to Ir(OH),, species, the reduction of
Ir(OH),, being sluggish, and (3) the oxide formed in the
positive sweep is a mixture of monolayer and hydrous
oxide species (reduction of the latter, as discussed in this
study later, is extremely difficult even at £<0.0 V). There is
a hint of a reversible transition at ca. 1.0 V in Fig. 1b,
which is characteristic of the hydrous oxide charge storage
reaction [9, 30]. Also, the peak for formation of strongly
bound hydrogen, at ca. 0.26 V in the negative sweep in
Fig. la, is absent in Fig 1b; evidently, some of the oxides
formed at the upper limit of the sweep in the latter case are
not reduced at 0.26 V and hence, there are few free sites
available to accommodate strongly bound hydrogen.

The data shown in this study in Fig. 1 for iridium in acid
at 25 °C are in reasonable agreement with the results of
Rand and Woods [31]. A clear monolayer oxide reduction
response is not easily observed for this system; the best
example of the response for such a reaction (a cathodic
peak with a maximum at ca. 0.35 V) is shown in the full
line response in Fig. 2b. This relates to a cell temperature of
75 °C, but even in this study, sluggish oxide reduction is
indicated by the small cathodic response over the range
0.05 to 0.4 V in the positive sweep.

Hydrous (or (3) oxide responses for iridium in aqueous
solution

The presence of a hydrous oxide deposit (produced by
repetitive potential cycling) on the iridium electrode
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involved in the case of Fig. 2a is clear from the large
reversible charge storage response at ca. 1.0 V (the nature
of this response and its variation with solution pH were
discussed earlier [9]). An interesting feature of the system
(pointed out earlier by Rand and Woods [31]) is that the
presence of the hydrous oxide film, which is assumed to
be of porous character, does not have a severe adverse
effect on the adsorption of hydrogen by the iridium
surface; the hydrogen desorption peaks below 0.4 V still
appear in the positive sweep in Fig. 2a. Although the
attempts to grow a multilayer hydrous oxide film in acid
solution at 75 °C were not successful, Fig 2a, the film
grown at 25 °C was relatively stable, and redox active, at
the elevated temperature. The inability to grow the film at
75 °C may be due to rapid loss of an active state hydrous
oxide precursor, e.g., iridium adatoms, which may either
dissolve or agglomerate to a less reactive form before
their conversion to the oxide. A further interesting point
regarding the dashed line in Fig. 2b, and the responses
shown in Fig. 3b, is the asymmetry of the charge storage
peaks at ca. 0.9 V; the cathodic response is of lower
magnitude than the corresponding anodic response (this is
especially noticeable for cycles recorded at 75 °C). Such
behavior supports the claim by Glarum and Marshal [32]
that the reduced, Ir(IIl), form of the hydrous oxide couple
is a poor electronic conductor, i.e., all the Ir(IV) species
generated above 0.4 V in the positive sweep are not
reduced rapidly in the same region of the negative sweep.
Sluggish reduction of residual oxidized species continues
at low potentials (£<0.4 V) even in the positive sweep in
Fig. 3b. This conductivity barrier is assumed to be
relevant even in cycles carried out at a cell temperature
of 25 °C, e.g., in Fig. 2a, the anodic current (positive
sweep) at 0.4 V is far lower than the cathodic current
(negative sweep) at the same potential.

Some of the most remarkable results obtained in the
present investigation are shown in Figs. 3 (for acid
solution) and 4 (for base). The oxide films involved in
these experiments (at least above ca. 0.5 V) are assumed
to be of duplex character, i.e., an inner monolayer oxide
deposit at the iridium surface and an outer coating of
porous hydrous oxide material. The two layers are
assumed to behave largely in an independent manner,
ie.,, inner film is extremely thin and its behavior was
summarized in this study in terms of the response shown
in Fig. la. The outer hydrous oxide layer is of porous
character and quite reactive (it displays reversible charge
storage properties, accompanied by an electrochromic
effect [9]). The remarkable result is that such 3 oxide
films can sustain quite high negative potentials (=0.4 V
for 1 h in the case shown in Fig. 3a) without losing the
hydrous oxide charge storage response. This is not a
totally novel observation; in his review of the surface

electrochemistry of the noble metals, Woods [1] pointed
out (p. 106) that “the sizes of the oxygen peaks [for
iridium] are unaffected by holding the electrode for long
periods at potentials in the hydrogen-evolution region”.
These are remarkable results for a metal which, according
to Pourbaix [21], has no bulk oxide stable below ca.
0.93 V (RHE).

The reluctance of hydrous oxide films to undergo
reduction in aqueous media was pointed out earlier for Pt
[33, 34], Ru [10], and Au [2, 35]. The cations in such a
deposit, assumed in the present case to be predominantly
Ir’", are apparently surrounded by a sphere of oxyligands,
e.g., OH and OH, species. The barrier to reduction is
assumed (as discussed earlier [10, 35]) to be that the
primary products of the reaction are virtually isolated
iridium atoms, u°[r(g)] = 617.98 kimol™' [36]. Using
Pourbaix’s data [21] for hydrous Ir,Oz(s) and assuming
that the 3 oxide reduction reaction in acid solution (pH=0)
may be represented as follows, viz.,

Ir, O3 (hydr.) + 6H" (aq) + 6e~ = 2Ir(g) + 3H,0 (1)
Ap =2(617.98) + 3(—237.2) (1)
—(175.7) = 700.1 kJ mol "

£ ~ (700.1)
 nF 6(96.487)

— —121 V(RHE) (2)

It is clear that the involvement of a very high-energy
intermediate will strongly inhibit (as observed here) the
reduction of the (3 oxide deposit. The low conductivity of
the Ir(III) deposit is unlikely to be the source of inhibition
of the reduction of the latter as this reaction should be
able to progress outward from the metal surface (the
resistance to reduction in the experiments outlined in Fig.
3 was quite marked; it was maintained over a polarization
period of 1 h).

The  oxide charge storage peak occurs at ca. 0.6 V in
base, Fig. 4; this shift in peak potential to lower values on
increasing the solution pH is a common feature in hydrous
oxide electrochemistry [9] and has been attributed to the
anionic character of the oxyspecies present in multilayer
surface deposits (the highly charged cations coordinate an
excess of OH ions). As in acid solution, subjecting
[3-oxide-coated iridium electrodes to prolonged cathodiza-
tion in the hydrogen evolution region resulted in no loss
of the 3 oxide charge storage response (indeed, in this
case, the response in question appeared to be slightly
enhanced). The origin of enhanced responses above 0.6 V,
especially in the positive sweep in Fig. 4b, is discussed in
this study later.

@ Springer
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Hydrogen gas evolution at iridium and (3-oxide-coated
iridium electrodes

While hydrogen gas evolution rates for both initially oxide-
free, Fig. 5a, and 3-oxide-coated, Fig. 5b, iridium electrodes
in acid solution were quite high initially, there was a marked
decay in rates with time at the three potential values
investigated in this study. This is not unusual; similar
behavior was reported earlier for gold in acid solution [26]
and was recently observed in this laboratory for platinum in
base. An interesting question in this study is whether the
hydrogen evolution reaction, in the case of Fig. 5b, occurs at
the 3 oxide surface, the underlying metal surface (beneath
the porous oxide film), or on both types of sites. Because the
reduced, Ir(III), form of the oxide is a poor conductor [32], it
is assumed that the reaction occurred predominantly at the
metal sites. However, some reductions of the Ir(II) oxide
may occur at £<0.0 V, i.e., the film may have increased
conductivity in the hydrogen evolution region due to the
presence of Ir(Il) centers in the Ir(Ill) 3 oxide deposit. In
the case of Fig. 5, the initial rates of evolution in (a) and (b)
were rather similar (for the same overpotential values), but
the decay in the rate with time was faster (especially at
—0.6 V) in the presence of the 3 oxide deposits.

The decay of the hydrogen evolution current with time
under constant potential conditions was attributed earlier
[26] to hydrogen activation of the metal surface. Gradual
entry of hydrogen into the outer layers of the metal lattice (or
metal hydride formation) causes rupture, subdivision, and
activation of the metallic grains (basically, the surface metal
atoms acquire energy under hydrogen gas evolution con-
ditions). This may have two effects which would explain the
decay in hydrogen evolution rate: (1) the activated surface
state adsorbs intermediates, such as H,qs, less strongly
(activated metal atoms tend to be strong electron donors
[37] rather than d-band acceptors in the stable state); and (2)
severe activation may eventually result in oxidation of
surface metal atoms, oxide formation resulting in a severe
drop in electrocatalytic activity for the hydrogen evolution
reaction. The data summarized in this study in Fig. 3
demonstrates that, irrespective of conventional thermody-
namic data (and assumptions base on the latter), hydrous Ir
oxide species generated at an electrode/solution interface are
quite reluctant to undergo reduction in the hydrogen
evolution region.

Similar current decay curves were observed for hydrous-
oxide-coated iridium in base, Fig. 6. The initial rate of
evolution, e.g., at —0.4 V, was lower in base, as compared
with acid, as (a) the initial reactant (H;0" in acid, H,O in
base) is different, and (b) inhibiting oxide species are likely
to be formed more readily at high OH ion activity. The
increased anodic activity above ca. 0.6 V after prolonged
cathodization (dashed lines in Fig. 4) may reflect oxidation

@ Springer

of some cathodically activated iridium. However, there may
also be a major contribution in this region due to the
generation of Ir(VI) species. The latter may not be
completely reduced under continuous cycling conditions,
but such reduction to Ir(II) may be much more extensive on
prolonged cathodization.

Hydrogen evolution at thermally prepared IrO, deposits

Detailed investigations of the behavior of IrO,-coated
cathodes operated under hydrogen gas evolution conditions
have been reported by Trasatti and coworkers [22, 38, 39]
and Guay and coworkers [12, 13, 23]; however, the
attention of the latter group was concentrated more on
RuO, which they investigated concomitantly. Some works
have also been devoted to the use of mixed oxide (RuO, +
IrO,) coatings for hydrogen gas evolution [11, 13, 40]. As
discussed earlier [10] for thermally prepared RuO, films
and outlined in this study for hydrous (3 oxide deposits,
these noble metal oxide coatings are thermodynamically
unstable under hydrogen evolution conditions (these are
highlighted also by other authors [38]); they may be
classified as metastable metal oxide cathodes.

According to the present work, IrO,-coated cathodes
differ from their RuO, equivalent in two significant
respects. The IrO, deposits were capable of equilibrating
hydrogen, i.e., an IrO,/H,/H;0™" electrode gradually
attained a potential of 0.0 V (RHE); such behavior was
not observed [10] with RuO,-coated electrodes. As illus-
trated in this study in Fig. 7a for acid and Fig. 8a for base,
thermally prepared IrO, deposits lost charge capacity with
use due to the gradual detachment of oxide particles. This
loss of IrO, under severe hydrogen evolution conditions
was evidently not observed in earlier work; however, it may
be noted that Chabanier and Guay [23] reported a
noticeable reduction in the IrO,/Ti in situ X-ray absorption
peak area ratio with polarization time. Such behavior,
which was not observed with RuO, films, was permanent;
because it was not apparently due to oxide reduction to
metallic iridium [23], gradual detachment of IrO, micro-
particles seems to be a reasonable explanation.

The effect of the oxide annealing temperature on the
cyclic voltammetry responses of IrO, films in base was
reported by Chen and Trasatti (see Fig. 4 in their paper
[22]). When the annealing temperature was low (330 °C), a
conjugate pair of peaks, corresponding to a reversible redox
transitions, was observed at ca. —0.42 V (SCE) which (for a
pH of ca. 13.5) is equivalent to ca. 0.62 V (RHE). Evidently,
the transition involved corresponds to the charge storage
reaction of hydrous Ir oxide species (see the conjugate pair of
peaks in the same potential region in Fig. 4 of the present
work). When the annealing temperature was raised above
350 °C [22], the magnitude of the charge storage peaks
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decreased dramatically, presumably as the reactive (easily
hydrated) IrO, species (produced by oxidation of IrCls)
become trapped in a more extended, less reactive, rutile
structure (or as the oxide underwent extensive sintering) at
the higher annealing temperature.

A notable feature of the voltammetric response for fresh
IrO, electrodes in both acid, Fig. 7a, and base, Fig. 8a, is
the large reduction response below 0.2 V in the negative
sweep; this is more marked in acid, and for the latter, there is
a clear indication on an anodic counterpart at ca. 0.25 V in
the positive sweep. Such responses occurred at potentials
which are far too low to be attributed to an Ir(IV)/Ir(I1I)
transition. They are probably due to a surface pseudocapa-
citance process, i.e., some degree of reduction of Ir(IIl)
oxyspecies, the product acting a mediator system in the
hydrogen gas evolution reaction (below 0.0 V) as discussed
earlier [10] for RuO, cathodes under similar circumstances.
The responses for postcathodized IrO, in base are interest-
ing; the conjugate pair of peaks at ca. 0.65 V is clearly
evident for instance in the dashed line in Fig. 8a. The
corresponding response for the 3 oxide transition in acid,
which should occur at ca. 1.0 V, is far less marked, Fig. 7.

It seems clear from the data shown in this study in Fig. 7b
and Fig. 8b that the hydrogen evolution reaction occurs at a
reduced oxide surface. The first positive sweep recorded after
extended cathodization gave an abnormally large anodic
response over most of the potential range. The extended
nature of this response suggests that the process involved is
due to gradual oxygen reinsertion; it seems, therefore, that the
surface involved in hydrogen gas evolution, or Hy/H;0"
equilibration, is one of low oxygen stoichiometry and is
significantly different from the bulk IrO, phase.

The IrO, (like the RuO, [10]) deposits are assumed to be
high surface area particulate materials with relatively weak
adhesion between the oxide particles. Changes in the oxide
stoichiometry at low potentials, e.g., conversion of bridging
oxygen to terminal oxygen, are assumed to result in gradual
loss of contact and shedding of oxide particles, which were
observed, after extended cathodization, on the floor of the
cell. With these oxide electrodes, the voltammetric charge
(under cyclic voltammetry conditions) is commonly regarded
as a measure of the real surface area of the oxide film; hence,
the drop in voltammetric charge after extended cathodization
in acid, Fig. 7a, and base, Fig. 8a, is attributed to the loss of
surface area due to shedding of oxide particles.

The decay in hydrogen gas evolution rate under constant
potential conditions was much slower in the case of the
thermal oxide (Fig. 9) as compared with the hydrous-oxide-
coated iridium metal (Fig. 6). This is not surprising as in
the former, the decay is attributed to the loss of oxide
surface area, whereas in the latter, the effect is attributed to
hydrogen-induced surface deactivation. It is possible, from
a practical viewpoint, that the oxide shedding problem may

be lessened by using a composite IrO»/colloidal PTFE
electrode system as is commonly used in the fuel cell area.
The Tafel plot for hydrogen gas evolution in base,
Fig. 10, is quite similar to that reported earlier for RuO,
under similar conditions [10]. In both cases, the region of
rapid current density increase is quite short; the limiting
value attained at an overpotential of ca. —0.6 V was ca.
0.5 A cm . There are a number of complications that are
likely to restrict the performance of these oxide cathodes,
e.g., ohmic drop; gas bubble evolution is also likely to
reduce the effective electrode area (this is assumed to be
most marked in pores where gas evolution is likely to expel
electrolyte), and the maximum turnover frequency at
surface active sites may be limited. In view of the similarity
of the Tafel plots for hydrogen gas evolution at IrO,
(Fig. 10) and RuO, cathodes, the mechanism of the
electrode reaction is assumed to be virtually identical.

Conclusions

1. The cyclic voltammetric behavior of iridium in aqueous
media is complicated by the ability of the metal to form
two distinguishable (« and 3) surface oxide species.
Hydrous (or {3) oxide species are very reductant to
undergo reduction even on prolonged exposure to
hydrogen gas evolution conditions.

2. The rate of hydrogen gas evolution at iridium elec-
trodes decays dramatically with time as the hydrogen
activates the metal surface, resulting apparently in the
oxidation (or hydrous oxide formation), and hence loss
of catalytic activity, of surface active sites.

3. Thermally prepared IrO, films on titanium differ from
their RuO, equivalents [10] in that the IrO, deposits
were observed to equilibrate the H,/H;0" reaction and
to shed oxide particles under sustained hydrogen gas
evolution conditions; the latter resulted in a loss of
oxide surface area and a decay in the hydrogen
evolution rate under constant potential conditions.

4. The thermodynamic instability of noble metal oxide
cathodes for hydrogen gas evolution was pointed out
earlier by Boodts and Trasatti [38]; such behavior is
interpreted here in terms of a barrier to oxide reduction
due to the intervention of high-energy intermediate
(microcluster) states of the metal.
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