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Abstract

Iridium has long been recognized as one of the best oxygen evolution catalysts in terms of
activity and stability over a wide range of pH. Despite exhibiting initially high activity for
the oxygen evolution reaction (OER), a rapid and reversible activity decay is observed during
continuous operation. The potential dependence of recovery of the activity is explored, and
0.0 V vs NHE is found to be an effective potential to recover the initial water oxidation
performance. Iridium thin films on rotating disk electrodes are used to show that this OER
activity decay is neither explained by progressive oxidation of the iridium nor by reduced
mass transport to/from the electrode surface. Careful examination of the time dependence of
the activity decay reveals that it is well described by a t'* functional dependence across
multiple electrochemical cell geometries. Tafel behavior is analyzed by normal pulse
voltammetry, suggesting that, after 10 minutes of activity decay, the catalyst exhibits a five-
fold decrease in active site density while the mechanism of water oxidation is not altered.
We hypothesize that this decay may result from a loss of active sites capable of forming the
Ir(V)=0 species, possibly via progressive cross-linking of iridium sites by bridging mu-

oxides.
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I. Introduction

The platinum group metals are renowned for their resistance to corrosion. Iridium, in
particular, has gained attention for its ability to efficiently catalyze the oxygen evolution
reaction over a wide range of pH! while resisting dissolution even in aqua regia.> As one of
the few catalysts for the oxygen evolution reaction (OER) that is stable in acidic media,’
iridium and iridium-based complexes have been frequently studied.*® Acid stability is
important technologically, particularly for technologies utilizing proton-exchange
membranes.” Although iridium is typically thought to be thermodynamically stable, recent
reports by Cherevko'®!! have shown iridium’s dissolution rate in acidic media to be non-
negligible. These works show that iridium experiences detectable transient dissolution at
both the anodic and cathodic potentials. However, the reported results suggest no direct link
between iridium dissolution and OER activity. While iridium oxide may not be entirely
resistant to corrosion, its high activity for OER remains widely accepted.

Prior reports have, however, described activity decay in iridium OER catalysts. For systems
with limited amounts of catalyst available, activity decay can be justifiably attributed to loss
of iridium itself.»!> However even in cases where bulk iridium electrodes are used, activity
decay can be observed. The first to report on this intrinsic activity decay were Gottesfeld
and Shrinivasan'®, observing a 5-10x decay in activity for bulk iridium electrodes (50%
activity decay over 10’s of minutes) coated with a 250-nm thick electrochemically grown
iridium oxide layer. Critically, this decay was not permanent, and could be reversed by a
single scan back to 0.25V vs the normal hydrogen electrode (NHE). Based on this

rejuvenation requirement and a lack of any observable change in the bulk oxide properties,
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it was hypothesized that stabilization of an inactive oxide phase under sufficient anodic
potential was to blame for the decay in OER activity. Frazer and Woods also reported similar
“ageing” after holding an iridium electrode at 1.55V vs NHE, and were able to reverse the

14

activity decay by sweeping to more reducing potentials.”* While a few have reported on this

activity decay more recently,'>!®

many works show evidence for similar phenomena without
mentioning the decay process explicitly.>!!1":18 The studies that do explore the activity decay
argue the activity decay is due to a transition to a less active but more stoichiometric
anhydrous IrO; phase generated during the oxygen evolution reaction. The ability of
reducing potentials to reverse this intrinsic activity decay is also confirmed in these works.

In particular, Tan et al'®

show by chronoamperometry that the activity decayed to less than
30% of their original value over 3 hours. After holding the electrode at open circuit for 10
minutes and performing a cyclic voltammogram, the activity could be restored at times back
to 80% of the original value, but would quickly decay in a manner similar to the first
chronoamperometry test. To date, iridium containing compounds are still being investigated
with the goal of achieving high OER activity over long time periods.”!*?° Investigations of
the OER mechanism on iridium-based catalysts have been plentiful;>?'"?> however, no
thorough study of the dynamics of this reversible activity decay has been reported.

This work presents a detailed characterization of this transient activity decay, and establishes
a reproducible approach for resetting the activity of the iridium catalyst. Careful
electrochemical characterization with very thin films of iridium on a rotating disk electrode

establishes that the OER activity decay is neither explained by progressive oxidation of the

iridium nor reduced mass transport to or from the electrode. Analysis of the activity as a
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function of potential before and after the activity decay suggests a similar rate limiting step,
but with 5x fewer active sites after the activity decay. Better understanding this phenomenon
will enable iridium catalyst systems to be utilized to their full capacity, and may help find
approaches to minimize activity decay.

II. Results and Discussion

One example of iridium oxide activity decay during OER can be observed with a relatively
simple set of measurements. An iridium foil was submerged in 1M H>SO4 and a cyclic
voltammogram between +0.5 V and +1.6 V vs NHE was collected at 0.1 V/s. After many
cycles, the potential was stepped from 0.5V vs NHE to a potential of 1.53V vs NHE where
oxygen evolution takes place. Seconds after the step, the activity decays to far less than the
activity observed at 1.53 V in the cyclic voltammogram (Figure 1). After returning briefly
to 0.5V vs NHE, the second chronoamperometry does not continue where the first left off,
but recovers partially before exhibiting a similar activity decay behavior.

A potential of 0.25 V vs NHE was previously cited!® as a potential sufficient to recover the
OER activity decay, but the potential dependence of the recovery has not been explored.
Figure 2a shows two chronoamperometry experiments performed on an iridium foil after
spending 1 second at either 1.2V or 0.2V vs NHE. The time evolution of these two
experiments shows that a history of more reducing potentials results in higher activity during
the OER step. To more carefully investigate this effect, cyclic step chronoamperometry was
utilized. The potential was cyclically stepped between a lower potential to promote recovery
and a higher potential for the OER, where activity decays. The input potential waveform is

a square wave with a period of 10 seconds and duty cycle of 50%, and can be thought of as
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a series of 5 second chronoamperometry experiments with 5 second rest periods in between.
In the case where the lower potential is 1.2 V vs NHE (green in Figure 2b), the initial activity
of each short chronoamperogram approaches that of the steady state chronoamperogram
(black in Figure 2b). In contrast, stepping back to 0.03V vs NHE for 5 seconds is sufficient
to restore the activity to nearly the same point in every short chronoamperometry experiment.
This recovery effect is consistent over the 10 min test period and 60 cycles. Figure 2¢ shows
the percent decay over the 10 min cyclic step chronoamperometry experiment, calculated
from the final current density of first and last positive steps. This shows that 5 seconds at 0.0
V vs NHE is sufficient to fully recover the activity.

The rate of recovery of the OER activity as a function of rest time was probed by the same
cyclic step chronoamperometry experiment, showing that stepping to 0.0 V vs NHE for just
1 second fully rejuvenates the iridium catalyst surface activity after 9 seconds of OER.
Inspired by the results in Figure 2, longer time intervals were studied. Figure 3a shows
the reproducibility of 10-minute long OER chronoamperometry after holding the potential

for 5 minutes at 0.0 V vs. NHE.

Several electrochemical processes could be responsible for the activity decay. Given the
character of the decay over time, one potential explanation would be mass transfer-limited
depletion of reactant or accumulation of product at the catalyst-electrolyte interface. The

effect of one dimensional diffusion in the electrolyte is well known,*%?’

and is described by
the Cottrell equation (1). The factor a. collects multiple physical parameters, such as the

diffusion coefficient and reactant concentration.
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The Cottrell equation provides poor fits to the measured chronoamperometry both with and
without an added constant current term, but a different power law with a t/* dependence (i =
a,t~/*) fits the data well (Figure 3b).

Diffusion limitations were further investigated using iridium-coated rotating disk electrodes
(RDE). Iridium thin films of various thickness were deposited onto titanium disks by e-beam
evaporation. Varying the rate of rotation varies the rate of electrolyte flow to the surface of
the electrode, which alters the diffusion-limited current.?® However, when these iridium-
coated titanium disks were used to carry out the OER (Figure 4a, b), the rotation rate had no
systematic effect on the observed activity decay. This confirms that limitations on product or
reactant diffusion in the electrolyte do not contribute significantly to the observed activity
decay. The CA data obtained with rotation (Figure 4¢, d) are also fit well by the same t*
dependence used to fit the unrotated data (Figure 3b).

Use of an e-beam evaporated iridium thin film of known thickness also allows for more
accurate investigation of the extent of oxidation during the reaction by changing thickness of
the iridium film. Qualitatively, the fact that activities are similar for both 2 nm and 20 nm
thick films suggests that the decay process is not dependent on the amount of iridium. The
1/4

i = a,t™ /" functional dependence discussed previously is found to fit both the 2-nm and

20-nm data quite well, with only slight differences in the prefactor a,,.

The current measured during electrochemical characterization inevitably involves

contributions from both the oxidation of iridium and the oxidation of water. Charge balance
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calculations show that the charge passed during the first 600 seconds of chronoamperometry
far surpasses that required to oxidize a 2 nm-thick iridium film from Ir(0) to Ir(4+).
Assuming the current flowing at 10 min is entirely attributable to the OER, a transient charge
of roughly 90 mC/cm? would have passed between t = 0 and 10 min, which is represented by
the blue shaded regions in Figure 4a and 4b. This is 10x more than the 9 mC/cm? needed to
convert a 2 nm-thick layer of face-centered cubic Ir from Ir(0) to Ir(4+). Therefore, although
a small fraction of the initial current that exceeds the steady state current can be attributed to
the oxidation of the film, a declining rate of iridium oxidation cannot account for the majority
of the activity decay.

Electrochemical characterization was used to probe the behavior of iridium OER catalysts
while the activity decay is present. An iridium foil was held at a rest potential for 5 minutes.
The potential was pulsed to more positive potentials in order to probe the potential
dependence of the OER activity (Figure 5). The potential was then returned to the original
rest potential for 10 seconds before repeating the procedure. Two rest potentials were used
(0.0 V and 1.53V vs NHE) to probe the state before and after the activity decay occurs.

The observed activity is significantly lower when pulsed from 1.53 V vs NHE. In order to
examine the potential dependence of the activity following the steps from the two different
rest potentials, the results are fit to the Tafel equation modified to account for the series
resistance of the cell (Equation (2). The series resistance (Rs = 1.79 Q-cm?) was taken to be
the real component of the high frequency impedance determined by electrochemical
impedance spectroscopy. The standard redox potential for the oxygen evolution reaction (Ej)

was fixed at 1.23 V vs NHE. The activity during each pulse was recorded after 1 millisecond
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of polarization to allow time for the double layer charging current to decay (the decay time

was determined to be of the order of 35 pus by electrochemical impedance spectroscopy).
. aF .
[ =iyexp Rg—T(E — Ey, —iRy) ?2)

Fixing only the series resistance, Rs, and the reversible oxygen evolution potential, Eo,
yielded values for the charge transfer coefficient () of between 1 and 1.2. For simplicity,
fits were repeated with o set to 1, yielding adequate fits to the data (Figure Sb and Table 1).
An a value of 1 suggests a rate determining chemical step following a single electron
transfer.’® The difference between the extracted voltammograms is a five-fold decrease in
the exchange current density. The fact that similar charge transfer coefficients (a) can fit both
sets of data suggests that the reaction mechanism is not changing significantly, and that the
decrease in exchange current density can be interpreted as a loss in the number of active
catalytic sites.

It is interesting to note that both normal pulse voltammograms deviate significantly from the
continuously swept voltammogram also included in Figure 5b. The later time points in the
linear sweep voltammogram experience the progressive history of activity decay from earlier
in the sweep whereas such progressive history effects are absent in the normal pulse
voltammograms. The Tafel fits to the linear sweep voltammogram (not shown) yield values
of a close to those reported in the literature (roughly a = 0.82).3! This suggests that
previously observed Tafel parameters have been convoluted with the decay of catalyst

activity.
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The suggested chemical rate determining step following a single electron transfer is
consistent with a catalytic cycle involving water nucleophilic attack on a terminal metal oxo
site, a pathway for OER frequently proposed in the literature.’”-** That pathway would involve
the one electron oxidation of some Ir(IV) site to form an Ir(V)=0O terminal metal oxo species,
which reacts with water to form an O-O bond. One simple interpretation of the loss of active
sites suggested by Table 1 is a loss of sites capable of forming the Ir(V)=0O species, which
could be explained by progressive cross linking of iridium sites by bridging p-oxides. This
configuration would result in a loss of terminal oxo groups, preventing the water nucleophilic
attack required to generate molecular oxygen. Nearby basic ligands properly positioned
adjacent to terminal metal oxo sites in some molecular complexes have been found to assist

3334 and recent work has also shown the

in the removal of protons from the attacking water,
ability of nearby metal atoms to enhance the activity of iridium catalysts.’> These reports
suggest that surface modification, particularly by way of mixed metal oxides and hydroxides

may provide promising methods for enhancing or maintaining the activity of these active

sites.

II1. Conclusion

In this work a rapid and reversible decay in the OER activity of an iridium metal catalyst is
explored. Cyclic step chronoamperometry experiments demonstrate that 0.0 V vs NHE for 1
second is sufficient to repeatably reverse the decay over many cycles. Reproducibility is
established for chronoamperometry experiments out to 10 minutes. A limitation of product

diffusion in the electrolyte is ruled out as the cause of the observed OER activity decay. A
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t"V functional dependence is found to fit the decay process across the electrochemical cell
geometries investigated. Tafel modeling demonstrates that a five-fold reduction in the
exchange current density over 2 second to 10? seconds time scales is characteristic of the
iridium oxide after the activity decay, while the OER mechanism remains the same as for the
material after its activity has recovered. This study helps provide a basis for future
investigations of iridium-based catalysts aimed at identifying the underlying mechanism of
this OER activity decay and mitigating it, ultimately leading to more stable, high-

performance OER catalysts.

IV. Experimental Methods

Iridium Metal Foil: Tridium metal foil was supplied from Goodfellow, with purity 99.9% and
thickness 0.25 mm was used for various electrochemical measurements. Working area
during OER was 3.2 cm®. Between experimental sessions, the foil was annealed in forming
gas at 450°C for 30min to fully reduce any residual oxide built up during previous
experiments. The foil was macroscopically rough and its composition verified to be pure by

X-ray photoelectron spectroscopy (XPS).

Silicon substrates: Heavily boron-doped (100) p-type silicon wafers (p =0.001-0.002 Q-cm,
thickness 500pum) were used as conductive silicon substrates for electrochemical
measurements. The 4” diameter wafers were used as received with a 1.5-2nm vendor
chemical oxide layer, as confirmed through ellipsometry. Samples for adhesion experiments
were fabricated on similar wafers (3 diameter, p = 0.001-0.005 Q-cm, thickness 355-

405um), and also used as received with a 1.5-2nm vendor chemical oxide layer.
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Back contact and catalyst deposition. TiO2 was deposited onto the as-received silicon
substrates by ALD. 20 nm Pt back contacts and 2nm Ir catalyst layers were deposited by e-

beam evaporation following ALD.

Atomic Layer Deposition (ALD): All TiO2 films were deposited by ALD in a custom built
reactor. Tetrakisdimethylamido titanium (TDMAT) was used as the titanium source and
water vapor as the oxygen source. The silicon substrates were held at 170°C during the entire

deposition. The chamber details are described elsewhere®.

Electrochemical Characterization: All electrochemical measurements were made using a
bored (5 mm diameter, 0.196cm? area) Teflon cone cell pressed against the front side of the
anode to contain electrolyte and define the electrode area. A reference electrode (Ag(s) |
AgCl(s) sat. KCl) and counter electrode (Pt wire, Imm diameter) were used, and all
potentials measured using either a Biologic or WaveNow potentiostat at room temperature.
Cyclic Voltammograms were recorded at a scan rate of 100mV s™!. Stability measurements

were performed using a peristaltic pump to circulate solution at ImL s,
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Figure 1: Electrochemical characterization of OER activity of an iridium metal foil in 1M H»SO4(aq)
electrolyte.  Cyclic voltammograms (a) were taken immediately before the potential-step
chronoamperometry (b). Chronoamperometry was performed at 1.53V vs NHE after opening the
circuit at 0.5V vs NHE. The activity during chronoamperometry clearly decays below the level
expected given the cyclic voltammetry data for the same anode. This decay still occurs after holding

the potential at lower values.
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Figure 2: Investigation of the potential dependence of activity recovery. Experiments were
performed on an iridium foil in 1M H,SO41in water. Panel (a) shows chronoamperometry experiments
after 1s at 1.2V or 0.2V vs NHE. Example cyclic step chronoamperometry is shown in panel (b) with
an upper potential of 1.53 V vs NHE and variable lower potential. During cyclic step
chronoamperometry the anode was cycled between an upper and lower potential, spending 5 seconds
at each potential. Insufficiently reducing lower potentials result in less water-oxidation activity
during subsequent upper potential steps. The results of varying the lower potential in the applied
waveform are shown in panel (c). A cyclic voltammogram from 0.5 V to 1.6 V vs NHE and back to
0.5 V at a scan rate of 0.1 V/s was performed between cyclic step chronoamperometry experiments

with different rest potentials.



386

387

388

389

390

391

392

393

394

imA/cm2

a
' ' ' ' —Cycle 1
——Cycle 2
3+ Cycle 3
\ ——Cycle 4
N “ Cycle 5
£ l ——Cycle 6
s 2n Cycle 7
E
oy
1t
0L

= Cycle 4

i(t) = (3.59 mA-s"2-cm?) t"2 + 0.52 mA-cm2
L it) = (2.98 mA-s"4-cm-2) t14
L it) = (7.45 mA-s"2-cm-2) 112

time [s]

0 100 200 300 400 500 600

1 10 100
time [s]

Figure 3: Chronoamperometry experiments demonstrating the reproducibility of the activity decay

behavior after using an electrochemical reset procedure between each successive CA test.

Experiments were performed on an iridium metal foil submersed in 1M H>SO4(aq) electrolyte.

(a)

Repeated OER experiments, each performed after 5 min at 0.0 V vs NHE. (b) Comparison of three

different fits of a characteristic chronoamperometry experiment. A power law with an unusual

exponent of -1/4 and zero asymptote (i = a,,t~1/%) fits the data better than either the Cottrell equation

(i = a.t~1/?%) or a modified Cottrell equation with non-zero asymptote (i = a,,t~ /% + b)
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Figure 4: OER chronoamperometry on a (Ti Disk /5 nm Ti/ 2 or 20 nm Ir) electrode at various
rotation rates. Chronoamperometry results for (a) a 2 nm Ir film and (b) a 20 nm Ir film at 1.53 V
vs NHE, displaying nearly identical decay behavior regardless of rotation rate or film thickness.
Shaded blue regions represent the transient charge passed if the current density measured at 600
seconds represented steady-state OER. t* fits to the 2nm thick Ir (a) and 20 nm Ir (b) at 1000
rpm. A single cyclic voltammogram (0.7 V to 1.6 V and back to 0.7 V vs NHE at 0.1 V/s) was

performed prior to each chronoamperogram.
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Figure 5: Normal pulse voltammetry experiment (a) and extracted voltammograms (blue and red
symbols) compared to a linear sweep voltammogram (b) on an iridium foil in 1M H,SOs(aq)
electrolyte. The linear sweep voltammogram (green dotted line) was collected at 0.1 V/s. Five

minutes of electrochemical reset, as described in the previous text, was performed prior to each
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410  Table 1: Fitted Tafel parameters for both the linear sweep voltammogram and pulsed
411  voltammogram. Reversible oxygen evolution potential (Ey) and series resistance (R,) were held
412  constant at 1.23V vs NHE and 1.79 Q-cm? respectively. The charge transfer coefficient (o) was

413  fixed at 1. Exchange current density (ip) was the only free variables used to fit (2).

Resting
io/

Potential /
mA/cm?

V vs NHE

I T 1

0 5.72x10°
1.53 1.19x10°

414



