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Abstract

This paper examines the detection and quantification of the potentially corrosive byproducts of the
oxygen evolution reaction on iridium and iridium-ruthenium mixed oxides. A conventional but
stationary ring-disc electrode was employed in a flow cell configuration for the detection of volatile
reaction product other than oxygen, and the formation of at least two active species was detected.
Potential-modulated UV-VIS reflectance spectroscopy helped to identify one of these volatile reaction
byproducts as hydrogen peroxide, and the other is tentatively suggested to be ozone. It was found that
these species are formed under potentiodynamic conditions due to the chemical recombination of the
absorbed reaction intermediates. The influence of the electrode material composition on the production
yield of these byproducts was studied, and we found that the generation of these corrosive reaction
byproducts is suppressed the more active the catalyst is for the OER. The formation of by-products can
therefore be addressed by a rational choice of the electrode materials based on the adsorption energy of
the reaction intermediates as is done for the OER itself. Steady-state electrolysis minimizes hydrogen

peroxide formation as byproduct of the oxygen evolution reaction.
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1. Introduction

Pure hydrogen can be produced in an environment-friendly way with a low CO, footprint by
using electricity from renewable energy sources (solar, wind, hydropower) for electrochemical water
splitting [1]. However, a key characteristic of renewable energy sources is their intermittent nature,
which frequently results in a fluctuating voltage being supplied to the water electrolyzer. Therefore, it
becomes essential that these electrolyzers are able to accept such fluctuations in the supplied power. If
water electrolysis is to be integrated as an energy storage system in the renewable energy production
chain, it is crucial to understand the mode of operation of the electrolyzers under dynamic conditions

and not only in the steady state [2,3].

Currently three technologies for water electrolyzers exist, classified according to the kind of
electrolyte employed: alkaline, proton exchange membrane (PEM) and solid oxide electrolysis.
Although alkaline water electrolysis is widely used in industry, PEM electrolyzers are an alternative that
does not require any corrosive electrolyte, and PEM electrolyzers offer high efficiency, compactness,

low degradation rates and easy maintenance.

Rutile-type oxides, such as RuO; and IrO,, are known as excellent catalysts for the oxygen
evolution reaction (OER), the anodic reaction of water electrolysis [4], in PEM electrolysis. The activity
of iridium dioxide is lower than that of ruthenium dioxide; however, the former is far more stable.
Mixing of IrO; and RuO; has been shown to be particularly efficient for the stabilization of the catalysts
without compromising the activity of RuO; [5,6]. This can be explained by the tendency of ruthenium
to segregate towards the bulk when placed in an IrO, matrix [7, 8]. Therefore, depending on the
synthesis conditions, the surface of the mixed oxide is enriched in iridium. With adequate iridium
concentrations, ruthenium oxide kink sites, which are the most unstable towards corrosion, will be
protected by iridium, thereby significantly increasing the stability of the mixed iridium-ruthenium oxide

electrodes.
The OER,
2H,0 — O, + 4H* + 4" E°=1.229V Q)

as well as its reverse, the oxygen reduction reaction (ORR), is still not completely understood, and many
reaction mechanisms have been proposed [4,9,10,11,12]. The formation of the oxygen molecule at the
electrocatalyst surface can proceed through either a mononuclear [ 13,14, 15, 16] or a binuclear [17,18]

pathway.

The mononuclear mechanism was used for a computational analysis of the trends in catalytic
activity for oxygen evolution by Rossmeisl et al [14]. The mechanism assumes the formation ofan O

— O bond between a transition metal S-O* intermediate and a water molecule through the formation of



the adsorbed hydroperoxy intermediate S — OOH:

H,O — HO* + H" + e~ 2)
HO* — O* + H*+e- ©)
O* + H,O — HOO* + H*+ e~ (4)
HOO* — 0, + H*+ e, ()

where * represents an active surface site, such as the coordinately unsaturated site on top of fivefold-

coordinated metal ions on the rutile (110) surface.

From the description of the mononuclear mechanism in Ref. [14] it follows that the
electrocatalytic properties of the transition metal oxide can be improved by tuning the binding energy
of O*, and a volcano plot describing the catalytic activity of metal oxides was derived. It was found
that both IrO; and RuO; are good choices for the OER, but IrO, bonds O* more strongly and RuO, more
weakly than an ideal catalyst for OER should do.

In the binuclear mechanism [19, 20,21], the first step involves oxidation of water with the
formation of S=O species. The subsequent chemical steps correspond to an internal surface redox step
whereby two neighboring S — O* groups produce a p-peroxo bridged intermediate S— O — O — S. This

reaction is followed by the release of O..

Both reaction mechanisms thus include S — O* reaction intermediates which can recombine

with water with the formation of absorbed hydroperoxy species, S — OOH.

Hydroperoxy species have been detected as intermediates in the electrochemical evolution of
oxygen on gold using surface-enhanced Raman spectroscopy (SERS) [22] and in the photocatalytic
oxidation of water on IrO; nanoclusters [ 23]. Hydroperoxy species can desorb from the transition metal
active sites to the solution, which may result in a number of reactions. For example, the hydroperoxyl
radical, HOO* is known to be unstable and to decompose readily to oxygen and hydrogen peroxide in
protic media [ 24, 25].

The formation of hydrogen peroxide is also thermodynamically possible directly through

electrochemical reactions at high anodic potentials:
H.O, + 2H* + 2 — 2H,O E°=1.776 V (6)

or after direct recombination of oxygen and hydrogen due to hydrogen crossover through the membrane

to the anode:
H, + O, — H20; (7)

Ando and Tanaka [ 26] have proposed a new system in which the products of water electrolysis



are hydrogen and hydrogen peroxide, produced simultaneously in order to benefit from the higher
economic value of hydrogen peroxide as compared to oxygen. However, hydrogen peroxide is a very
powerful oxidizing species in acidic solutions, and it can potentially provoke the dissolution of the
transition metal oxides used as electrocatalysts. Moreover, the formation of hydrogen peroxide and
radicals during water electrolysis promotes the chemical degradation of the Nafion membrane, a key
component of the PEM electrolyzers, leading to a significant decrease of the electrolyzer’s durability
[27]. Thus, the formation of hydrogen peroxide during water electrolysis is important from the
perspective of electrolyzer degradation, and it becomes important to delineate favorable operating

conditions and to identify a catalyst that suppresses the formation of this species.

Formation of ozone and hydrogen peroxide during the OER has been reported at synthetic
boron-doped diamond thin film anodes, which operate under significant anodic overpotentials in acidic
media [ 28].

Commercial water electrolyzers typically operate at a voltage of 1.7 — 2 V, and thus several of
the reaction byproducts listed above may result on the anode, both under steady state and dynamic
conditions, and ignorance or neglect of their impact may thus significantly decrease the electrolyzer

lifetime.

The purpose of this paper is to quantify the formation of some potentially corrosive byproducts
of the OER under dynamic high current conditions at the anodic catalysts for PEM water electrolysis.
Since PEM technology employs composite electrodes in which the electrocatalyst is in intimate contact
with the membrane material we perform our measurements for thin-layer electrodes to avoid issues of
by-product diffusion and reaction within porous layers. Below we provide electrochemical and
spectroscopic evidence that hydrogen peroxide and other volatile species are actually formed as a by-
product of the OER in acidic media. Finally, we address the consequences of the electrocatalyst

composition on the hydrogen peroxide yields during the OER.
2. Experimental

2.1 Electrode preparation

Iridium oxide powders were used as electrode materials on the disk of the ring-disc electrode
in the flow-cell measurements. The powders were prepared by the hydrolysis method as described in
[29], except that the catalyst was not covered by any Nafion film which renders the working electrode
free of any polymer. The precursors, HzIrCle4H,O (OMG AG&Co. KG, 99.2 %) and RuClyxH20
(Sigma-Aldrich, ReagentPlus) (for the mixed iridium-ruthenium oxide) were dissolved in aqueous 0.2
M NaOH solution (J. T. Baker, Baker Analyzed). The resulting solution was stirred at 80° C for one
hour, before cooling and adjusting the pH to 8 with nitric acid (Merck, p.a.). After 30 additional minutes

of stirring and heating at 80 °C, the precipitate was separated and washed by centrifuging at 5000 rpm.



The precipitate was then heat-treated at 550 ° C in air for 30 minutes. For the preparation of the thin
film electrodes employed for the flow-cell experiment, the oxide catalysts prepared by the method
described above were dissolved in water (1 mg mL™?) in an ultrasonic bath, and 20 pL of the resulting
dispersion was pipetted onto the central gold disc (6 mm in diameter) of a PINE E6 series ring-disc

electrode assembly (platinum ring).

Anodic iridium oxide film (AIROF) electrodes formed anodically on an iridium disc were
prepared as described in Reference [30], and were used for UV-potential-modulated reflectance
spectroscopy (UV-PMRS) and for electrolysis of the solutions used for transmission UV-vis
spectroscopy. Briefly, iridium metal electrodes were mechanically polished to a mirror finish with 5.0,
0.3 and 0.05 um alumina, rinsed with Milli-Q water and washed four successive times in an ultrasonic
bath. They were then immersed in 0.5 M H,SO4 and cycled 200 times between 0 and 1.5 V at 100 mV
st in order to grow the AIROF layers. An iridium metal sheet with an electrode area of 1.5 cm?
embedded in epoxy was used for the electrolysis experiments, and an iridium disc with a diameter of 1
cm cut from 1 mm thick iridium sheet and inserted in a polypropylene holder with a Viton O-ring was
used for the UV-PMRS experiments.

2.2 Flow-cell measurements

Using the conventional rotating-ring disc cell arrangement for detection of the OER by-
products at the high potentials used in this work proved impossible due to the significant amount of
gaseous products formed. These blocked the electrode surface and which could not be removed even at

high rotation speeds. We therefore employed a modified flow-cell arrangement instead.

The experiments were performed in a four-electrode arrangement and were controlled by a
PGSTAT128N MBA Aut mnolab bipotentiostat. An approximately 1 cm? platinum foil and a reversible

hydrogen electrode (RHE) were used as auxiliary and reference electrodes, respectively.

The flow-cell measurements were performed in a homemade electrochemical flow cell, a
scheme of which is shown in Fig. 1. The cell is cylindrical, 6 cm in diameter, and consists of three parts:
1. a glass central part, opened at both ends and closed by two Teflon lids sealed by rubber O-rings; 2.
The bottom lid, in which the ring and the working disc electrodes are embedded; and 3. the top lid,

which holds the reference and counter electrodes, an electrolyte inlet tube and an outlet tube.

The counter electrode consisted of a Pt foil separated from the rest of the cell by a glass tube

interfaced to the compartment containing the working and reference electrodes through a glass frit.

During the experiments the electrolyte was continuously pumped through the electrochemical
cell at a constant flow rate. Initially we attempted to use the conventional flow-cell arrangement reported
in Ref. [ 31], in which the electrolyte is pumped at right angle towards the electrode. However, problems

of gas-bubble removal also persisted to some degree even for this cell configuration. In order to
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maximize gas removal from the the electrode we employed instead a J-form glass tube for the pump
outlet so that the electrolyte flow is made coplanar to the electrode surface. We found that this resulted
in the reproducible detection of reaction products from the disk on the ring with a sufficient collection
efficiency (see below). This arrangement thus allows for the capture of the OER by-products

conveniently employing a conventional rotating ring-disc electrode.

The electrolyte flow rate was controlled by a pulsation-free Ismatec ISM 901 REGLO-Z
Digital gear pump which has a flow rate stable over the time frame of the experiments performed. A
flow rate of 300 mL min was found to be optimal for removing the gaseous products from the electrode
surface, while still being small enough to avoid creating bubbles and turbulence in the pump piping. The
flow cell arrangement turned out to provide fast reaction product transfer from the working to the ring

electrode, which allowed close to real-time detection of the OER by-products.

The collection efficiency of the ring of the flow-cell electrodes was determined as with
conventional rotating ring disc electrodes (RRDE), using Fe(CN)s */ Fe(CN)s > redox couple. The
collection efficiency of the electrodes in a conventional RRDE cell was determined to be 23.5% (25
% according to the manufacturer’s specification), while that obtained when employing the same
electrode in the flow-cell configuration was of approximately 10 %. We ascribe the lower collection
efficiency to the fact that under coplanar electrolyte flow, only the part of the ring electrode upstream
of the flow can capture the species generated on the disc electrode. Collection efficiency estimated using
the Fe(CN)s*/ Fe(CN)s* redox couple may be somewhat different from that of OER by-products from
a porous electrode since at the reactions in the latter case will be expected to proceed also in the inner
parts of the oxide. Consequently, any byproduct will have more chance to be re-adsorbed and react than
in the case of a redox couple at a smooth electrode, and this will influence quantification of the
byproducts at the ring. However, the discussion of the identity of the by-products and intermediates
pursued here will not suffer significantly from any such inaccuracies in the numerical value of the
collection efficiency is assumed to be of less importance. Similar considerations will apply to any
experimental setup employing ring-disc electrodes, including RRDEs, and is not particular to the wall-

jet cell employed here.

The cell was tested with respect to flow rate, distance between pump outlet and electrode,
outlet tube diameter etc. We thus found an optimal operational combination of parameters which was

then used for the entire range of experiments.
2.3 UV-vis spectroscopy

UV-vis absorption spectroscopy was used to evaluate hydrogen peroxide production during
the OER by titrating small amounts of solution at different times with potassium permanganate. A
UV3600 Schimadzu spectrometer was used. A 0.17 mM solution of KMnO, in 0.5 M H.SO4 was used

as the titration solution and 0.5 M H,SO,4 was utilized as a reference solution for the UV-vis experiments.



All the solutions were purged with nitrogen for 10 minutes. The AIROF electrode was continuously
scanned between 1.5 and 2 V vs. RHE at 100 mV s for the purpose of promoting the OER under
dynamic conditions. 0.75 ml aliquots of electrolyte were taken at different time intervals. The decrease
of the intensity of the absorption bands of KMnOy in the titrating solution is proportional to the sum of

the amounts of H,O; present in each of the electrolyte aliquots added.
2.4 Potential-modulated reflectance spectroscopy (PMRS)

UV-PMR spectra were measured in a conventional three-electrode electrochemical cell
equipped with fused silica windows for the entrance and exit of the light beam. The light source was a
30 W Hamamatsu L2D2 deuterium lamp. A photomultiplier tube, Model 1P28 from Hamamatsu, was
used for detection. A sine potential wave (AV=50-1000 mV, fins= 18-729 Hz) was superimposed on the
otherwise constant electrode potential and the modulated reflectance signal was detected with a digital
lock-in amplifier, Stanford SR 850 DSR. The potentials were measured vs. a homemade Ag/AgCI
(KClsa) electrode, and were then converted to the RHE scale. The spectra are plotted below using the
convention that a positive sign of AR/R implies a lower reflectance at the positive limit of the

modulation.
3. Results and discussion

3.1 Flow-cell measurements

Cyclic voltammograms of an IrO-disc electrode recorded in the flow cell arrangement in the
potential-range between 0.6 and 1.9 V and the corresponding Pt-ring current when held at 1.2 V are
shown in Fig. 2. The latter potential was chosen in order to avoid oxygen reduction or oxygen evolution
reaction on the ring electrode during the experiment. Thus, any current recorded at the ring electrode
must correspond to electrochemical reactions involving OER intermediates emerging from the disc
electrode, reactions (2) through (4), or from the generation of hydrogen peroxide, reaction (6), at the

disk electrode. Both cathodic (region A) and anodic (region C) ring currents are apparent in Fig. 2.

The dependence of the disc electrode current density on the potential sweep rate is shown in
Fig. 3a. As expected, the disc current density in the pseudo-capacitance region (0.6 — 1.5 V) increases
with increasing sweep rate. The corresponding ring currents are shown in Fig. 3b, and also display a

strong dependence on the disk-potential sweep rate.

When the disc electrode potential reaches 1.5 V, a sharp increase in the disk current due to the
onset of the OER, is apparent in Figures 2 and 3. Simultaneously, a cathodic current emerges on the ring
electrode and increases as the potential of the disc electrode increases beyond 1.5 V. However, when
the disc potential is reversed at 1.9 V there is a pronounced hysteresis in the ring current response, which
increases with increasing sweep rate (at 5 mV s™there is no hysteresis), and at scan rates above 50 mV

st the ring current eventually becomes positive in the reverse scan. The average disk potential at which



the ring current becomes positive in the negative potential sweep is 1.8 V, a maximum being reached at
16V.

Hydrogen peroxide may in principle give rise to both reduction and oxidation currents at the
ring electrode, but at 1.2 V (the ring potential) only the oxidation of H.O, is possible on Pt and no
reduction current is measured [32, 33]. Therefore, the cathodic ring currents apparent in Figures 2 and
3 on the forward disk-potential scan cannot be due to the reduction of hydrogen peroxide generated as
a by-product at the IrO,, and must be due to other by-products or reaction intermediates emerging from
the OER.

We thus assume that the cathodic ring currents observed in Figures 2 and 3 are related to the
main electrode reaction, that is to the OER and its by-products. According to Rossmeisl et al [16], the
formation of S-OOH species is the potential limiting reaction at IrO, followed by the faster formation
of oxygen through reaction (5). However, for IrO, the rate of the consecutive electrochemical reaction
step, reaction (5) is not going to be very much faster as its activity appears to be only slightly larger than
that of reaction (4), c. f. Fig. 6 of Ref. [16].

Therefore, hydroperoxyl HOO* species may be assumed to be present at the surface of IrO.
to some extent. If some of this adsorbed hydroperoxyl is desorb from the electrode surface in the form
of the hydroperoxyl radical HO; instead of forming oxygen through reaction (5), these may in principle

be reduced at the ring according to the following reactions [24, 25]:
HO, + 3H*+ 3¢ -2 H,O E’=1.65V (8)
HO, + H* + & — H,0, E°=1.44V ©)

However, rate constants for recombination of the hydroperoxy species to hydrogen peroxide
are in the order of 10° M s [24]. The time expected for the radicals to reach the ring electrode in
RRDE experiments would be in the order of ms [34]. The flow conditions employed here are not as
well defined as in an RRDE experiment, but the maximum electrolyte velocity out of the orifice in our
experiments is 0.2 m s, The time it will take the electrolyte to traverse the distance between the disk
and the ring of the ring-disc electrode is therefore also at least in the order of a few ms. It is thus highly
unlikely that a significant portion of the hydroperoxy radicals would reach the ring before
recombination. However, as the hydrogen peroxide will not give rise to a cathodic current at the ring,
other possibilities will have to be considered. Hydroperoxyl may, however, also recombine to ozone
[25], the thermodynamic potential for the electrochemical formation of which is 1.51 V [25, 35]. In an
alkaline solution ozone decomposition is triggered by a direct reaction between O; and OH™ [ 36]. At
low pH, and if ions such as I, NOy, Fe*", and Mn?" are not present in the solution, we expect ozone to
be more stable [37]. Ozone and may thus be reduced at the ring at Pt electrodes even at very low
concentrations [ 38]. The current response of an amperometric gas sensor containing 0.5 M H,SO. as

the electrolyte to air containing ozone in concentrations as low as 1 ppm is in the order of nA at 1.2 V



vs the standard hydrogen electrode at Pt electrodes [38]. However, although this illustrates the possibility
of ozone reduction at the Pt ring, the value of comparison with gas sensors is limited since the actual
concentration of ozone in the aqueous phase in these gas sensors is unknown. Beyond the indication that
the cathodic current at the ring is related to intermediates of the OER or products of the reactions of

these intermediates, our results therefore remain inconclusive on this point.

As explained above, at 1.2 V any H,O, formed on the IrO; disc electrode and reaching the Pt
ring can only be oxidized. This is the only reaction that can produce an anodic current at the ring at the
potential employed. The ring current strongly depends on the sweep rate of the disc electrode.
Application of potential sweep rates higher than 25 mV s to the disc electrode leads to the appearance
of an anodic peak on the ring electrode in the reverse scan at a disc potential of 1.6 V (Fig. 3b). Therefore,
we attribute the positive ring current at disk potentials between 1.8 and 1.1 V in the negative-going
sweep (Region C of Fig. 2) to the oxidation of hydrogen peroxide accumulated on the IrO; disc at
potentials of approximately 1.8 V. At scan rates less than 25 mV s, hydrogen peroxide is oxidized on
the disc before reaching the ring. Thus, these measurements identify two loss processes for the OER at

iridium oxide electrodes: the desorption of intermediate species and the formation of hydrogen peroxide.

The ring peak amplitude, and, hence, the net amount of byproduct of the OER generated,
increases linearly with the disc potential sweep rate, as shown on the insert of Fig. 3b. This is consistent
with the fact that OER is more efficient at low potential sweep rates, and suggests that, at fast scan rates,
the potential is reversed before all the HO, and H,O, formed on the disc can be further oxidized to O..
In other words, under dynamic potential load the OER will be less efficient. Therefore, if water
electrolyzers with IrO, anodic catalysts are to be integrated with intermittent power sources, it is
important to have power stabilization in order to suppress, or at least minimize, generation of the

corrosive OER by-products.

Cyclic voltammograms for 1IrO; and IrgsRuU04O> electrodes are shown in Fig. 4. The
voltammogram for the IrosRuo.4O2 has some pronounced features which are different from those of 1rO,
and can be attributed to ruthenium oxide, namely a large cathodic current at potentials between 0 and

0.2 V, absent in iridium oxide.

The activity of the catalysts towards oxygen evolution was measured also for an IrgsRuo.4O-
catalyst with the flow-cell RDE, and the activity of this electrode for the OER is compared to that of the
pure IrO; as shown in Fig. 5. (The polarization curves were recorded with a sweep rate of 5 mV s,
Although this paper does not deal with an analysis of Tafel plots as such, we demonstrate the compliance
of the data with the Tafel equation Fig. 6, which shows the data collected disk data for IrO, with and
without compensation for ohmic drops and the difference between the IR-corrected data and the raw
data. The compensation was performed according to the method in Ref. [8]). If properly IR-corrected

the difference between the IR-corrected data and the raw data should form a straight line passing through



the origin, which it appears to do. The uncompensated resistance is estimated to 5.4 Q cm? for the data
in Fig. 6. Both catalysts have qualitatively similar catalytic behavior, but the current attributed to oxygen
evolution on iridium oxide is shifted slightly towards higher potentials (about 20 mV) than on

Iro.6RU0.40-, as expected.

The corresponding ring currents are shown in Fig. 6. The shapes of the ring electrode current
response are significantly different for IrO, and IrgsRU0.4O>. (The differences in noise levels in Fig. 8
are related to the potentiostat settings in these two particular experiments. However, the experiments
were reproduced several times with similar results.) For both compositions there is a pronounced
cathodic current which starts at the potentials of oxygen evolution reaction. This can be related to the
reduction of reaction intermediates, as discussed above. However, the pronounced anodic peak that
appears in the negative potential sweep at high scan rates with the iridium oxide electrode is absent for
the IrosRU0.40; electrode. Another significant difference is that, while the ring current amplitude
multiplies by a factor of four when the scan rate increases from 5 to 100 mv s in the case of the IrO,,

in the case of the IrgsRU0.40- it just doubles.

This difference suggests that a smaller amount of soluble byproducts is produced on
IrosRU0.402. There are two possible explanations for the reduced amount of byproduct formed on
ruthenium-doped iridium oxide. On one hand, assuming a mononuclear mechanism for the OER and
that both iridium and ruthenium in the oxide structure behave as independent active sites, two kinds of
active sites, oxygen-surrounded ruthenium and oxygen-surrounded iridium, exist. Assuming that the
bonding of intermediates is weaker on the ruthenium sites than on the iridium sites and, hence, oxygen
evolution is more favorable, in the absence of any synergetic effect between the two types of catalytic
sites substitution of 40 % of iridium atoms with ruthenium should enhance oxygen evolution activity
and suppress side products formation by 40 %. For the same catalysts loading, the increase in the ring
current amplitude, due to the formation of the OER byproducts, is 1.5 times larger for IrO, than for
Iro6RU0.40, which correlates well with having substituted 40 % of the iridium atoms by ruthenium. On
the other hand, OER can occur according to a binuclear mechanism. Introduction of homogeneously
distributed ruthenium atoms into iridium oxide matrix can, therefore, suppress the OER byproducts
formation, because the reaction step (5) would be favored on the Ir — Ru or Ru - Ru bridge sites due to
weaker adsorption of the reaction intermediates. However, in this case information about the relative

rates of the reaction steps is yet not available, and reaching a conclusion is not possible.

The differences in efficiency with respect to oxygen formation must be related to the various
rate constants of the reactions involved (rate constants for desorption of hydroperoxyl, its recombination
etc.). These would, in turn, be functions of the coverage and be related to the binding energies at the
specific catalytic material employed. Significant suppression of cathodic current and disappearance of
the anodic current on the back scan for Ru-doped iridium oxide is presumably related to different binding

energies and rate limiting steps of the OER for IrO; and RuO.. For example, at IrO- the rate-limiting

10



step is expected to be formation of the HOO* intermediate (reaction (4)) whereas at RuO, the formation
of the O* intermediate is the rate-limiting step. However, according to Ref. [16] the consecutive
reactions at RuO, have a much higher catalytic activity for the steps leading to the eventual evolution of
oxygen than at IrO.. The presence of HOO* intermediates may therefore be less pronounced at RuO,
than at IrO,, per se reducing the likelihood that it desorbes before it is oxidised further to give oxygen.
On the other hand, HOO* is less strongly bound to the surface at RuO,, which should increase its
presence in solution. The actual evaluation therefore depends on parameters beyond which we were able
to obtain in this study. However, since high-overpotential oxygen overvoltage materials are needed for
the production of by-products of the OER such as ozone [39], the higher the overvoltage for the OER
the larger the amount of byproduct would one expect. This is, in fact, consistent with the experiments

performed here.
3.2 UV-Vis measurements

In order to provide further indications of the formation of hydrogen peroxide as a byproduct
of oxygen evolution, the evolution of UV-Vis of a KMnO4 solution during OER at high overpotentials

was followed (Fig. 8).

There is a clear decrease in the intensity of the absorption band of MnO4 when successive
aliquots of solution taken from the electrolytic cell during intensive oxygen evolution are added to the
initial 0.17 mm KMnO4 solution, which is a clear evidence of the formation of hydrogen peroxide as a
byproduct of the OER. The time evolution of absorbance at 522 nm is shown in Fig. 9. The peak intensity
is rapidly decreasing during OER. This behavior can be explained by the continuous generation of the
hydrogen peroxide as a side product of the OER, which is reacting with potassium permanganate with

forming of transparent Mn?* species.

Dynamic conditions, rather than steady state electrolysis were utilized in order to enhance the
(intermittent) formation of reaction by-products and intermediates during the anodic reaction as much
as possible, c. f. the discussion above. Consequently, we have refrained from attempting to estimate the
amount of byproducts or hydrogen peroxide and correlate these with the amount of permanganate being

reduced in the solution.
3.3 PMRS

Spectroscopic techniques can be useful in the identification of the reaction intermediates.
However, infra-red spectroscopy, which is commonly used for the intermediates identification is limited
for this particular case due to overlapping of the signals from electrolyte and adsorbed species. Potential
modulated reflectance spectroscopy (PMRS) can give some insights for the adsorbed intermediates
identification. PMRS detects changes in the reflectance of a surface due to variations in the potential
drop across the interface. Since the potential profile in the bulk phases on both sides of the interface is

flat, it is extremely sensitive to the interfacial region, where the potential drop occurs. In the case of a
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metal-electrolyte interface, this will comprise the Thomas-Fermi length within the metal (typically some
fractions of an A, i.e., a penetration depth of less than an atomic layer) and the electrolyte side of the
double layer. In the case of a semiconductor-electrolyte interface, the region probed by PMRS will
include the semiconductor’s space-charge region and the electrolyte side of the double layer. In the
particular case studied here, PMRS will provide information on a considerable fraction of the AIROF
and on the electrolyte’s interfacial region. The features arising in PMR spectra can be due to purely
physical effects (changes in reflectance due to the alteration of the dielectric constant of the electrode’s
surface when the surface charge density changes, the so-called electroreflectance, ER), to chemical
changes on the interface (changes in the chemical nature of the electrode surface or of the species present
in the double layer) or to a combination of both. Therefore, PMRS is potentially well suited for the

identification of OER intermediates.

PMRS experiments (as any other reflection spectroscopy technique) require surfaces with a
high enough reflectivity, and for this reason we used iridium oxide films grown on Ir rather than the
nanostructured catalysts employed above. Although structure and size effects cannot be discarded
completely, we have shown previously that the charge-normalised polarization curves for the OER are
virtually indistinguishable [ 40]. Also, the cyclic voltammograms of the two materials display much the
same redox processes, so we assume that the PMRS results obtained with the AIROFs can be

extrapolated also to the nanoparticulate material.

PMRS has been applied to the study of anodically formed iridium oxide (AIROF) with the aim
of identifying the electrochemical reactions involved in its electrochromic process [30, 41]. The latter
has been postulated to correspond to the oxidation of a transparent, insulating Ir(111) oxyhydroxide to a
blue-black, conducting Ir(1VV) oxyhydroxide [42]. This electrochromic process is believed to involve a
simple solid-state mechanism, in which the application of a positive enough anodic potential decreases
the Fermi level of the AIROF from the top of the conduction band of IrO; (transparent, insulating state)

to its interior (blue-black, conducting state).

AIROF is a p-type semiconductor at potentials below 0.6 V vs. RHE, however above 0.8 — 1
V it becomes a conductor [40]. Therefore, significant changes in its reflectance are to be expected in
this potential region. Further relevant changes in the electronic structure of the AIROF are not expected
until 1.3 V, where an anodic peak usually appears in the corresponding cyclic voltammograms. This
peak is usually attributed to the oxidation of the IrO(OH) to IrOz with Ir in hexavalent state [43]. At
potentials higher than 1.3 V no pronounced changes in the electronic structure of the AIROF are
expected and the ER is expected to be very small. Accordingly, at the very positive potentials used in

this work, bands in PMR spectra can be related to the production of intermediates of the OER.

Fig. 10 shows PMR spectra between 200 and 400 nm of an AIROF electrode in 0.5 M HCIO,

obtained with a frequency of 63 Hz and different potential amplitudes. The positive limit of the
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modulation was restricted by the occurrence of extensive oxygen evolution, where PMR spectra became
noisy due to the scattering of light by oxygen bubbles. Three different negative limits for the potential
modulation were used: 0.744 V (Fig. 10a), 1.244 V (Fig. 10b) and 1.444 V (Fig. 10c) in order to
determine the potential range of intermediate species formation. There are two features common to all
the spectra in Fig. 10, except those in which the potential was modulated between 0.744 V and E<1.744

V: a maximum at 200 nm and a broad peak between 250 and 350 nm.

For a negative limit of the modulation of 0.744 V, the sign of the peak at 200 nm changes from
negative to positive when the positive limit of the modulation increases from 1.344 to 1.744 V.
Concomitantly, a new broad peak between 250 and 350 nm appears. In the region between 210 and 230
nm, a peak appears when the negative limit of the modulation is 1.244 V and the positive limit is above

1.644 V, as well as in all the spectra with a negative modulation limit of 1.444 V.

The fact that iridium oxide is electrochromic implies that light absorption in its dark form must
contribute to the PMRS spectra. This contribution appears only when the positive limit of the potential
modulation is well within the region in which the film is in its oxidized form, because, as shown by
Gottesfeld et al. [30], coloration of the film at 1.244 V vs. RHE takes approximately 40 ms. This is
approximately one order of magnitude larger than the oscillation period in our experiments (1/63 Hz).
The broad peak between 250 and 350 nm coincides with that observed by Gottesfeld et al. [30] and is
due to this well-known electrochromism. No electrochromism is observed when the negative limit of
the modulation is below the peak corresponding to the oxidation of the oxide film and the positive
potential limit is below 1.74 V (black and red lines in Fig. 10a). When the negative potential limit is
positive of the oxidation peak (Fig. 10b) the intensity of this signal is smaller because part of the oxide
film is already in its oxidised form at the negative limit of the modulation, and it saturates when the
positive potential limit is such that all the film is in its oxidised form (red, blue, and green lines in Fig.
10Db).

However, the signal at 200 nm continues increasing even when the signal due to the film’s
electrochromism has saturated. Similarly, the signal between 210 and 230 nm only appears when the
electrochromism signal saturates. This, together with the fact that their appearance coincides with the
onset of oxygen evolution, indicates that they are not due to any electrochromic effect.

Also, changes in the dielectric constant of the electrolyte side of the double layer when the
potential changes must contribute to changes in the reflectivity. However, if there is no singularity in
the wavelength-dependence of the refractive index (n) and the extinction coefficient (k), this will simply
result in a shift of the baseline. (This is what happens, for example, in IR reflectance spectroscopy,
where an effect of the interfacial water can only be observed around the frequencies corresponding to
the water stretching (broad band around 3000 cm™) and bending modes (around 1650 cm), at which

both n and k change abruptly.) In the ultraviolet region in our measurements neither n nor k show any
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abrupt change. Only at wavelengths close to 200 nm is there a sudden increase, which might be the
cause for the signal observed around 200 nm in the spectra in Figures 10 and 12. At longer wavelengths,
however, the change in the dielectric constant of water will at most provoke a shift in the baseline.
Therefore, we interpret the signal between 210 and 230 nm as corresponding to an intermediate in the
OER.

In order to confirm that the peaks observed in the PMR spectra are due to species generated
during the OER and not to an ER effect, their dependence on both the modulation amplitude and the
modulation frequency was analyzed. Electrolyte electroreflectance (EER) signals increase linearly with
the modulation amplitude and are independent of the modulation frequency. On the contrary, if the PMR
signal is due to the production or depletion of a chemical species, its intensity will usually increase with
the modulation amplitude (more species will be produced in the same time interval if the overpotential
is higher), albeit not necessarily linearly, and it will decrease with increasing frequency (the time during
which the electrode is at a potential at which the species is formed or consumed will decrease with

increasing frequency). Furthermore, EER peaks typically shift with a shift of the central potential.

As shown in Fig. 11, the intensity of all the peaks increases with increasing modulation
amplitude, but except in the case of peak at 200 nm, the dependence is not linear. Furthermore, the
intensity of the peaks decreases clearly with increasing modulation frequency (Fig. 12), and the peak
position does not show any clear shift with the electrode potential. The sign on the PMR bands indicates
a decrease of the electrode reflectance at the positive limit of the modulation, which can be reasonably
attributed to the absorption of light by new chemical species formed during the OER. . As indicated
above, the broad peak between 250 and 350 nm coincides with that observed by Gottesfeld et al. [30]
and is due to the electrochromism of iridium oxide. The intense signal at wavelengths below 210 nm
coincides with a relatively sudden increase of the refractive index (n, the real part of the complex
refraction index, 1) of water, and is, hence, most likely due to a change in the dielectric constant of
water with potential. This is in agreement with the linear dependence of its intensity on the modulation
frequency, since the degree of dipole alignement (i.e., of dielectric saturation), must also depend roughly
linearly on the intensity of the interfacial electric field. However, the signal observed between 210 and
230 nm cannot be explained by any of these contributions, and must therefore be due to reaction

intermediates generated during the OER at the positive limit of the potential modulation.

According to theoretical calculations [16], the surface of iridium is covered with O* at
potentials above 1.244 V, which transforms to *OOH species at more positive potentials. Candidates
for the species responsible for the PMRS peak at 220 nm were identified based on the analysis of the
available absorption cross section's data [44]. The hydroperoxy radical HO; is the only possible
intermediate which exhibits an absorption peak around 210 nm in aqueous solution. A shift to 220 nm
can be explained by its interaction with the electrode surface. This might be, hence, the first experimental

evidence of the formation of HO; as an intermediate of the OER.
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4. Conclusions

The formation of side products of the OER, which we suggest to be the potentially corrosive
HO; and H0,, was detected at iridium oxide electrodes. These products are known to be strong
oxidizing agents and can lead to the corrosion of the electrode material and of the Nafion membrane.
These species were identified by combining measurements in a flow-cell employing a stationary ring-
disc electrode, UV-VIS spectroscopy and PMRS.

OER byproducts are generated both by charge transfer reactions and by the chemical
recombination and desorption of intermediates adsorbed on the electrode surface. The rate of generation
of these by-product species depends on the operational conditions and is favored by potentiodynamic
conditions. Therefore, if water electrolyzers are to be integrated with intermittent energy sources, short
term power stabilization is required in order to obtain quasi-steady state operational regimes for the

electrolyzer, thus reducing the amount of detrimental byproducts.

Anodic generation of byproducts may also be suppressed by proper catalyst design. By
optimizing catalyst composition according to its OOH* and O* binding energies and oxygen evolution
activity, the H,O,/O. ratio may be adjusted in order to suppress unwanted side reactions. We
demonstrated this with a catalyst with the composition IrgsRuU0.40>, at which the amount of by-products

was substantially reduced.
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Fig. 3a Cyclic voltammograms for IrO; disc electrode in N-saturated 0.5 M H,SO4 between 0.6 and
1.9 V vs. RHE at different sweep rates.
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Fig. 3b Platinum ring-electrode current response in No-saturated 0.5 M H,SO, during scanning of
the IrO- disc electrode from 0.6 to 1.9 V vs. RHE at different sweep rates. The ring was held at a
constant potential of 1.2 V. The dependence of the ring current amplitude (minimum current minus
maximum current) on the sweep rate is shown in the insert.
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Fig. 10 PMR spectra of the
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