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1 | INTRODUCTION

To fight the progressing climate change, the utilization
of renewable energies has to increase. Solar energy is
seemingly inexhaustible and has the highest potential to

Abstract

WOg3;, an abundant transition metal semiconductor, is one of the most discussed
materials to be used as a photoanode in photoelectrochemical water-splitting
devices. The photoelectrochemical properties, such as photoactivity and selec-
tivity of WOj; in different electrolytes, are already well understood. However, the
understanding of stability, one of the most important properties for utilization
in a commercial device, is still in the early stages. In this work, a photoelec-
trochemical scanning flow cell coupled to an inductively coupled plasma mass
spectrometer is applied to determine the influence of co-catalyst overlayers on
photoanode stability. Spray-coated WO; photoanodes are used as a model system.
Iridium is applied to the electrodes by atomic layer deposition in controlled layer
thickness, as determined by ellipsometry and x-ray photoelectron spectroscopy.
Photoactivity of the iridium-modified WO; photoanodes decreases with increas-
ing iridium layer thickness. Partial blocking of the WO; surface by iridium is
proposed as the main cause of the decreased photoelectrochemical performance.
On the other hand, the stability of WOj3 is notably increased even in the presence
of the thinnest investigated iridium overlayer. Based on our findings, we provide
a set of strategies to synthesize nanocomposite photoelectrodes simultaneously
possessing high photoelectrochemical activity and photostability.

KEYWORDS
dissolution, in situ ICP-MS, overlayers, PEC-SFC, photoelectrochemistry

help transition into a renewable energy society. A mere
0.3% coverage of the earth’s landmass with solar cells
with an efficiency of 10% would satisfy the need for
energy of the world’s growing population.'™* The usage
of solar energy, however, breeds new problems as well
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as it is intermittent. This makes it impossible to pro-
vide the baseload of electrical energy, and coupling to the
electrical grid and limited storage capacities hinder an
application in the transport sector. Thus, efficient solutions
for energy storage and transportation have to be engaged.
Solar fuels from photoelectrochemical (PEC) devices are
a promising approach to overcome these limitations. The
electrical energy produced from sunlight can be utilized for
electrocatalytic processes, such as electrochemical water
splitting, producing hydrogen, or CO, reduction to pro-
duce synthetic carbonized fuels.>>'° These devices have
made substantial progress in the recent years, showing
increasing efficiency,'' where functional devices of up to
200 cm? active area have been presented.>~"

A PEC device should provide operational stability for
several years to be cost-efficient.'® This requirement still
hinders the fast market penetration of PEC devices as
only lifetimes of up to several hundred hours have been
demonstrated in laboratory settings so far.'>!” A purely
thermodynamic viewpoint dominates the general percep-
tion of stability in the photoelectrochemistry community.
A typical n-type semiconductor is considered stable when
the decomposition potential is below its valence band edge.
On the contrary, the semiconductor will decompose if
its decomposition potential lies above the water-splitting
potential. Generally, a semiconductor is stable when the
potential to decompose lies between the valence band
edge and the thermodynamic potential of water splitting.'®
However, kinetic effects cannot be ignored. In the lat-
ter case, kinetic competition between water oxidation
and photoelectrode decomposition occurs.'” In fact, per-
ceivably stable photoanodes such as WO; and BiVO,
have been proven to be unstable by recently developed
operando techniques, such as the PEC scanning flow cou-
pled to an inductively coupled plasma mass spectrometer
(PEC-ICP-MS).20-23

Coating the surface of the photoelectrode with a protec-
tive overlayer is a commonly applied mitigation strategy
when facing severe photodegradation. The additional lay-
ers provide spatial shielding from the electrolyte and can
prevent changes in the reaction kinetics at the photo-
electrode surface. Two types of overlayers with different
functionalities can be distinguished. First, a thin passivat-
ing oxide such as TiO, can serve as a tunneling layer. In
here, the photoabsorber is shielded from the contact with
the electrolyte, whereas the produced electrons can tunnel
through the TiO, thin film.?*~?® Second, the photoanode
can be decorated with oxygen evolution reaction (OER)
catalysts like Co, Ir, or Ru.?*** These co-catalysts protect
the photoelectrode from the electrolyte and create addi-
tional reaction sites that shift the reaction kinetics at the
surface. For example, Co decoration of WO; photoanodes
significantly enhanced their photoactivity and photostabil-

ity in near-neutral pH where WOs; is thermodynamically
unstable.””** The deposition of RuO, nanoparticles or Ir
dinuclear catalysts on WO3; was shown to significantly
enhanced the activity in an acidic electrolyte.*>** Co-, Ru-,
and Ir-based co-catalysts can further shift the selectivity of
WO; toward OER in sulfate-containing electrolytes, where
instead, WO;3; would preferentially decompose the elec-
trolyte to peroxide or persulfate when no co-catalyst is
present.2%-32:34-36

Reaction kinetics also strongly affect the photostabil-
ity of WO;3. As recently shown by our group, a shift from
electrolyte decomposition to other reactions influences
the stability of WO; photoanodes.”’ WO; photoanodes
show a three to four-fold enhancement of photostability
in HNO; and HCIO, compared to H,SO, and CH;0;SH.
Electrolyte decomposition involving stable reaction inter-
mediates rather than OER in sulfur-containing electrolytes
was identified as the primary contributor to these differ-
ences. These shifts were correlated to different electrolyte
decomposition mechanisms.

In this work, the influence on photostability brought
by the deposition of a co-catalyst on WO; photoanodes
was studied. WO3; model thin films were spray-coated
onto fluorine-doped tin oxide (FTO) substrates based on
a previously established protocol.”! Then, the photoanode
surface was modified with iridium layers with different
thicknesses using atomic layer deposition (ALD). A pre-
viously established PEC-ICP-MS system was employed to
characterize the photoactivity and in situ photostability
by recording the amount of dissolved metal ions.”” The
photoactivity drops continuously with increasing iridium
layer thickness, which hinders the light from reaching
the photoabsorber during the front-illumination. How-
ever, the photostability is significantly enhanced when
applying an iridium overlay, manifesting in the lowered
WO; dissolution.

2 | METHODS

2.1 | Sample preparation

2.1.1 | WO, photoelectrode preparation

WO; photoelectrodes were synthesized via spray-coating
with an ExactaCoat device (SonoTek). The precursor was
prepared by dissolving 5 g tungsten powder (fine powder
99+, Merck) in 25 ml H,0, (30%, Merck).’340 After the
total dissolution of tungsten powder, the solution was ther-
mally reduced to 20 ml and diluted with IPA to 200 ml. The
precleaned (10 min sonication in 2% Hellmanex III solu-
tion, 10 min sonication in DI water, and 10 min sonication
in IPA) FTO glass slides (Sigma Aldrich) were placed on

85UB017 SUOWWOD A1) 8|l (dde 8y} A peusenob aJe Ssjpie YO 8sn Jo se|nl Joj AreiqT8UlUO A8]1M UO (SUORIPUOD-PUe-SWLBIALIOD A3 1M AlRIq Ul |Uo//SdNy) SUORIPUOD pue sWwie 1 8y} 89S *[£202/60/T2] U0 AriqiTauliuo A8|im ‘pebiezs Jo AiseAIun Ad 20T ZsMs/200T 0T/10p/L0o A 1M Atelq Ut |uo//sdny Wwolj pepeojumod ‘T ‘€202 ‘25512692



w | wiLey SusMot

JENEWEIN ET AL.

an 80°C hot plate. The precursor was sprayed with a flow
rate of 0.33 ml min~! at an ultrasonication power of 5 W, a
nozzle height of 37 mm, and a traverse speed of 140 mm s
in a meander-shaped pattern with a 1.5 mm pitch size.

21.2 | Iridium atomic layer deposition

The iridium film was deposited using a com-
mercial Gemstar-6 ALD reactor from Arradiance.
Ethylcyclopentadienyl-1,3-cyclohexadiene-iridium(I)
([EtCp]Ir[CHD], abcr) heated to 90°C and ozone, gen-
erated by an ozone generator model BMT 803N, were
used as precursors, whereas the reaction chamber was
maintained at 220°C.

2.2 | Characterization

XPS: The surface composition of the Ir-covered W samples
was investigated using x-ray photoelectron spectroscopy
(XPS). XPS spectra were recorded on a PHI Quantera II
scanning x-ray microprobe. An Al K, irradiation with
a spot diameter of 200 um at 50 W and 15 kV with a
dwell time of 200 ms per step was used. The information
depth of the XPS was 5 nm. Survey scans were gathered
at a step size of 0.5 and 280 eV pass energy, while high-
resolution narrow scans were recorded with 0.125 eV step
size at 140 eV pass energy. All spectra were evaluated in
CasaXPS (v.2.3.18), applying instrument-specific relative
sensitivity factors and a binding energy scale calibrated to
the adventitious carbon peak at 284.8 eV.

Ellipsometry: The thickness of the deposited iridium thin
films was determined on native Si/SiO, wafers by spectro-
scopic ellipsometry with a SENPro from SENTECH. The
measurement was performed in a wavelength region start-
ing at 370 nm up to 1050 nm, with a constant angle of
incidence of 70°. The obtained data were fitted by the
program SpectraRay/3 using an optical model, which con-
tained the layer’s thickness as well as optical constants
(refraction index, psi, and delta).

UV-vis: Optical absorption spectra were measured
with an ultraviolet-visible (UV-vis) spectrophotometer
(OceanOptics) equipped with a deuterium-halogen light
source (DH-2000-L) and an HR40000 spectrometer. The
absorption spectra were obtained by subtracting the trans-
mitted intensities from the incident intensity.

XRD: The crystal structure was analyzed by x-ray diffrac-
tion (XRD) in Bragg-Brentano geometry using a Bruker D8
Advance equipped with a Cu Ka source and LynxEye XE
detector.

SEM-EDX: The chemical composition analysis of the
iridium-coated WO; photoanodes was performed with a

Zeiss Crossbeam 540 FIB-SEM with an energy dispersive
detector (X-Max 150 silicon drift detector, Oxford Instru-
ments; Software: Aztec Version 3.3, Oxford Instruments).
Samples were attached with a double-sided conductive car-
bon tape to a secondary electron microscopy (SEM) stub.
The energy-dispersive x-ray spectroscopy (EDX) was per-
formed at a voltage of 20 kV and a probe current of 750 pA
to determine the spectrum of the desired area.
PEC-ICP-MS measurements: In situ ICP-MS measure-
ments were performed with a homemade PEC scanning
flow cell coupled to an inductively coupled plasma mass
spectrometer (Perkin Elmer NexION 350X).*” The samples
were placed on an XYZ-stage, which were then contacted
by the cell opening with an area of 0.059 cm?. All mea-
surements were conducted in Ar-purged 0.1 M HC1O, (pH
1.67). A graphite rod (HTW) and an Ag/AgCl reference
electrode (Metrohm) served as counter and reference elec-
trodes, respectively. A metal wire was used to establish
electrical contact to the sample. (Photo)electrochemical
measurements were performed with a Gamry REF 600
potentiostat. The setup was controlled by a homemade
LabView software. The light produced from a 300 W
ozone-free Xe lamp (Newport) was passed through an AM
1.5 G filter before channeling the illumination through a
liquid light guide to the working electrode. The light was
calibrated to 1 Sun (100 mW cm~2) using a reference solar
cell (Newport). Calibration standards were mixed freshly
in 0.1 M HCIO, (Merck Suprapur, diluted with deionized
water, Merck Milli-Q) every day to perform a four-point
calibration for Ir and W with (0, 0.5, 1, 5) ug L7L The
internal standard was 10 ug L' Re in 0.1 M HCIO,,.

3 | RESULTS AND DISCUSSION

3.1 | Synthesis and characterization

The synthesis and characterization of the WO; thin films
were described in our previous work.?! Briefly, WO; thin
films were synthesized by spray-coating a peroxotungstic
acid precursor on glass slides coated with conductive FTO
(for details, see experimental section). Measurements of
the crystal structure by XRD after synthesis were consis-
tent with WO; crystal structures from the crystallography
open database.”’*! The band gap of the thin films was
determined by Tauc analysis to be 2.65 eV, which is in line
with literature data.*>~*> SEM measurements show a fine
porous structure with a layer thickness of 2-3 um.?!

The WO; thin films were coated with thin iridium layers
by ALD. The WO; photoelectrodes appear less transpar-
ent after the deposition process (see Figure SI). UV-vis
measurements experimentally corroborated the decreased
transparency. A noncharacteristic increase in absorbance
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FIGURE 1 High-resolution W4f (A) and Ir4f (B) spectra of the
four WO, samples covered with various amounts of iridium. The
color code shows the number of iridium atomic layer deposition
(ALD) cycles. (C) Surface composition of bare WO; and WO,
covered with different Ir ALD cycles determined from the survey
scan

can be attributed to the iridium layer, which ultimately
blocks the incident light (see Figure S2). Marginal qualita-
tive changes between the different samples originate from
the presence of scratches at the backside of the FTO sub-
strate. SEM micrographs, as shown in Figure S3, indicate
a morphologically homogeneous coating of the iridium
overlayer on the pristine WO; sample. XRD spectra of
iridium-decorated WO; photoanodes (see Figure S4) do
not display detectable change from the pristine sample,
indicating that the deposition of iridium does not alter the
crystal structure of the photoabsorber.

The thickness of iridium was determined indirectly by
depositing the same iridium ALD cycles on Si wafers
and successively performing ellipsometry. The high sur-
face roughness of WO; would impede any precise direct
measurements of the Ir layer thickness. Previous work
has demonstrated that nucleation inhibition might cause
the deposited thickness of noble metals in highly porous
systems to be significantly lower than its nominal value
recorded on a planar reference sample suggests.*® The
ellipsometry measurements determined the thickness of
iridium layers after 15, 30, and 50 cycles to be 0.5, 1.1, and
2.2 nm, respectively. As elemental quantification of irid-
ium was not possible by EDX (see Figure S3), XPS analysis
was performed instead. The recorded W4f peaks for all
samples can be seen in Figure 1A. The binding energy of
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FIGURE 2 Photovoltammograms (0.2 Hz, 1 Sun, AM 1.5 G) of

WO; thin films covered with iridium layers deposited by atomic
layer deposition with 5 mV s~! scan rate in 0.1 M HCIO,

W4t ), is located at 35.7 eV, with a binding energy differ-
ence of 2.1 eV characterizing the peak splitting of W4fs,.*”
WO; with the thinnest iridium ALD overlayer indicates a
peak at 61.6 eV, which suggests that iridium is mostly in an
IrO, form (see Figure 1B). Thicker overlayers seem less oxi-
dized, as metallic iridium is expected at 60.6 eV.*® Previous
reports have proposed that the oxide form is encountered
for thinner iridium layers deposited by ALD. In contrast,
thicker films tend to be reduced.*>*" Figure 1C presents
the atomic composition, which coincides with the inten-
sities obtained from the high-resolution XPS spectra. The
iridium content gradually increases at the surface as more
ALD cycles are applied, reflecting a growth in the iridium
film thickness. Tungsten and oxygen, on the other hand,
become less abundant on the surface.

3.2 | Photoelectrochemical behavior
To evaluate the PEC behavior of the iridium-coated WO;
films, a chopped linear sweep voltammetry (LSV) with a
scan rate of 5 mV s and a chopping frequency of 0.2 Hz
was performed in 0.1 M HC1O, (pH 1.67). This electrolyte
was intentionally chosen as hydrated non-specifically
adsorbed ClO,~ anions assure minimal influence on the
PEC reaction. HClOy, is also routinely used to evaluate the
stability of IrO,, during dark OER. Thus the Ir overlayer
degradation can be directly compared to the Ir dissolution
behavior known for polymer electrolyte membrane water
electrolyzer applications.”® A 300 W Xe lamp equipped
with an AM 1.5 G filter served as an illumination source
and was calibrated to 1 Sun (100 mW cm™2) using a
reference solar cell.

As it is shown in Figure 2, the pristine WO; film
initially shows higher dark currents compared to the
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co-catalyst-decorated samples. Once elevated potentials
are applied, the iridium-decorated WO; films exhibit
higher dark currents. This observation can be traced back
to the electrochromic redox response of H,WO3;/WO;
around 0.5 Vyyg.">>* As OER starts above 1.23 Vgyg, a
combination of iridium electro-oxidation and OER onset
potential may be responsible for the observed higher dark
current. The influence of iridium on the dark electrochem-
ical behavior was studied further with cyclic voltammetry
(CV). The CVs shown in Figure S5 indicate a pronounced
Ir(IV) to Ir(TII) electroreduction peak.’* Similar observa-
tions regarding the dark electrochemical response were
made for Ru-decorated WO; photoelectrodes.*

The pristine WOj3 thin film shows limiting photocur-
rents of around 2 mA cm~2, which is in line with past
literature.” The limiting photocurrent drops to around
0.8 mA cm~2 for WO; coated with 15 and 30 iridium ALD
cycles. This trend worsens further for samples with 50 ALD
cycles of iridium, where the limiting photocurrent reaches
only around 0.6 mA cm™2. The parasitic light absorption
posed by increasing layer thicknesses of iridium results in
the reduction of produced charge carriers in the photoan-
ode, lowering the photoeletrocatalytic OER. Additionally,
as the overlayer thickness increases, the iridium/WO;
junction starts to prevail rather than the electrolyte/WOs;,
changing the barrier height for undergoing PEC reac-
tions, which can lead to reduced photoresponses. A similar
observation was made for iridium-coated WO; electrodes
studied under front and backlight illumination.”> A dif-
ferent behavior was shown for RuO,-decorated WO; sur-
faces. Ru had a beneficial effect on the activity of WO,
photoelectrodes.*” However, RuO, was present on the sur-
face of WO; as nanoparticles with a sizeable distance
between each. In contrast, even the least amount of ALD
cycles used in this study resulted in a thin coating partially
blocking the incident light from hitting the WO; surface.
Additionally, it is hypothesized that the enhancement in
PEC performance by RuO, compared to Ir can be brought
by its superior electrocatalytic activity toward OER.>

The limitation originating from light blockage was
recently overcome by using iridium dinuclear het-
erogeneous catalysts bound to the surface of the
photoelectrode.>* The decoration of heterogeneous cata-
lysts provides a synergy between negligible blockage of the
light path and increased reaction rates. Additionally, it was
found that the selectivity shifts from electrolyte decom-
position to OER when employing sulfate-containing
electrolytes. Such a major shift in product selectivity is
less expected in the present study, as HCIO, is used for
all PEC measurements. WO; can decompose ClO,~ ions
to radicals, but the faradaic efficiency for O, evolution is
almost unity. In contrast, OER in H,SO, or CH3;0;SH is
strongly suppressed due to the favored oxidation of the
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FIGURE 3 Photoelectrochemical (PEC) measurement and

dissolution profiles at a constant current step of 2 mA cm~2 under
continuous illumination at 1 Sun AM 1.5 G. (A) Applied current
density protocol with illumination indicated in yellow. (B) Measured
potential. (C) Tungsten dissolution. (D) Iridium dissolution

acid anions.>*’ As reaction kinetics of photoelectrodes
change significantly with the application of co-catalysts,
the stability of the modified photoelectrodes is most likely
affected.

3.3 | Photoelectrochemical stability

The in situ photostability of iridium-decorated WO;
samples was recorded via a previously established PEC-
ICP-MS system.*’ Iridium dissolution depends on the
charge transferred during OER.>! To ensure comparabil-
ity between all samples, a chronopotentiometric protocol
at 2 mA cm~2 was employed. Figure 3 shows the applied
galvanostatic protocol, potential response, tungsten dis-
solution, and iridium dissolution as a function of time.
As it can be seen in Figure 3B, the operating potential
is reduced for the pristine WO5; sample at the beginning.
However, as the current density of 2 mA cm?is keptlonger,
the overpotential of the pristine WO; approaches the ones
from the coated samples. This observation is indicative of
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a continuous deactivation of the WO; over time. When
comparing the real-time tungsten dissolution rate recorded
for all samples, it is apparent that the highest dissolu-
tion is recorded for the uncoated WO (see Figure 3C).
While dissolution for the pristine sample peaks at around
0.5 ng s cm™2, W dissolution rates of the Ir-coated sam-
ples stay below 0.1 ng s cm™. This is also apparent by
comparing the total dissolved amount of W by calculat-
ing the integral of the dissolution peak. Pristine WOj; loses
118 ng cm~2 of W in total, whereas 11, 7, and 5 ng cm~2 of
W are lost for the iridium-coated samples with 15, 30, and
50 ALD cycles, respectively. Assuming a 2 um thick WO;
layer, this roughly translates into a full dissolution of the
bare WOj; after 60 h, whereas the entire loss of WO; for the
iridium-coated samples would be encountered after 640 h
for the thinnest and 1408 h for the thickest iridium layer.
Hence, decorating the WO; photoelectrode, even with the
thinnest iridium overlayer, dramatically suppresses W dis-
solution. The thin film acts as a separator that prevents
the electrolyte from contacting WO;. Moreover, the dis-
solution rate for the pristine WOj; increases steadily over
time, coinciding with the gradual rise in overpotential (see
Figure 3B) and supporting the idea of a continuous desta-
bilization, as mentioned before. The W dissolution rate of
Ir-coated samples, on the contrary, peaks at the beginning
and tail-off over the course of the 2 mA cm™~2 hold. Thus,
the sudden increase in reaction rate (i.e., current density)
at the beginning is more detrimental to the photoelec-
trode than the actual OER operation under steady-state
conditions.

The iridium-coated samples show a similar iridium dis-
solution behavior (see Figure 3D). The dissolution rate
peaks initially and decreases over time. Notably, iridium
dissolution for the WO; with 50 ALD cycles tails off slower
than the other coated samples, which could be originating
from the larger available quantity of iridium at the surface
and its tendential metallic nature compared to 15 and 30
ALD cycles.”® This higher iridium dissolution toward the
end of the OER holds results in 31 ng cm~2 iridium being
lost. An iridium loss of 22 and 29 ng cm~ is recorded for
15 and 30 ALD cycles, respectively. The earlier XPS mea-
surements, showing that thinner iridium layers are more
oxidized, support this stabilization. Iridium-based electro-
catalysts are typically more stable at a higher oxidation
state in OER electrocatalysis.”!

Similar trends were also observed when studying the
in situ photostability under chronoamperometric condi-
tions at 1.6 Vyyp under dark and illuminated state (see
Figure S6) for bare WO; and a representative WO; sam-
ple coated with 50 cycles of Ir ALD. The selected potential
is close to the one measured during the chronopotentio-
metric measurements in the study. Additionally, bare WO;
destabilizes more under illumination compared to the dark

300k F(A) W

200k [ -

100k | . =

300k R
(B) Ir
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S-number (e7)
o

100k [

L -
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FIGURE 4 S-numbers (e™) for WO; thin films covered with
iridium layers from atomic layer deposition (ALD). (A) S-number
(e7) calculated for W. (B) S-number (e™) calculated for Ir.

CA hold, which is expected due to the additional charge
carrier generation that can cause self-oxidation of the pho-
toanode. It appears that Ir dissolution shows a similar
trend for the Ir-coated WO; sample. While further inves-
tigations are needed to fully understand this observation,
it is anticipated that holes generated at the photoanode are
more efficiently transported away from the WO; when in
junction with the Ir overlayer. With the holes accumulat-
ing at the Ir co-catalyst, the probability of Ir dissolution
increases in this highly oxidative environment.

The results show that iridium overlayers can effec-
tively stabilize WO; photoanodes but with a simultaneous
sacrifice of the photoactivity. However, further considera-
tions beyond photoactivity must be considered when using
iridium in a hypothetical commercial device. Iridium is
typically used as an anode catalyst in polymer electrolyte
membrane water electrolyzers (PEMWE).” Thus, the uti-
lization of iridium as co-catalyst in upscaled PEC devices
has to compete against its use case in PEMWE. This
necessitates drawing a valid comparison of iridium opera-
tional stability in PEMWE versus PEC water splitting. The
S-number was recently introduced to enable such com-
parisons, which is a metric to compare the stability of
iridium-based OER catalysts.”' The amount of oxygen pro-
duced in the reaction is calculated from the current with
an estimated faradaic efficiency of 100% toward OER and
divided by the amount of dissolved catalyst material. How-
ever, the estimated faradaic efficiency of 100% toward OER
is illusive for the pristine WO;, as discussed above. Thus,
the S number was slightly redefined as the fraction of the
number of transferred electrons (e”) divided by the number
of dissolved metallic catalyst (M).*!

ne’)
n(M)

S-number (e7) =

¢y

Figure 4 shows the calculated S-numbers for both met-
als (W, Ir) in all samples. Before diving deeper into the
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S-number discussion, it is necessary to justify the separate
calculation for both metals, as S numbers are originally
derived for OER catalysts with one active component.
The S-numbers range from 25 000 to 200 000 for tung-
sten and are centered around 50 000 for iridium. Such
high S-numbers indicate that only a minimal fraction of
the observed current originates from the individual dis-
solution processes. Thus, treating iridium and tungsten
dissolution as independent side reactions to the dominat-
ing OER at the electrode surface is justified. It is important
to note that the S-number(e™) must be divided by 4 to allow
a comparison to the S-numbers calculated in literature for
iridium electrocatalysis [S-number = n(0,)/n(Ir)]. The S-
numbers (e") of iridium-coated WO; range from 35 000
to 53 000, corresponding to S-numbers of 8750-13 250 in
the iridium electrocatalysis literature.”® The S-number of
iridium correlates positively with its oxidation state. S-
numbers between 10* and 10° can be expected for hydrous
iridium oxide, whereas the S-number for rutile iridium
oxide can even reach up to 107.°! Iridium is even more
stable if utilized in PEMWE compared to aqueous model
systems under acidic electrolytes, where the S-number can
climb up to 10°.° This is several orders of magnitude above
the PEC system studied here, where iridium was used as a
co-catalyst for a WO; photoelectrode.

4 | CONCLUSION

In this work, we demonstrated the successful deposition of
iridium ALD layers onto spray-coated WO3 photoanodes.
The iridium layer thickness was derived by ellipsometry,
and the presence of iridium was qualitatively confirmed
with XPS. The coating transitioned toward a less oxi-
dized state with increasing iridium layer thickness. UV-vis
measurements showed a noncharacteristic increase in
absorbance attributed to the iridium coating blocking the
incident light.

PEC measurements revealed a decrease in limiting pho-
tocurrent densities when applying more iridium layers,
despite iridium being an excellent OER catalyst. The drop
in photoactivity originated from the decreased charge car-
rier generation due to the parasitic light absorption by the
iridium overlayers and a change from a predominantly
electrolyte/WO; junction to an electrolyte/iridium/WO;
junction.

The application of an overlayer has a profound impact
on the stability of the photoelectrode. To reveal the in situ
dissolution behavior, on-line PEC-ICP-MS measurements
were performed.

Bare WO; dissolves at a rate at which the photoelec-
trode would fully degrade in several hours. The deposition
of even a 0.5 nm thick iridium coating visibly stabilizes

the WO; photoanode. The stabilizing effect increases with
even thicker and more dense iridium overlayers, where
the coating possesses fewer defects (e.g., pinholes), which
masks the photoabsorber more from contact with the elec-
trolyte. The stabilization comes with a downside which
is the similar iridium dissolution rate compared to the
ones known from dark electrochemical OER. In general,
even the thinnest layer of iridium (15 ALD cycles) can
notably enhance the photostability of WO3;. On the other
hand, this synergy comes at the cost of achievable pho-
tocurrent density, which is around 40% less compared to
pristine WO;. This performance drop is, in part, due to
the light-blocking effect of the iridium overlayer and the
ohmic junction present between IrO,/WQOj;. The former
might be alleviated through surface decoration with single-
atom catalysts, iridium nanoparticles, or dinuclear iridium
catalysts.**3>¢! However, their effect on the photostability
of WO3; might be less pronounced, as the surface of the
photoelectrode is not shielded from the electrolyte in such
scenarios.

The comparison of the S-number calculated for iridium
for different use cases (overlayer in PEC vs. PEMWE) illus-
trates that using iridium in PEC devices is still inferior.
Nevertheless, the present work demonstrated the effective-
ness of even a thin co-catalyst in enhancing the photo-
stability. Such thin overlayers should be considered when
designing new PEC systems with improved photostability.
As the price of noble metals has significantly increased
lately,% it is imperative to either reduce the amount of
noble metals or search for non-noble alternatives that
show similar stability in acidic pH.
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