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Iridium and its oxide, currently the state-of-the-art oxygen evolution reaction (OER)
electrocatalyst in acidic electrolytes, is a cost-intensive material which undergoes significant
corrosion under long-term OER operation. Thus, numerous researchers have devoted their
efforts to mitigate iridium corrosion by decoration with corrosion-resistant metal oxides and/or
supports to maximize OER catalysts durability whilst retaining its high activity.

Herein we propose a one-step, facile electrochemical route to obtain improved IrO, thin film
OER stabilities in acidic environments by decorating with amorphous tungsten sulphide (WSs.
x) upon electrochemical decomposition of a [WS4]*" aqueous precursor. The rationale behind
applying such WSs.; decoration stems from the generation of a tungsten oxide phase at electro-
oxidative potentials, a well-known corrosion-resistant photoactive OER catalyst.

This thorough study of the [WS4]* electrochemical decomposition on Ir electrodes
demonstrates the viability of the proposed WSs.. decoration, allowing the tailoring of
experimental parameters responsible for WSs.; nanoparticle size and surface coverage. OER
stability tests coupled by ex-situ SEM and XPS corroborate the beneficial effect of WSs.,
decoration, yielding improved OER specific activity metrics along with minimized Ir surface
roughening; a characteristic of electrodissolution. Iridium decoration with electrodeposited,
corrosion-resistant oxides is consequently shown to be a promising route to maximize OER

stabilities.



1. Introduction

The ongoing trend towards decarbonising of the energy sector has propelled the efforts to

51 A simple method to do

sustainably produce carbon-free energy vectors such as hydrogen.!
so is via water splitting, which can be driven by renewable energy sources (e.g. solar
photovoltaics, wind, hydroelectric) coupled to an electrochemical device such as a water
electrolyser.[! Electrolysers are a well-established technology proven to be extremely robust in
alkaline media, with reported lifetimes over 15 years and reasonable conversion efficiencies of
>50%." 18] Proton exchange membrane electrolysers, which operate in acidic media, on the
other hand, have the potential of producing higher purity pressurised hydrogen at increased
power densities than in alkaline conditions.[®lPH%1 However, its commercial viability is
hampered by the catalyst materials employed for the kinetically-hindered 4-electron oxygen
evolution reaction (OER) taking place at the electrolyser anode.l!'"13] In particular, the harsh
electrochemical environments under which OER electrocatalysts operates severely narrows

[14][15

down the potential candidates to scarce Ir-based electrocatalysts. I These metals, and to a

lesser extent their rutile-type oxide analogues, still undergo electrochemical dissolution during
OER operation.!I181 This dissolution is crucial for describing performance losses in PEM

water electrolysers.['”29 It has recently been shown that OER stability is not only highly

¢ 1211122

dependent on their native structure and chemical environmen 'but also on the degree of

nanostructuring and surface defects.!**>) Consequently, research into improving Ir catalyst

utilization is extensive. Such improvement can be attempted through many different

[26]

approaches; either by surface area maximization (e.g. nanoframes,?*!?’l nanowires,®!

§[30

nanodendrites!?®! and self-supported nanostructured networks*"), by reducing loadings by use

of mixed metal oxides,'I®* or by anchoring to corrosion-resistant supports such as ATOB-

381 or TiO.PM4% to yield stabilizing support interactions. Iridium anchoring to tin-based



electrocatalyst supports such as ATO or ITO, however, has been shown to be somewhat
compromised by the inherent tin instability within the supports./*!! Simultaneously, the quest
of finding alternative acid-stable OER electrocatalyst is ongoing and has recently been assessed

42][43]

by both high-throughput computational methods! or using various transition metal or

complex non-noble metal compounds such as pyrochlores!*#! or polyoxometalates.!*].
An elegant alternative to the investigation of such complex systems for improved OER concerns
the fabrication of metal oxide-passivated IrO. surfaces. Techniques such as magnetron

4611481 have been used for such investigations, but

sputtering, calcination or plasma jet oxidation!
are generally very cost-intensive in terms of equipment which may ultimately limit their real
world applicability. Electrochemical deposition is, conversely, an inexpensive and facile
approach to decorate conductive surfaces up to the atomic nanocluster domain.!*”11>2 Besides
the well-known conventional electrodeposition methods (such as cyclic voltammetry (CV),
chronoamperometry or chronopotentiometry), pulsed electrodeposition (PE) allows nuclei
formation with higher degree of monodispersion (i.e. narrower size distribution), with sizes and
coverages modulated by the magnitude and duration of the pulses.[**]

We herein report a pulsed electrodeposition-based approach to decorate iridium thin film
surfaces with transition metal oxides. A particular mode of PE, known as pulse reverse
potential/current (i.e. double anodic-cathodic potential/current pulses) is selected, consisting
on alternating anodic and cathodic pulses of equivalent magnitude and duration. To validate
our approach, an electrodeposition bath containing a tungsten-based precursor, namely [WS4]*",
was utilized.P* %€ The successful decoration of WSs.: onto the Ir thin film electrodes is
evaluated by joint ex-situ scanning electrode microscopy (SEM) and X-ray photoelectron

spectroscopy (XPS) studies, followed by short and long-term OER tests in acidic electrolyte to

monitor activity and stability metrics after surface decoration. The foreseen conversion of WSs.



« to the acid-resistant WOs3 at anodic potentials exerted during OER measurements, 711>

following thermodynamic predictions based on the Pourbaix diagrams,®®! aims here to alleviate
Ir electrodissolution at OER potentials by selectively protecting the thin film surface defects.!!]
Ir-W mixed alloy systems, both in nanoparticulate!® and nanocomposite configurations,®?
have indeed been recently explored as oxygen evolution electrocatalysts with improved
activities ascribed to a wkening of the oxygen adsorbate intermediates, but also to significantly
improved Ir stabilities under single-membrane electrode assembly configurations. The
electrochemical decoration strategy employed here, thus, aims to stabilize a pure Ir phase with

an acid-stable WO3 nanoparticulate overlayer without the need to achieve metal phase

intermixing, and consequently could be implemented to any Ir-based electrocatalyst.

2. Results and Discussion

2.1 Electrochemical deposition of amorphous tungsten sulphide on iridium

2.1.1 Electrochemistry of Ir substrate and [WS4]*" precursor

The viability of the electrochemical synthesis of WS3., by decomposition of an aqueous [WS4]*
precursor was investigated for Si/Cr/Ir electrodes (see Experimental for further details about
electrode fabrication). Figure 1 shows a set of representative CVs obtained after continuous
cycling from 0 V to 2.5 V vs. RHE in aqueous electrolytes in the absence (0.1 M NaClOs,
Figure 1a) and in presence (10mM (NH4)2[WS4] in 0.1 M NaClOs, Figure 1b) of the aqueous
[WS4]* precursor.

In 0.1 M NaClOs, continuous cycling of the Si/Cr/Ir electrode gradually shows the irreversible
conversion of polycrystalline metallic iridium to IrO, (further information on the voltammetric
regions [-IV labelled in Figure 1b can be found Section 1.1 ESI). Briefly, the characteristic

monoatomic hydrogen underpotential deposition (Hupd) of metallic Ir (I) fades upon continuous



cycling to reveal both Ir’* hydroxide = Ir*" (III) and Ir*" hydrous oxide = Ir’" complex
(IV)redox transitions.[631-166]

For the [WS4]*-containing electrochemical bath, a broad electro-oxidative peak centred at ca.
2 V vs. RHE is observed, followed by a cathodic feature with an onset at ca. 0.4 V vs. RHE and
peak at ca. -0.25 V, as shown in Figure Ic. Interestingly, both redox features present pseudo-
stationary peak currents after the initial cycle, irrespective of the number of cycles. These
electrochemical features are analogous to those obtained upon WSs., thin film electrodeposition
by continuous oxidative-reductive cycling in glassy carbon electrodes.l*>) XPS spectra obtained
for Ir samples after undergoing 25 cycles within the -0.4 to 2.3 V vs. RHE voltage range (Figure
2a-c) provide insight on the electrochemically-driven oxidative-reductive [WS4]*
decomposition. A W 4f72:4fs spin-orbit doublet with binding energies of ca. 32.3 and 34.5 eV
is identified in the W 4f spectrum (Figure 2a), characteristic of W*' species as expected for
WS3...5%] The prominent band centred at ca. 166 eV in the S 2p spectrum (Figure 2b) denotes
the presence of oxidized sulfur moieties (SO,"), most likely arising from the low stability
towards environment exposure of the S27/S,?" moieties during sample transportation and storage.

s.1°7) The sole presence of one Ir

This have been observed to a lesser extent for MoS, thin film
4f12:4fs> spin-orbit doublet in the Ir 4f spectrum, at binding energies of ca. 60.2 and 63.3 eV
(Figure 2¢), indicates that the outermost Ir surface is predominantly found in its metallic state.

These results lead us to believe that a WSs., film is successfully obtained after oxidative-

reductive cycling, but ultimately converts to WO- after long-term atmosphere exposure.
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Figure 1. Representative voltammograms obtained on 0.25 cm? Si/Cr/Ir electrodes by
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Figure 2. XPS spectra of a) W 4f, b) S 2p and ¢) Ir 4f. Labels: W*" 4f;,.5 (green), S 2psp:.12 (SO,

yellow), It® 4f75.5,> (blue), cumulative spectra (red).

Further voltammetric analysis indicates an evident suppression of the inherent electrochemical
features of Ir, corroborated when overlapping the first (Figure 3a) and 15" (Figure 3b)
voltammetric cycles obtained in the aforementioned electrolytes. The sharp and high-current
OER electrocatalytic feature with onset at ca. 2.0 V vs. RHE and the Hypa desorption feature in
the 0.0-0.5 V vs. RHE region, the most characteristic features for metallic Ir, are no longer
present when cycling in presence of the [WS4]* precursor, similarly to features related to IrOx
formation (see insets Figure 3). We thus conclude, supported by the XPS results outlined earlier,
that WSs., electrodeposition is also feasible on Ir surfaces, which we presume is substrate-
independent, in consonance to previous -electrode-dependent investigations of MoSs3

[68]-[70

electrodeposition. I In addition, inherent Ir electroactivity suppression suggests that the



oxidative-reductive cycling deposition mechanism proceeds through a surface-bound pathway

which somehow prevents electroadsorption of other aqueous species (namely H" and OH").
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Figure 3. Representative a) first and b) 15" (dark yellow) voltammograms obtained by
continuous cycling within the 0 V to 2.5 V vs. RHE electrochemical window for 0.25 cm?
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yellow) electrolytes. Insets: zoom-in of the first and 15® voltammograms in the 0.4 to 1.80 V
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To further corroborate this observation, we evaluated the influence of the voltage cycling
window in the [WS4]*-related electrochemical features. CVs recorded from 0 to 1.6 V vs. RHE
(Figure 4a), where the upper vertex potential precedes the onset of the [WS4]*” electro-oxidative
event, present two cathodic pre-catalytic peaks (at ca. 0.13 and 0.33 V vs. RHE, respectively)
equivalent to those found for Hypa on pristine Ir electrodes.l”! This, in conjunction with the
absence of the cathodic feature previously found for the oxidative-reductive cycling treatment,
indicates that [WS4]* does not undergo any electrochemical reduction unless it is preceded by
an electro-oxidative step. Alternatively, if CVs are recorded from 0.4 to 2.2 V vs. RHE (Figure
4b), where the lower vertex potential is higher than the onset of the [WS4]* reduction step, the

broad [WS4]* electro-oxidative peak disappears. Such feature is gradually replaced by the



anodic current profile characteristic of OER, which would suggest a suppression of the [WS4]*
electro-oxidation on Ir. Consequently, selective cycling in the oxidative range leads to de-
activation of the [WS4]*" anodic deposition pathway, which can be reinstated when cycling
towards cathodic currents. This behaviour mirrors that found by Tan et al. for [WS4]*
electrodeposition on glassy carbon substrates,!>> proposing a plausible electrodeposition

mechanism, outlined below:

Oxidative adsorption: [WS,]?2~ > WS+ 1/855+ 2e™ (1)
WSs to WS, reductive conversion: WS; + 2 HT + 2e~ —» WS, + H,S (2)
Reductive desorption: WS; + 1/855+ 2e~ - [WS,]?” (3)

The initial electroadsorption of WS3 moieties (1), a reaction pathway similar to that proposed
in [MoS4]* anodic electrodeposition,®*I7% is suggested to be followed by either a conversion
of WS;3 to WS» (2) or a partial re-dissolution of WS3 (3), the latter allegedly aggravated at faster
scan rates. Passivation of the electroactive surface during oxidative adsorption is suggested to
occur due to co-deposition of non-conducting Sg, whilst partial WS3 to WS, conversion and Sg
cathodic electrodissolution are suggested to provide surface sites susceptible to [WS4]*

oxidative electroadsorption.

10
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Figure 4. Representative voltammograms obtained on 0.25 cm? Si/Cr/Ir electrodes by
continuous voltage cycling in a 10 mM (NH4)2[WS4], 0.1 M NaClO4 aqueous electrolyte in the
voltage windows a) 0 to 1.6 V and b) 0.4 to 2.2 V vs. RHE (starting potential: 0.4 V). Scan rate:

50 mV s

2.1.2 Electrodeposition strategy and physical characterization of WSs.x decorated Ir electrodes

Having in mind the previous findings, and our aim to selectively passivate the high surface
energy, low coordination number Ir sites to retain OER functionality yet minimizing
electrodissolution of sputtered polycrystalline Ir, WS3., decoration was carried out by pulsed
electrodeposition (PE) as this approach should trigger both [WS4]** oxidative electroadsorption

and WS3 to WS, conversion processes, as shown in deposition mechanism (1) and (2).

11



Preliminary studies were conducted, focusing on applying potential-controlled pulses,
anodically within the 1.8 to 2.2 V vs. RHE potential window, and cathodic pulses in the -0.2 to
0.1 V vs. RHE window. These potential windows were selected to evaluate WSs.; nuclei
characteristics when pulsing in regions ascribed to the onset, peak potential, and diffusion decay
peak regions of both anodic and cathodic processes. In all cases, the high transient currents
obtained (Jjgcom| > 30 mA cm™, see Figure S2a for representative (jecom,?) profile) resulted in
accelerated electrodissolution of the thermally deposited Ir layer, exposing the underlying Cr
and Si layers. As this is undesirable for our application, we opted to perform current-controlled
pulses, selecting £500 pA (ca. £2 mA cm?), £700 pA (ca. £2.8 mA cm™?) and +£900 pA ca.
(3.6 mA cm?) as pulse currents. These markedly different values were selected after
inspection of the oxidative-reductive CVs shown in Figure 1c¢ (for representative current pulse
profiles see Figure S2b), which approximately correspond to experimental currents observed at
the onset, peak potential and diffusion-limited voltage regions, respectively. The effect of the
pulse timescale and total deposition duration on the WSs., nuclei size and surface coverage was
also assessed. Short (62.5 ms), medium (250 ms) and long (1000 ms) pulses are selected, whilst
experiment duration was modified between 1 to 10 minutes.

Morphology characterization of Si/Cr/Ir electrodes before and after reverse pulsed deposition
from an aqueous [WS4]*" bath was performed by SEM. Micrographs of the as-received Si/Cr/Ir
surface (Figure 5a-b) show smooth surfaces with cracks within the Ir layer (lengths: 0.5-15 pm,
widths: 10-35 nm) range, and Ir grain sizes of 25+7 nm. The observed cracks most probably
originate from internal stress/strain of the Ir film during thermal deposition, leading to a
corrugated profile: their abundance has been found to vary across the wafers employed. SEM
micrographs comparison of Si/Cr/Ir electrodes undergoing pulses of different magnitude for a

given pulse duration in an aqueous [WS4]* bath are shown in Figure S3. It can be clearly seen

12



that pulses of higher magnitude applied in shorter experiment durations yield minimal to no
observable Ir surface modification relative to its grain size. We hypothesize that higher
magnitude pulses lead towards a lower WSs., nuclei deposition efficiency. Higher currents
employed per pulse are expected yield faster depletion rates of the [WS4]* species at the
electrode-electrolyte interface, and higher fractions of the charge passed allocated to the
competing HER/OER processes observed for Ir. Analysis of the micrographs of Si/Cr/Ir
electrodes undergoing current pulses of different timescale for a given total experiment duration
(Figure S4) show that nuclei size and surface coverage are drastically affected. Longer pulses
(1000 ms) yield a higher density of large nuclei, whilst medium and short pulses yield nuclei
sizes and coverages beyond the SEM resolution, if even present at all. We believe that for short
current pulse timescales the electrodeposition kinetics might not be fast enough to fully take
place, i.e. a phenomenon which would primarily contribute to non-faradaic charge-discharge
occurring in the ps-ms timescale depending on the experimental time constant.’?l Further
insight on the effect of total experiment duration can be gathered by analysis of the micrographs
obtained for the =500 pA pulsed electrodeposited samples (Figure S5c-e and S5). Longer pulse
times (= 5 min) yield larger WSs., nuclei and higher surface coverages (average size: 205+70
nm after 10 min, 42411 nm after 5 min). However, shorter deposition times (< 2.5 min) do not
yield WSs.x nuclei visible within SEM resolution, due to their foreseen small size. We conclude
that WS3.x deposition is maximized in terms of nuclei size and surface coverage when selecting
+500 pA pulse currents, using pulse timescales on the order of 1000 ms and longer total pulse

reverse current electrodeposition times, e.g. 10 min.

13



Figure 5. SEM micrographs of as-received Si/Cr/Ir electrodes at a) 10000x and b) 50000x
magnification; and Si/Cr/Ir electrodes after undergoing £500 uA, 1000 ms pulse reverse current
electrodeposition experiments for ¢) 10 min, d) 5 min, ¢) 1 min. Micrographs image

magnification: 50000x%.

Thus, two main conclusions can be drawn based on the SEM analysis for Si/Cr/Ir electrodes
undergoing reverse pulse current electrodeposition in an aqueous [WS4]?* bath. First, deposition
of WSs., nuclei seems to occur: amorphous aggregates physically attached to the Ir surface can
be identified. Second, the electrodeposition protocol does not seem to significantly modify the

inherent Ir surface morphology.

14



2.2 Electrochemical testing of WSs.. decorated Ir electrodes: oxygen evolution reaction
(OER)

2.2.1 Short-term OER testing

The effect of WSs. pulse reverse current electrodeposition on Ir electrodes towards the OER
was investigated (see Experimental for details). In brief, all samples were electrochemically
preconditioned until a pseudo-stationary response was obtained, followed by cyclic
voltammetry acquisition in the Hypa potential region (0.025 to 0.55 V vs. RHE) and OER (1.0
to 1.60 V vs. RHE) voltage windows to evaluate modifications in the electrochemically active
surface area (ECSA) corresponding to metallic Ir and OER activity before/after OER stability
testing. Short-term stability testing was evaluated by recording chronopotentiograms during 2
hours of the potential required to sustain an anodic current density of 10 mA cm, as shown in
Figure 6. Compared with as-received Ir, which presents an OER potential of 1.729 + 0.005 V
vs. RHE after 2-hour testing, the WSs., decorated Ir electrodes generally present slightly higher
OER overpotentials. This is expected, as WSs., is less OER active than pure Ir and its
incorporation on the Ir surface will inevitably block some of the highly active Ir OER surface
sites, increasing the overall OER overpotential. However, the most relevant metrics to evaluate
the passivating effect of WSs., on Ir electrodes are the variation in OER overpotential (AEygg)
after short-term testing, and the modifications in the mass activities (OER current normalized
by Ir loading) and specific activities (OER current normalized by electrochemically active Ir
surface area). For mass and specific activity elucidation, see Section 1.4 ESL.

Trends in the OER activity as a function of the deposition conditions should be first analysed.
For medium pulses (250 ms), the slower deposition process compared to other phenomena such

as the non-faradaic charge-discharge and other electrochemical restructuring might explain the

15



initially poor OER performances. If present, WSs.x nuclei should be small and their effect in
OER stability under short-term operation will be minor. For Ir samples undergoing long
electrodeposition pulses (1000 ms), clearer trends can be found, as the WSs., deposition occurs
more efficiently. When total pulse reverse current electrodeposition times are longer, the
samples present gradually improved OER stabilities: this is the case for £700 pA, and up to 5
mins for £500 pA. The WSs. nuclei size seems to be the key factor here: nuclei larger than 50
nm (as is the case for 10 min, +500 pA pulse reverse deposition) block a higher percentage of
the exposed Ir surface, counterproductive for OER.

Among the samples tested, a narrow set (see Table S1 ESI) present greatly improved OER
metrics. For instance, AE,gr was reduced by ca. 20 mV (39 mV vs. 59 mV; sample: £500 pA,
250 ms, 1 min). As for the mass and specific activities, although WS;., decorated samples
generally presented on-par or worse OER performances prior to stability measurements, these
greatly surpassed pristine Ir electrodes after the 2 hour, +10 mA cm™ galvanostatic stability
experiments (for representative OER activity voltammograms, see Figure 7a). Best performing
samples presented a ca. 1.6 fold (3.1 vs. 1.9 £ 0.3 A mg;! at 1.55 V) and ca. 1.8 fold (1.03 x
10% vs 5.71 £ 0.1 x 10° A cmy? at 1.55 V) enhancement in mass and specific activities,

respectively.

16



1500 pA, 250 ms a)| =500 pA, 1000 ms b)
1.75 -

S
~
w

E /V (vs. RHE)

— As-received Ir
10 MINS

5 mins

2.5 mins
] MiN 4
I 1 ' 1 1 1

0.0 0.5 1.0 1.5 2000 0.5 1.0 1.5 2.0
t/ hours t/ hours

=700 pA, 1000 ms d)

1.75

E/V (vs. RHE)
Ny W
()% ] w E

-
~
-

| 1 1 1 1
0.5 1.0 1.5 2000 05 1.0 1.5 20

t/ hours t/ hours

Y
~
(=]

e
[=]

Figure 6. Representative chronopotentiograms recorded for Si/Cr/Ir electrodes before and after
undergoing £500 (a,b) and =700 pA (c,d) pulse reverse current electrodeposition experiments,
to sustain jgeom= 10 mA cm™ for 2 h. Labels (total electrodeposition time): as-received (black),

10 min (red), 5 min (orange), 2.5 min (green) and 1 min (blue).

17



WILEY-VCH

The OER geometric current density values obtained prior to OER stability testing can again be
explained by the electrocatalytic inertness of WSs., nuclei towards the OER. Indeed, the first
voltammograms recorded towards OER potentials are markedly different between pristine Ir
samples and those decorated with WSs., particularly in the pre-OER potential region (1 to 1.4
V vs. RHE) where broad electro-oxidative features were identified (Figure 7b). For pristine Ir,
a decreasing anodic current related to the Ir(OH)s= [rO(OH), redox transition up to 1.1 V vs.
RHE is still present (tailing of peak III found in Figure 1b),!"*! followed by the characteristic
oxygen evolution current. Conversely, the WSs., decorated samples this redox transition is
absent, observing instead a broad electro-oxidation peak centred at ca. 1.25 V vs. RHE,

followed by OER shifted towards smaller overpotentials.

7 0.25
I =— - As-received Ir, before 2h OER hold = 1% scan, as-received Ir 7

B e As-received Ir, after 2h OER hold 0.20 1% scan, WS, decorated Ir
I o
£ 015
Q

WS, , decorated Ir, before 2h OER hold r

WS, , decorated Ir, after 2h OER hold

igeom / MA
S
T

<
I i { £ 0.10
3F e \g
| I’ 8005 | /
2
y 0.00 | o
1k /
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0 L— 1 A 1 i ' i i a) . 1 i 1 i 1 . 1 . 1 b)
1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.0 1.1 1.2 13 14 1.5
E !/ V (iR corrected vs. RHE) E !/ V (iR corrected vs. RHE)

Figure 7. CVs recorded of pristine (black) and WSs., decorated (£500 pA, 1000 ms, 5
min,ochre) Si/Cr/Ir electrodes a) before (broken line) and after (solid line) undergoing short-
term OER stability experiments: jgeow= 10 mA cm™ sustained for 2 h; b) first OER
voltammograms recorded for pristine and WSs.decorated (=700 pA, 250 ms, 10 min). Voltage

window: 1.0 to 1.6 V vs. RHE. Electrolyte: 0.1 M HCIOa. Scan rate: 10 mV s’

We hypothesize that this broad electro-oxidative peak corresponds to the irreversible electro-
oxidative conversion of W*" centres in WS nuclei to W®" as found in WO3.58] Proof of this
conversion can be gathered by analysing the W 4f XPS peak originating from the WSs.,
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decorated Ir samples after short-term OER testing (Figure 8).The characteristic W 4f7,2:4fs2
spin-orbit doublet of W*" species, at binding energies of ca. 32.3 and 34.5 eV, is positively
shifted after OER testing by ca. 3.7 eV, yielding a doublet centred at 36 and 38.2 eV. These

(731741 This conversion is

binding energies are characteristic of W®" species, as found in WOs.
key in Ir stability maximization, as WO3 is a thermodynamically stable oxide under strongly

anodic potentials in acidic media.[®"]
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Figure 8. XPS spectra of a) W 4f, b) S 2p and ¢) Ir 4f for pristine (top) and WSs..decorated (500 pA,
1000 ms, 5 min; bottom) Ir samples after undergoing short-term OER stability experiments. Labels: W¢*
4f7/2;5/2 (orange), S 2p3/2;1/2 (Sz', yellow), S 2p3/2;1/2 (Szz', magenta), S 2p3/2;1/2 (SOXY', dark blue), Ir° 4f7/2;5/2

(blue), Ir*" 4f52.52 (green),Ir** 4f5.5,» (orange), and cumulative spectra (red).

Insights into the origin of the improved OER metrics after 2 h stability testing can be gathered
by joint analysis of the electrochemistry, SEM and XPS results. Ir surface roughening, was
monitored qualitatively by SEM, and quantitatively by roughness factor measurements (Ry,
defined here as ECSA normalized per geometric electrode area),!'*! can be correlated with Ir

electrodissolution or surface restructuring. Higher Ry, compared with pristine samples, indicate

surfaces that present a higher density of Ir sites geometrically accessible to the electrolyte
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exposed after Ir dissolution at the surface.[”’ SEM micrographs show that pristine Ir samples
(Figure S6a) present surfaces with increased grain sizes at longer stability experiments, whereas
for WSs., decorated Ir samples (Figure S6b-d) this surface roughening is less severe. Variation
in the density and dimensions of the surface cracks are again related to variability within the
Si/Cr/Ir wafers employed. Quantitative comparison of Ry values before OER testing (Table S2)
clearly shows higher values for WSs., decorated Ir samples (R; range: 33-71) when compared
to pristine Ir samples (R = 38 + 17). This would initially suggest that, during the pulse reverse
current step of WS3.x electrodeposition, Ir electrodissolution could also occur besides surface
restructuring. Indeed, anodic dissolution due to the irreversible conversion of Ir to IrO4> via
IrO, formation is known to occur at E > 0.9 V vs. RHE,!'®'8] \hilst cathodic dissolution occurs
at E < 0.1 V vs. RHE due to IrO; reduction.[”” These potentials are achieved, or surpassed,
during electrodeposition. However, the absence of any IrO. component in the Ir 4f spectrum
after cycling in the (NH4)2[WS4] bath (Figure 2c¢) would suggest otherwise, as the
electrochemical growth of hydrous iridium oxide is suppressed (Figure 1a). Thus, although Ir
electrodissolution cannot be fully discarded, we believe that increased Ry values after WSs.y
decoration are mostly related to electrochemically-induced surface coarsening.

Interestingly, Rr values of WSs.« decorated Ir samples present significantly lower values after
OER activity (57-89 vs. 76 + 7) and OER stability testing (65-94 vs. 86 + 8) than pristine Ir.
This seems to indicate that Ir electrodissolution during OER testing is mitigated once Ir samples
have undergone WSs.. decoration. Indeed, after OER stability testing, a 126% relative Rf
increase was found for pristine Ir compared with the 15.23 % of the least roughened WS;.«
decorated sample (900 pA, 250 ms, 5 min).

Tafel slope analysis of the voltammograms before and after short-term OER testing (Table S2)
provides relevant information regarding the electrode kinetics. In particular, metallic Ir

electrodes (covered by a thin anhydrous oxide layer) present Tafel slopes of ca. 66 mV dec™!,[!#!
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whereas electrochemically grown hydrous iridium oxide on metallic Ir present slopes of ca. 40-
50 mV dec . Lower Tafel slopes are generally found at for metallic Ir surfaces with increasing
hydrous oxide layer thicknesses.[”® This Tafel slope dependence on the hydrous oxide layer
thickness was ascribed to a modification in the OER rate-determining step,!’”) this being a
chemical step where the initially unstable electroadsorbed OH species undergo a rearrangement

by a surface reaction. [7®!

As-received Ir electrodes present with Tafel slopes of 39 + 2 before, and ~45 = 2 mV dec !
after OER testing, respectively. These values are close to 40 mV dec !, indicating that the OER
rate-determining step of the tested electrodes is the adsorbed OH species’ de-protonation, and
that a hydrous iridium oxide overlayer electrochemically grown onto metallic Ir during OER
conditioning is the surface species predominantly involved in the OER. With regards to WSs.,
decorated samples, Tafel slopes before and after testing range from ~41-48 to ~43-47 mV dec
!, respectively. This suggests that WSs..decorated samples do not differ greatly from the pristine
Ir samples, concluding that the OER mechanism is apparently unaffected by the presence of the
WOs3 nuclei. However, their somewhat slightly higher values could indicate either the presence
of a thinner/less porous hydrous iridium oxide layer or a mitigated electrochemical restructuring,
yielding higher stabilities. The latter is experimentally supported by the lower R values for
decorated samples after testing. Keeping this in mind, the OER mass- and specific activity
metrics can now be easily explained. Before OER testing, WSs.. decorated samples present

mildly higher mass activity and lower specific activity values with respect to the pristine

counterparts, due to their higher surface roughness (higher R¢). On the other hand, improved

specific activities obtained after 2 h stability testing show that the enhanced OER current
densities and mass activities on WSs., decorated samples do not stem from surface area effects,

as the surface roughening on these samples is attenuated (lower Rf and faintly higher Tafel

slopes). Thus, alterations in the Ir surface species must be responsible for the observations.
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Comparison of the deconvoluted Ir 4f spectra of pristine and WSs., decorated Ir samples after
short-term OER testing shows clear modifications in the surface species present (Figure 8). In
contrast with its pristine counterpart, the WSs., decorated Ir sample retains its predominantly
metallic character, with a minor contribution of two additional 4f spin-orbit doublets
characteristic of Ir*" (ca. 62.5 and 65.5 eV) and Ir*" (ca. 63 and 66 eV) as found in IrO or
Ir(OH)3, respectively.”18% Quantification of the relative atomic photoemission percentages of
the deconvoluted components supports this. The relative abundance of the Ir’: Ir**: Ir** species
shifts from an atomic % ratio of 40.0:11.0:48.0 in pristine Ir to 81.5:2.8:15.7 at. % after WS3.«
decoration. Thus, the acid-insoluble WO3 nuclei mitigate the electro-oxidation of Ir towards

3t B a5 found in the

higher oxidation states prone to electrodissolution, namely Ir
electrochemically generated Ir(OH); hydrous oxide. Indeed, the highly-porous hydrous iridium

oxide layer present in pristine Ir samples explains then their higher Ry values after OER testing,

and also the lower Tafel slopes compared with the WSs., decorated Ir sample.

2.2.2 Long-term OER testing

Next, we evaluated the OER stability of pristine and WSs., decorated Ir samples in a protocol
analogous to that of Section 2.2.1, but recording chronopotentiograms for 12 hours to monitor
changes in the voltage required to sustain an anodic current density of 10 mA cm (see Figure
9b). Although previous reports on in-operando scanning flow cell/inductively coupled plasma
mass spectrometry (SFC/ICP-MS) indicated that Ir electrodissolution is higher in the transient
stage (shorter timescales, i.e. during IrOx formation) than in the steady-state (longer timescales,
> 1000 s),!'9 the 6-fold longer OER stability testing duration selected is expected to provide
more representative information on the passivating effect of WO; for long-term OER

applications.
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The OER metrics obtained prior to OER stability testing (for values, see Table S3) mirror those
found for the 2 h-tested Ir samples: geometric current densities (0.46-1.88 vs. 2.58 mA cm™ at
1.55 V vs. RHE) and specific activities (1.49-4.20 x 107 vs. 5.24 x 10> A cmy2 at 1.55 V vs.
RHE) are lower for WSs.. decorated than for pristine Ir samples, whilst mass activities are on
par or lower (0.165-0.596 vs. 0.56 A mgy’' at 1.55 V vs. RHE). After 12 h OER testing,
geometric current densities (5.65-7.80 vs. 6.73 mA cm™ at 1.55 V vs. RHE) and mass activities
(1.86-2.86 vs. 2.82 A mgy™! at 1.55 V vs. RHE) are comparable or lower to those found in
pristine Ir electrodes. This would initially suggest, disregarding any contribution from
electroactive surface area effects, that the OER activity of the WSs;., decorated (WO3 under
OER potentials) Ir electrodes is limited by the passivating effect of the nuclei (for representative
OER activity voltammograms, see Figure 9a). However, prominent improvements were found

in both Ry and specific activities (Table S4). These metrics enable a more realistic interpretation

of the OER stability, as they are normalized by the electroactive area. Improved electrode
stabilities will yield lower Ry values, and consequently higher specific activities at a given
geometric current density. Namely, relative Ry increases (excluding the 700 pA, 250 ms, 2.5
min sample) are within 14.8-44.98 % for WSs;., decorated samples compared with the 91.57 %
found for pristine Ir. As for specific activities, all WSs.; decorated samples outperform the
pristine Ir counterpart, with the best-performing sample (700 pA, 1000 ms, 10 min) presenting
a 1.8-fold increase: 1.30 x 10* vs. 7.12 x 10 A cmy? at 1.55 V vs. RHE. Tafel slope analysis
of the WS3.. decorated and pristine Ir samples before and after 12 testing follows the same trend
found after short-term testing (Table S4). Almost invariable, yet slightly higher values before
(39-48 vs. 41 mV dec!) and after (37-47 vs. 44 mV dec ') OER operation suggest a slower
Ir electrodissolution rate for WS3., decorated samples. Thus, the presence of WO3 nuclei onto

Ir electrodes again results in minimized Ir surface restructuring (mitigated ECSA modifications)
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and electrodissolution, even under the significantly extended OER operating conditions

employed.
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Figure 9. CVs recorded at pristine (black) and WSs.cdecorated (500 pA, 1000 ms, 5 min, dark
yellow) Si/Cr/Ir electrodes a) before (broken line) and after (solid line) undergoing long-term
OER stability experiments: jgeom= 10 mA c¢m sustained for 12 h. Voltage window: 1.0 to 1.6
V vs. RHE. Scan rate: 10 mV s™.; b) first OER voltammograms recorded for pristine and WSs.

xdecorated (=700 pA, 250 ms, 10 min). Electrolyte: 0.1 M HCI1Os.

The most relevant findings when comparing the results after 12 h and 2h OER stability tests

are, strikingly, related to the final OER working potential recorded values (Epgg ¢ f) and their

relative increase versus the starting potential (AE,gg). Unlike 2 h OER-tested samples, in

almost all cases both AEpgr and Epgp ¢  were lower for WSs., decorated Ir samples than for

pristine Ir. (Figure 9b) The improvement, despite of not being numerically large (for the best-

performing sample, Eogrt,= -14 mV, AEygr = -43 mV), is foreseen to be amplified, as

occurred in our investigations after extending the OER stability testing from 2 to 12 hours, at
longer operating conditions due to the extremely flat (E£,f) profiles observed. Indeed, the
samples presenting improvements in these metrics also present higher Tafel slopes, correlated
with slower electrodissolution rates as mentioned previously.!'®! Thus, the stabilizing effect of
WOs3 is not only maintained, but also reinforced, after long-term OER operation conditions,

yielding OER metrics which outperform those of pristine Ir surfaces.
24



WILEY-VCH

Analysis of the Ir surface morphology by SEM micrographs (Figure S6, right column) supports
these conclusions. No clear surface modification can be found for WSs., decorated Ir samples
after 12 h OER testing compared with short-term tested samples, whereas the grain size on

pristine Ir surfaces coarsens (quantitative evidence is found in Ry elucidation, Table S4).

3. Conclusion

In this study, we have evaluated the viability of an electrochemical decoration process on Ir
electrodes based on the decomposition of a [WS4]* aqueous precursor to yield amorphous
tungsten sulphide (WSsx) nanoparticles. A preliminary evaluation of the electrochemical
features of the [WS4]*" aqueous bath revealed their analogy with previously reported substrates,
indicative of a substrate-independent electrodeposition mechanism. The suppressed inherent Ir
electrochemistry as well as the hampered HER and OER catalysis after cycling from oxidative
to reductive potentials seems to suggest that both the anodic [WS4]** electroadsorption and S
co-deposition block the Ir surface sites responsible for proton and hydroxyl adsorption. Cycling
within the voltage window comprising the [WS4]* anodic and cathodic features yields pseudo-
stationary electrochemical responses, contrasting with selective cycling within anodic and
cathodic voltage windows, which results in increasingly mitigated or absent [WS4]* deposition
features, respectively. This conforms to the maximized WSs.. deposition yields previously
reported by oxidative-reductive cycling.

The pulse reverse current electrodeposition strategy, selected to satisfy the maximized
electrodeposition by co-existing anodic and cathodic processes, has been found to be heavily
influenced by both current pulse magnitudes and duration. Low magnitude pulses (e.g. £500

pnA) applied at long timescales (1000 ms) provide the larger WS3.x nuclei and higher coverages,
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and vice versa. We hypothesize that at high magnitudes and shorter timescales, [WS4]*
depletion, competing electrochemical reactions (HER/OER) and sluggish reaction kinetics limit
the electrochemically assisted [WS4]* decomposition. Longer electrodeposition durations,
predictably, yield larger nuclei sizes. Short and long term OER testing experiments show that
WSs.x decorated Ir samples present improved OER metrics, namely lower AE,gg, as well as
higher specific activities, than their pristine counterparts, this magnified at longer testing
conditions. We hypothesize that the electro-oxidation of WSs.x to the acid-insoluble WOs3
minimizes the electrodissolution of metallic Ir via I** leaching, supported by preliminary XPS
measurements and ex-situ imaging. Thus, decoration with corrosion-resistant TMDs is a novel

approach towards improving the OER stability of Ir in harsh acidic environments.

4. Experimental

Electrochemical measurements were carried out with a PC-controlled ECi-200
potentiostat/galvanostat using the software EC4U 4.1.90.1 (Nordic Electrochemistry ApS,
Denmark), employing a three-electrode thermostatted electrochemical cells (water jacket, 23 +
2° C). Oxygen-free conditions during electrochemical experimentation were achieved after
purging the electrochemical cell or Ar (99.999% purity, < 2 ppm oxygen, Alphagaz 1 Argon),
and maintained by applying a positive atmosphere of the inert gas above the electrolyte surface.
All electrochemical glassware was cleaned overnight by soaking in an acidified saturated
solution of KMnOg4 (= 99%, crystalline, extra pure, Merck) followed by rinsing ina 1 L aqueous
solution containing H>SO4 (0.5mL, 95% technical grade, VWR Chemicals) and H>O> (30 mL),
and copious rinsing with ultrapure water. The electrochemical glassware was then boiled in

ultrapure water no less than three times prior to electrochemical experimentation.

The reference electrode used consisted of an in-house fabricated RHE, obtained by flame

sealing the narrow end of a previously snapped Pasteur pipette containing a protruding 1 mm
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Pt wire (Alfa Aesar), which is rinsed and filled up with the same electrolyte as used for
electrochemical experiments (for this work either 0.1 M NaClO4 or 0.1 M HCIO4) and then
inserted onto a glass vessel. A fritted double junction for WSy electrodeposition or a Luggin
capillary for OER experiments, both filled with analogous electrolyte to prevent electrolyte
cross-contamination and RHE voltage drift. A two-electrode electrochemical cell configuration
to undergo in-situ hydrogen production at the Pasteur reservoir by electrolysis (WE potential: -
2 Vvs. RHE, 5-10 mins) was achieved by use of a Pt wire counter electrode (CE). Experimental
deviations in the RHE value were accounted for by acquisition of 10 cyclic voltammograms
from -0.25 to 0.15 Vvs. RHE (starting potential: 0.05 V vs. RHE) after 10 minutes purging with
H> to reach solution saturation. Real RHE values were elucidated by averaging the experimental
voltage values obtained at 0 A for the 10th forward/backward scan. The counter electrodes used
in this work are 3 mm glassy carbon rods to prevent foreseeable dissolution and re-deposition

found when employing Pt-based counter electrodes.

Tungsten sulphide (WSs.) was deposited onto Si (0.5 mm)/Si thermal oxidation layer (1 pm)/
Cr (10 nm)/Ir (100 nm) substrates prepared by sputtering deposition and mechanical dicing (5
x15 mm, IMB-CNM, Universitat Autonoma de Barcelona, Spain) by electrochemical
deposition from a freshly-prepared, deaerated electrolyte solution containing 10mM
(NH4)2[WS4] (99.9% trace metals basis, Sigma-Aldrich) and 0.1 M NaClO4 (=99.0% AnalaR
Normapur, VWR Chemicals). Prior to use, Si/Cr/Ir chips were ultrasonicated sequentially in
acetone (%3, 3 min), isopropanol (2 min) and finally rinsed in ultrapure water to eliminate the
polymeric resin coated onto the substrates, used for preventing particle contamination from
mechanical dicing and surface scratching during wafer transportation. A deposition area on
Si/Cr/Ir chips (5%5 mm) was selectively exposed to the electrolyte by insulating the remaining
working electrode surface with hydrophobic Teflon tape. Electrodeposition was carried out

under quiescent conditions to prevent alterations in the deposition rate from the effects of forced
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convection. Preliminary WSs., deposition studies were performed by depositing thin films by
continuous cyclic voltammetry experiments within the -0.4 to 2.5 V vs. RHE voltage window.
Galvanostatic pulsed electrodeposition was performed by symmetrically alternating the
working electrode current intensity in the 500-900 pA current range. Several current pulse time
durations (0.0625, 0.125, 0.25, 0.5 and 1 s) and total electrodeposition times (1, 2.5, 5 and 10

min) were employed to evaluate modifications in WSs., nuclei size and coverages.

All Ir samples were preconditioned prior to oxygen evolution reaction (OER) electrochemical
testing by recording 20 cyclic voltammograms from 0 to 0.7 V vs. RHE at a voltage scan rate
of 50 mV s™!. This electrochemical preconditioning was followed by the acquisition of 20 cyclic
voltammograms from 0.025 to 0.55 V vs. RHE at a voltage scan rate of 50 mV s™. This aims
to evaluate the electrochemical active surface area (ECSA) of the Ir electrodes, and is repeated
before/after any OER testing measurement. ECSA is estimated for the 20" cycle by integrating
the hydrogen desorption region from 0.06 V to the potential where the hydrogen desorption
concludes. Next, OER activity is evaluated by the acquisition of 10 cyclic voltammograms from
1 to 1.6 V vs. RHE at a voltage scan rate of 10 mV s™!. After the corresponding repetition of the
ECSA measurements, Ir electrodes OER stability is monitored by a short term (2 hours) or long
term (12 hours) chronopotentiometry experiment set to monitor the overpotential required to
sustain a constant OER geometric current density of 10 mA cm™. For long term stability
experiments, a 1000 rpm stirring rate was employed. After all OER stability measurements,
ECSA and OER activity measurements (the latter only for 3 cycles) were recorded to evaluate
modifications in the Ir electrodes surface and electrocatalysis. iR compensation corrections on
all voltammograms were accounted for by software-assisted subtraction (EC4 View, version

1.2.68.1) of the high-frequency EIS component of the Nyquist plot (-Z’’= 0).
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All oxygen evolution experiments were performed in a 0.1 M HCIlOg4 electrolyte (70%,
Suprapur®, Merck), and freshly prepared with ultrapure water (resistivity not less than 18.2

MQ-cm, Millipore Milli-Q Direct 8).
Physical characterization:

FEG-SEM micrographs were acquired to determine the surface modification and roughening
upon electrochemical degradation on WS;.x-modified Ir electrodes. A FEI Nova NanoSEM 600
microscope (Thermo Fisher Scientific, USA) was operated under electron accelerating voltages
of 10 kV, spot sizes of 3.5 um and beam currents of 0.16 mA at the Center for Electron

Nanoscopy (DTU, Valby, Denmark).

XPS measurements were performed with a Thermo Scientific Theta Probe employing a
microfocused monochromatic aluminium X-ray source (Al Ko, 1486.6 eV, 12 kV), a charge
neutralizer filament to prevent surface charging, and working pressures below 5 X 10 mbar.
Three independent and non-overlapping XPS analysis positions were acquired, using spot 400
X 800 um on each sample. For low resolution survey spectra, 100 eV pass energies and 1 eV
step sizes were employed (dwell time: 10 ms), whereas for element spectra pass energies and
step sizes of 100 eV and 0.1 eV were selected (dwell time: 100 ms). All element spectra were
energy-corrected to the adventitious C 1s peak set to 284.6 eV, and processed using the CASA

XPS software (version 2.3.18PR1.0).

For high resolution spectra peak deconvolution, Gaussian-Lorentzian (30) and Doniach-
Sunji¢ modified Gaussian-Lorentzian lineshapes were employed for S 2p and W 4f/Tr 4f;
respectively. S 2p spectra were fitted by applying a 2:1 area ratio constraint and 1.2 eV
separation on the 2p3.12 spin-orbit doublets, 32134 whereas W 4/ and Ir 4f spectra were
deconvoluted by applying a 2.17 eV and 3.0 eV 4f72.52 spin-orbit doublet separation,

respectively, and a 4:3 area ratio constraint.”’!
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