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ABSTRACT. Proton exchange membrane (PEM) electrolyzers are attracting an increasing
attention as a promising technology for the renewable electricity storage. In this work, near

ambient pressure X-ray photoelectron spectroscopy (NAP-XPS) is applied for in situ monitoring



of the surface state of membrane electrode assemblies with RuO, and bimetallic Irg7Ruy30,
anodes during water splitting. We demonstrate that Ir protects Ru from the formation of an
unstable hydrous Ru(IV) oxide thereby rendering bimetallic Ru-Ir oxide electrodes with higher
corrosion resistance. We further show that the water splitting occurs through a surface Ru(VIII)

intermediate, and, contrary to common opinion, the presence of Ir does not hinder its formation.
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Water electrolysis via proton exchange membrane (PEM) cells is considered asatite up
coming means for sustainable hydrogen produciiothe order of megawattsHowever, its
efficiency is limited by the high overpotential of the oxygen evolution reaction (®ER)O,
and IrQ areamong the few most active electrode materialsich can withstand harsh acidic
and oxidizing environment of the anode of a PEM electrolyzer, and have thus been the focus of
detailed investigations (s€€™® and Refs therein)However the development of sufficiently

stable anode materials with low OER overpotentials is still a challenge.



Various tools, such as electrochemical metHodsX-ray absorgon spectroscopy’® as
well asex situX-ray photoelectron spectroscopy (XB$J’ have been applied to probe the
state of Ir and Ribbased anodes and its dependence on the electrode potertial.e ady i n
ear | y st etdl.prepssedh&@ER mechanism involving changes in theordtates of
Ru and Ir. However, thientativemechanisnhas not been unambiguously confirmyed.

While RuQ is more active and cheaper than Jr@ is prone tothe electrochemical
corrosion, which starteven before the OER on$&and prevents utilization of nestabilized
RuG; for large scale PEM electrolysis. Corrosion Bu anodes was attributed to formation of
soluble, volatile and poisonous Ru(VIIl) compounds (supposedlyRdé*°

Bimetallic anodes based on Ru and Ir oxides combine the catalytic activity ofdRd@he
stability of IrQ, and have thus attracted considerable attedtid?>*'On the basis oéx situ
XPS and electrochemical studies, the Ir stabilization praposedhrough a common valence
band formation preventing Ru@eneratiorf. Neverthelessconsidering that RuQcould not be
detected on the anode surface, the origin of the stabilizing influence of Ir is still uncertain.

Recent years have witnessed an increased intété$t*** in Ru- and Irbased anodes as
oxygen evolution catalysts due to the inceeabthe share of renewable electricity in the energy
mix and an ensuing strengthening of the R&D in the area of water electrolysis. However, the
lack of the understanding of the Ir stabilization mechanism hinders the development of active
and stable anodsatalysts for PEM electrolyzers.

Thanks to its surface sensitivity and the capability to distinguish elements in various
oxidation states, XPS has been widely applied to studies of-naolobimetallic Ru(Ir) anodes
after they were subjected to the OERdowever conventional UHVbased XPS is insufficient

to studythe dynamic nature of interfacial presses. This limitation is overcome with the advent



of the secalled nearmmbientpressure XPS (NAXPS)? which has recently demonstratisl
potential foroperandoinvestigations of electrocatalytic materiaf$>2®

In this work, we apply NARXPS and perform amperandoinvestigation of membrane
electrode assemblies (MEA) of a PEM electrolyzer with ReifRaxide anodes to unveil the Ir
stabilization effect during water splitting. Comprehensive amslyf XP spectra obtained the
presence ofwater vaporunder electrochemical contr@llowed us to reveal formation of
different valence states of Ru, follow their evolutigith the electrodgotentialand shed light
on the longdebated effect of Ir on the state of Ru.

Catalyst samples werprepared by direct reduction of Ru and Ir salts in whbts
conditions, following a previously reported procedut@upporting Information 1). Subsequent
thermal treatment of the powders produced nanoparticles of-typeoxides with the particle
size ranging from 8 to 90 and from 3 to 9 nm for R@a@d Ip Ruy 30,, respectively (Figure 1
and Supporting Information Il and IIl). Scanning transmissetecton microscopy (STEM)
measurements coupled with the EDX analysis revealed uniform distribution of Ir and Ru in
Iro. 7R 30, suggesting formation of single phase rather than a mixture of two separated, RuO
and IrQ phases in the bimetallic sample.

Figure 2 compares thetating disc electroddata for Ru@and I /Ru 30, anodesn 0.05
M H2SQ;. In agreement with the literature ddté"**the RuQ anode demonstrates noticeable
OER activity already at 1.45 V vs. Reversible hydrogen electrode (RHE), which haapiciy
decays upon potential cyclingrigure 2A)due to the electrode corrosiomvestigation of the
degradation of Ru anodes has been subject of numerous publications in H&'plstThe
Iro.Rw 30, anode shows a considerabglower decay of th®ER currents above 1.45 {Figure

2B and Figure S5B of the Supportingformation IV) confirming the higherstability of



bimetallic Ru(Ir) against monometallic Ru oxiddscumented in previous publicatidf$®#
Similar (ca. 60 mV)Tafel slopes (Figure 2C) and overpotentials (Figure 2D) in the OER kinetic
region (0.1 mAcm®) suggest t water splitting process on the-Rund the Rur oxide electrode
occur through the same radetermining stepThe Tafel slope for Rufincreases above 1.5 V
vs. RHE, accounting for an additional kinetically unfavorable corrosion proaedsloss of

material.

Figure 1. STEM images of Ru®(A,B) andlry/Ru 30, (C,D) electrodes before (A,C) and

after (B,D) the OER studies performed in the NAPS chamber.



3.5 A Cycle 1 6__ B
3.0 N 5
£ 25 2 § 4]
< 20- 3 <
S 14 E 3
=~ 154 =
- 15 \2-
1.04 16 ]
0.51 iy
0.0 0
130 135 140 145 150 155 160 165 130 135 140 145 150 155 160 165
E-iR/Vvs. RHE E-iR/V vs. RHE
1.6 E 350
w — D @ 0.1 mA/cm?
= & 300+ Cycle 2
. @©
© 1.5+ =
z D 250
x 3 =
i o)
> .
1.4 & 200
| T T 150
1E-3 0.01 0.1 1 10 RuO, Ir, ,Ru, O,

j/ mAcm?
Figure 2. Currentpotential characteristics of the Rp(\), and the Is/Ru 30, (B) anode
measured in Msaturated 0.05 M ¥80, at 25 °C with a scan rate of 5 m#;C) Tafel plots

constructed from the second currotential scanand (D) overpotential at 0.1 mA ém

NAP-XPS measurements were performed using MEAs with Rar@d Ip /Ru 30, as the
working electrodes (WEs) and commercial Pt/C as the counter electrode (CE). These were
integrated in the electrochemical cell combined with the NA&FS spectrometer (see Supporting
Information V, VI.1 and VI.2). While thexesitu characterization of the catalysts and the MEAs
with STEM/EDX before and after operation did not reveal any noticeable structural or
compositional changes resulting from the OER cycle (see Figure 1 and Supporting Information

[l1), NAP-XPS measurements penfioed under 3 mbar of water and differetectrodegpotentials



demonstrated significant dynamic changeslerliningthe importance oin situ investigation of
the Rulr anode under the OER conditions.

Figures 3 (A, B) show the Ru3d spectra of Ruénd I Ru 30, electrodes exposed &
potential of 1.5 V, whetgy the OER was confirmed by the mass spectrometer integrated in the
measurement chamber (see Supporting Information VI.3). Four different states of Ru could be
detected under the OER conditions, efymutile-type RuG,, hydrous Ru(lV) oxide Ru(OH)as
well as Ru in higher oxidation stat@gl) and (VIIl) (see the fitting procedure in Supporting
Information VI1.4).

Figures 3C and 3D demonstrate gradual transformation of the Ru(lV) oxide into other
species for Ruand Rulr oxide electrodes as their potentialinereasedpositive of 0 V. It is
notable that Ru(VIlIkpecies are detected at 1.0 V, i.e. below the standard potential of the RuO
phase formation (1.387%). This can be rationalized by the formation of either a thin surface
layer or islands of Rug, (rather than a Rufphase), strorlg interactng with the underlying
Ru(Ir)O, substrateThe interaction of the oveyer with the substrate is likely to accotmtthe
potential shiffrom the thermodynamic valu®.

While electrochemical formation of Ry®as been postulated in previous ldtions, it
has never been detected on the anode surface either during or after the electrolysis, likely due to
its instability at room temperature. Kéz al. detected formation of dissolved corrosion products
in the vicinity of the Ru@anode simultagously with the OER and hypothesized on the RuO
generation and the OER occurring through common intermediates (Ru(VI) and Ru(VIl) in the

Kotz' &cheme).
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Figure 3. Upper panels: fitted CiRBu3d XP spectra of RWO(A) and IrgRu 30, (B)
electrodes at 1.5V. Experimental XPS data are shown as black cycles, fitted speatrangrey
line. For the sake of clarity carbon peaks are not sh®&sttom panels: Influence of the applied
potential on the surface composition of RUQ) andlIry7Ru 30, (D) electrodes. Only forward
scans are shown. Measurements were performed in 3 mBaaidbient aa photon energy of
820 eV. The values of potential are iR corrected and are given on the dynamic hydrogen
electrode (DHE) scale. Color codes: Ruy®lack); Ru(OH) (red); Ru(VI) abbreviated as RgO

(green); Ru@gs) (blue).



As the electrode potential is shifted positive, the contribution of ;Bu€rface species
declines (Figures 3C and D). This fact, along with the emergence ofJRo€low the OER
onsef strongly suggestthat RuQys) is generated in an electrochemical step (e.g. Eq 1) and acts
as an intermediate in the OER. Evidence providedHayisotope labeling experimenrits?
reinforced by the redts of this work advocatethe so-called lattice oxygen evolution reaction,

whereby théDER results from the higher to lower oxide decomposition (E%f 2).

RUQG, + 2H,0 A RuOys)+ 4H" + 4€ Eq. 1

RUO4(S)A RuG, + G, Eq. 2

While previous studies, relying on eithex situor indirect evidence, suggested that the
stabilizing effect of Ir consisted in the inhibition of Rufdrmation?* this work reveals that in
contrast to the accepted opiniondoes not attenuate the amount of Rg@n the electrode
surface.The latter acts as the OER intermediate and its contribution increases in the presence of
Ir. Thus, we assume that the positive role of Ir does not consist in the inhibition afsRuO
formation but rather in its stabilization on the anode surface.

To further understand the role of Ir we turn the attention to the atomic contributions of
rutile-type anhydrousRuO, and hydrous Ru(OH) oxide. One may notice that a significant
growth of RuQH), starts at the OER onset potential, and this effect is especially important for
the monometalliRuO;, electrode. The presence of Ir does not completely exclude the surface

hydration, but limits its level at ca. 20%. Moreover, the potential reversdiges the virtual

restoration of the initial composition forohRu 0, (cf. Figure S11B in the Supporting



Information). Conversely, the contribution of the hydrated phase to the monometallic RuO
electrode does not descend but continuously incregsas potential cycling suggesting the
irreversibility of the anhydrou®-hydrous oxide transition (Figures S11B and S12 in the
Supporting Information). We thus conclude that Ru(QOil)formed as a result of the catalytic
OER cycle We suggest that theain role of Ir lies in stabilizing Ru in thérm rutile-type
phase, preventing itereversibletransformation into a less stable hydroxide fpowhich is prone

to corrosion The effect of the surface hydration on the activity of Hfaged catalysts has loee
discussed previousi,but not yetunequivocally confirmed.

As to the Ru(VI) speciesyhich in the literature is often denoted as Ru®shows upat 1
V, simultaneously with Rug) its contribution above the OER onset decreasinfy the
electrode potentidbr the I 7/Ru 30, and increasing for the Ry@lectrode (cf. Figure 3C and
3D). Moreover, the Ru@component persists on the Ru€lectrode even upon the reversal of
the voltage bias (Supporting Information VI.6 and VI.7). Such a behavior suggests that in
contrast to the accepted opinion (see recent réaew references therein) Rei® not the OER
intermediate and that the decrease of its coverage ongtfidrO, against the Ru@anode is
related to the increased stability of the former.

Figure 4 represents the Ru3d XP spectra acquired at two diffgreton energies (820 and
1300 eV corresponding to the penetration depth of 3.7 and 5.2 nm respectively) and two different
potentials (data at other potentials are shown in the Supporting Information VI.5). We conclude
that the core of the particles latgeconsists ofan anhydrous Ru(Iryutile-type oxide, while
Ru(lV) hydroxide as well as Rug) andRuO; components are presaitthe surface, confirming

that the processeasvestigated in this workre interfacdocalized.
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Figure 4. Ru3d spectra ofro /Ru 30, electrode in 3 mbar # ambient under 1.8V (A,B)
and 2.5V (C,D) at different photon energies: 820eV (A,C) and 1300eV (Bx¥perimental XPS
data are shown as black cycles, fitted spectruas a grey line. For the sake of clarity carbon
peaksare not shownColor codes: Ru@(black); Ru(OH) (red); Ru(VI) abbreviated as RgO

(green); Ru@g) (blue).

In contrast to Ru3d, Irdf XP spectra did not show any change under the polarization in

contrast with the previoum situ studies of a monometallic IgkCanodé’, and Ir sites were

represented by a Ir(IViutile-type oxide throughout the experimeamnd regardless the electrode
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potential(Figure S13 of the Supporting InformatioMarious hypotheses may betgarward to
explain thisobservationThus, he Irrutile-type oxide mayserve as a matrix stabilizing the more
active Ru sites, whereby the OER preferentially occAlternatively, the surface concentration

of Ir in higher oxidation state(s) may be temall preventing their detection, ttre OER on the

Ir oxide occurs via a mechanism, which involegsanion rather tharthe cation redox cycle as
recently documented irefs**> Meanwhile, the Ir/Ru atomic ratio increased with the applied
potential (cf. Figure S14 in the Supporting Information), confirming the Ir surface enrichment in
the OER regioralso documented in previous studig® The observed increase of the Ir/Ru
atomic ratio wih the applied potentiahay be attributed to thiwss of Ru, which may either
occur via partial dissolution of the Ru(VIIl) species in the liquid phase (electrolysis in a liquid
electrolyte or in a membraredectrode assembly in contact with liquid waten) their
sublimation into the gas pha@his work)

In conclusion, we haveliscovereda new degradation mechanism of -Ruanodes by
analyzingin situ the surface oxidation states of PEM electrolyzer MEAS, operating at near
ambient pressure. Our study reveals significant potedépéndent changes in the valence state
as well as the degree of hydration of Ru, which cannot be detectedexssitymethals. We
demonstrate thainder operation rutiktype RuQ, anodesgradually and irreversibly transform
into a hydrous Ru(lV) oxide form, while Ir stabilizes Ru in the anhydrous rutile phase. We point
out that RuQ@s) surface oxide is formed on the anode acefand acts as the OER intermediate.
The presence of Ir does not reduce the surface coverage of thg)Bxi@e but rather stabilizes
it on the surface By tuning the photon energy we shdvatt he core of the catalytic particles
mainly consists fronan anhydrous Rir(1V) oxide phase, while the surface is represented by the

Ir(IV) oxide, hydrated form of Ru(lV) oxide and Ru in higher valence states, namely &hwO

12



RuQOyis) We finally conclude that the Ir stabilization mechanism consists in proteRtidy
from its irreversible transformation inether theunstable hydrouRu(lV) oxide phaser RuQ;,
and in stabilizing the Ru@s intermediate on the anode surface agaistdissolution
(sublimatior). The results presented herein suggest that &afin of Ru in the rutile oxide
against the hydroxide phase is a clue to the development of stalflasRd anodes for PEM

electrolyzers.

Supporting Information (PDF). Catalyst preparation, X-ray powder diffraction, Transmission
electron microscopy, Electrochemical measurements of the sample in 0.05M H,SOy4, Preparation
of MEAs for NAP-XPS measurements, NAP-XPS measurements (experimental protocol,
electrochemical characterization of the MEAs in the NAP-XPS chamber, online mass
spectrometry in the NAP-XPS chamber, C1sRu3d XP spectra peak fitting procedure, potential
dependence of Ru components for the Irg;Ruo30; sample at two different photon energies,
potential dependence of Ru components for RuO, and Iry7Ruy 30, electrodes in a backward scan,
influence of repetitive potential cycles on the composition of the RuO, electrode, Ir4f XP spectra

peak fitting, Ir/Ru atomic ratio as a function of the electrode potential)
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