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High Performance and Durable Anode with 10-Fold
Reduction of Iridium Loading for Proton Exchange

Membrane Water Electrolysis
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Maria Retuerto, Vlad Martin-Diaconescu, Sergio Rojas, José Antonio Alonso,

Aldo Saul Gago,* and Kaspar Andreas Friedrich

Proton exchange membrane water electrolysis (PEMWE) technology is
especially advantageous for green H, production as a clean energy vector.
During the water electrolysis process, the oxygen evolution reaction (OER)
requires a large amount of iridium (2-3 mg,, cm—2) as catalyst. This material is
scarce and expensive, representing a major bottleneck for large-scale
deployment of electrolyzers. This work develops an anode with 10-fold
reduction of Ir loading (0.2 mg,, cm~2) compared to what it is used in
commercial PEMWE for more than 1000 h. An advanced catalyst based on an
Ir mixed oxide (Sr,CalrOy) is used for this purpose. Transmission electron
microscopy (TEM), X-ray photoelectron spectroscopy (XPS), and X-ray
absorption spectroscopy (XAS) analyses show that the unconventional
structure of the reconstructed catalyst can contribute to the reduction of Ir in
the catalyst layer. The reconfiguration of the ionomer in the catalyst layer is
also observed by scanning electron microscopy (SEM) and atomic force
microscopy (AFM), results in almost the full coverage of the catalytic layer
with ionomer. The results presented herein demonstrate that it is possible to
achieve high performance and stability in PEMWE with low Ir loading in the
anode without showing significant degradation.

1. Introduction

The reduction of greenhouse gas emis-
sions is one of the pressing challenges
for society. Fast deployment of renewable
power is necessary to mitigate climate
change. Therefore, renewable power is
the top priority of the sustainable de-
velopment goals set by the European
Union.[l Energy storage solutions are re-
quired to accommodate the intermittent
nature of most renewable energy sources,
not only to cover longer-term outages
but also to accumulate the surplus of re-
newable energy. Among those, the so-
called green hydrogen, i.e., the hydro-
gen produced from water electrolysis us-
ing renewable energy,!? is expected to
facilitate the transition towards a decar-
bonized society. This is because green
hydrogen can enable to decarbonize
sectors with hard to abate emissions
such as transport, chemical, and steel
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industry either via Power-to-Liquids (PtL) or Power-to-Gas (PtG)
and Power-to-Hydrogen technologies.

A large-scale production of hydrogen by water electrolysis
offers the possibility to store electrical energy from fluctuat-
ing renewable sources. The production of hydrogen through
electrolysis can be used as a method of sustainability through
renewable energies. However, currently only 1% of hydrogen
demand is produced by water electrolysis.*! The hydrogen pro-
duced from water electrolysis through the use of electricity pro-
duced by renewable energies is coined as green hydrogen.!”) The
proposal of the European Union goes through the use of green
hydrogen to mitigate CO, emissions by 2050.1 For the produc-
tion of green hydrogen on a large scale and on short time scale,
two technologies are promising: proton exchange membrane wa-
ter electrolysis (PEMWE) and alkaline water electrolysis (AWE).[>]

The PEMWE technology has several advantages: hydrogen can
be produced at high pressure and purity, it shows a rapid re-
sponse and a wide dynamic operation range within an easy-to-
maintain compact design and a simple auxiliary system.[®] How-
ever, PEMWE technology also present certain drawbacks, the
most obvious one being its dependence on scare materials such
as platinum group metals (PGM) and its high cost. As a conse-
quence, current research efforts are focused on lowering produc-
tion costs for instance by decreasing PGM-loading and/or finding
alternative less-expensive components.m

The main components of a PEMWE cell (Figure 1) are the
catalyst coated membrane (CCM), the porous transport layers
(PTLs),®l and the bipolar plates (BPPs).[”) The CCM consists of
iridium and ruthenium oxides (IrO,~RuO,) as the anode and
carbon supported platinum nanoparticles supported on carbon
(Pt/C) as the cathode.

During the electrolysis of water two reactions take place: hydro-
gen (H,) is formed at the cathode and oxygen (O,) is produced
at the anode."”l Due to its sluggish kinetics, the production of
0,, known as the oxygen evolution reaction (OER) is the limit-
ing process of water electrolysis. OER catalysts are mainly based
on Ru-oxide or Ir-oxide. Although Ru-oxide initially shows higher
OER activity,'!l it tends to deactivate and corrode very fast, pre-
venting its use in commercial PEMWEs. Consequently, Ir-oxide
is the only catalyst endowed with sufficient OER activity and dura-
bility to be used in an actual PEMWE environment.'>*] State-
of-the-art PEMWE electrolyzers use large amounts of Ir-based
catalyst at the anode are apparently needed to conduct the reac-
tion at high current densities at low overpotentials.!'>] Commer-
cial membrane electrode assemblies (MEAs) for PEMWE have Ir
loadings between 2 and 3 mg;, cm~2.11%1 However, the price of Ir
is extremely high and volatile, thus being a major contributor to
the high cost of PEMWEs.['”] More importantly, the scarcity and
ill-distribution of precious metals such as Ir and Pt on Earth, will
become a concern when PEMWE installation capacities spread to
the GW scale.['®] A drastic reduction in the amount of the Ir used
in the anode of PEMWEs is therefore a priority for researchers in
the field.[119:20]

The OER activity of crystalline Ir-based oxides such as rutile,
and of iridium-mixed oxides, such as pyrochlores, perovskites,
and hollandites is strongly linked with their crystal structure.l?!]
The proper design of Ir-mixed oxides may allow to reduce the
total amount of Ir in the catalysts while showing OER activity
comparable to that of Ir or Ir-oxides.['32223] It is well-accepted
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that Ir mixed oxides can lose catalytic activity due to oxidation,
dissolution, and surface reconstruction under harsh conditions,
especially in acidic and oxidative environments.!**] With the as-
sumption of proportional activity contribution a 10-fold reduc-
tion of the Ir loading at the anode should not lead to an over-
potential larger than 50 mV. Only singular Ir-based catalyst with
exceptional OER can be preselected for develop suitable catalyst
layer (CL) in PEMWE but at low Ir loadings the intrinsic OER ac-
tivity of Ir-based catalysts would be not the only limiting factor.
Bernt et al.[?>2% have studied the effect of the thickness of the cat-
alytic layer of the anode in the performance offered by PEMWE.
For very thin anode electrodes, the performance decreases drasti-
cally due to the inhomogeneous noncontiguous character of such
thin catalyst layers, resulting in poor anode catalyst utilization.
Lower loadings would require the addition of electrically con-
ductive materials that are stable at the high anode potentials of
the PEMWE!?] or need modifying other cell components (such
as PTLs). The intrinsic OER activity of Ir-based catalysts would
be enough if the iridium density in the electrode could be re-
duced, so that electrodes with low Ir loadings would increase in
thickness.[?°] Therefore, not only the catalyst activity for the OER
is important, but also its morphology/structure to achieve thin
anodes with promising performance.

Recently, Retuerto et al. have synthesized different Ir double
perovskites (Sr,CalrO;) with the Ir atoms in a high oxidation
state (Ir*/°")[28] and their catalytic activity was extensively in-
vestigated. Specifically, a Ca-based double perovskite (Sr,CalrOy)
has showed the highest OER activity similar to those of Ir or
Ir oxides-based catalysts while being stable for the OER in half
cell measurements.!*! In this work, we developed an anode with
Sr,CalrO; catalyst that has only 0.2 mg;, cm™2, that is 10 times
lower compared to what it is used in the anodes of commer-
cial PEMWE, showing remarkable performance and stability. The
morphology/structure of the developed anode and Sr,CalrO, cat-
alyst, before and after operation in PEMWE, were extensively
characterized by X-ray diffraction (XRD, high-resolution trans-
mission electron microscopy (HRTEM), scanning electron mi-
croscopy (SEM), atomic force microscopy (AFM), X-ray photo-
electron spectroscopy (XPS), and X-ray absorption near edge
structure (XANES). Thus, this work provides as well, a compre-
hensive study on the origins of the high OER activity and stability
of PEMWE anodes with significant reduction of Ir and the asso-
ciated degradation mechanisms (Figure 1).

2. Results and Discussion

2.1. Crystal Structure of Sr,CalrO,

Sr,CalrQg is a mixed oxide with double perovskite structure
(A,BB” Og). Ca?* and Ir®* cations are located at the octahedra B
positions of the structure and Sr?* at the A positions, in a co-
ordination close to 8. The compound presents cationic ordering
between Ca and Ir cations over two different BO, and B O, with
amonoclinic crystal structure, space group P2, /n. The initial ma-
terial was characterized before using several techniques, such as
X ray and neutron powder diffraction.[3%%]
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Figure 1. Schematic drawings a) commercial proton exchange membrane water electrolysis (PEMWE) stack; b) repeating unit cell; and c) cell compo-

nents.

2.2. Electrochemical Performance and Durability for Sr,CalrOg
in PEMWE

Before stating the development of the PEMWE anode with 0.2
mg, cm™ of Sr,CalrO, catalyst, the OER activity was con-
firmed in a rotating disk electrode (RDE) configuration by
recording cyclic voltammograms between 1.1 and 1.7 Vg at
10 mVs~! and a rotation rate of 1600 rpm in O,-saturated
0.1 m HCIO,. Figure S1 (Supporting Information) shows that
Sr,CalrO, reaches 1.48 V to achieve 10 mA cm™2, a value typ-
ically used to benchmark the OER activity of catalysts.*!] This
value is among the highest ones reported in the literature com-
parable to SrTi It 1305, 6H-SrIr0, 3% SrZrO,:SrlrO, (Zr:lr
1:2),331 and 3R-1rO,,?* oxides; and Ir NSs,**! Ir,,Pd,,,3®) and
IrRu@WO,.1*”) However, high OER activities in RDE do not al-
ways translate into real application in PEMWE. This is partic-
ularly relevant for the assessment of catalyst durability, and in
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general OER catalyst lifetimes recorded in RDE are three to four
orders of magnitude lower than those measured in a PEMWE.!I
However, such OER activities are not always maintained because
many Ir-based oxides undergo dissolution and surface modifi-
cation. Zhang et al. observed that the OER activities of Ir-based
perovskites are generally dominated by the oxides formed on the
catalyst surface.l?*]

Considering the activities shown by the catalyst Sr,CalrO, for
the OER and to demonstrate its usefulness with low Ir load-
ings, the catalysts has been integrated as an anode in a PEMWE
with low loadings. The stability at low loadings is one of the
mayor issues in the reduction of Ir loadings PEMWE. State-of-
the-art commercial PEMWEs use an Ir loading of 2-3 mg;, cm™
in the anode.l) According a previous report,[*®] the large-scale
production of PEMWEs demands a drastic reduction of the Ir
loading to 0.25-0.4 mg;, cm~2,1*] or more precisely, to loadings
that are low enough to reach iridium-specific power densities of
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Figure 2. Proton exchange membrane water electrolysis (PEMWE) measurements with the Sr,CalrOg anode (0.2 mg,, cm~2) and Pt/C (commercial)
cathode (0.4 mgp, cm~2) carried out at 80 °C and ambient pressure: a) Cell potential (E ) with respect to the current density (j) recorded galvanostatically
up to 6 A cm~2 (overload) according to the JRC EU-harmonized, b) E . and cell temperature (T,;;) evolution over time (1000 h) at a constant 2 A cm™2
(nominal load). c) Current voltages curves and high frequency resistance (HFR) values versus current density obtained by electrochemical impedance
spectroscopy (left panel) and Tafel slopes between 10 and 100 mA cm~2 of the iR-free cell voltage (right panel) carried out at 80 °C and ambient pressure
for comparation between Sr,CalrOg (0.2 mg,, cm~2) and benchmark iridium oxide anode (2 mg,, cm™2).

~0.01 g;, kW1 at 70% LHV.[®! According to the RDE measure-
ment the Sr,CalrO, fulfils this criteria so it qualifies as candidate
to achieve a 10-fold reduction on Ir loading and develop an anode
with 0.2 mg;, cm™? without compromising neither activity nor
durability.

For catalyst performance studies, CCMs were prepared as ex-
plained in Section 4 (Experimental Section) and they are com-
posed by Sr,CalrO, to a final Ir loading of 0.2 mg; cm™
in the anode and Pt/C catalyst in the cathode. CCMs were
produced through spray deposition coating on Nafion 212 mem-
brane (50 um). As PTL, Ti porous sintered layer (PSL) on Ti mesh
compound produced by diffusion bonding coated with Pt was
used (PSL/mesh-PTL).[*°l Ti plates were used as BPP. Water elec-
trolysis testing was conducted in a 4 cm? single cell with polar-
ization curves and durability test recorded at 80 °C and ambi-
ent pressure. Ideally, PEMWE cells should transiently operate
at much higher current densities of 6 A cm™ instead of the
state-of-art of 2 A cm~2,[*1] while keeping efficiencies above 70%.
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Figure 2a shows a polarization curve recorded up to 6 A cm™

reaching an E_; of 2.36 V while not exceeding 2.5 V. Cell opera-
tion at this high potential is economically not attractive, so it is
more appropriate to report E_; at nominal current density of 2 A
cm~2. PEMWE reported in our work reaches an E_,; of 1.78 V at
2 A cm~2. This performance is comparable to the most recent re-
ports of PEMWE with low Ir loaded anodes.[?*>*] For further
comparison, PEMWE commercial electrolyzers, such as those
from Hydrogenics,'®! Siemens,[*] and Proton Onsitel*®! achieve
about 2.2 V at 2 Acm 2. In addition to demonstrate a good initial
performance, the novel catalyst must prove to be stable over ex-
tended operating time under PEMWE conditions. Commercial
PEMWESs have a half-life of at least 10 000 h.l°) Mckl et al.l*®]
have shown that a few hundred hours can provide an initial in-
dication of catalyst’s performance. Furthermore, we have tested
durability by recording 1000 h at constant current density of
2 A cm~2 at 80 °C and ambient pressure to evaluate the stability of
the catalyst. As shown in Figure 2b, the PEMWE using Sr,CalrO,
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as the anode shows a stable response, with no significant E_g;
drop even after 1000 h of continuous operation, offering prac-
tically the same E_.; as at the beginning of the operation, with
just a 10-mV increase. This value also obtained by the polariza-
tion curve carried out at begging of test and end of the test after
1000 h (see Figure S2, Supporting Information). The response of
the PEMWE with the Sr,CalrO; anode is similar than that ob-
tained in the long-term tests reported in the literature, record-
ing similar degradation rates than other Ir-based catalysts.[°] As
shown in Figure 2a faster degradation takes place during the early
stages of the durability test. Then, the response stabilizes offering
an almost constant E_, in good agreement with the observations
by Méckl et al.l'8] Other works like Rakousky’s et al.[*’] show that
while the E_; remains constant there is a decrease in ohmic re-
sistance.

To compare the results obtained with Sr,CalrO, with a refer-
ence that has similar characteristics than commercial CCMs,[®] a
CCM prepared with benchmark IrO, as anode (2 mg;, cm~2) and
Nafion 115 (127 um), which is what is used in commercial CCMs,
was tested under the same conditions using identical cell hard-
ware. Since different membranes were used (Nafion 212, 50 ym
thick and Nafion 115, 125 um thick see Experimental Section), the
high-frequency resistance (HFR) values for both configurations
have been measured and used for a valid comparison of the cata-
lyst effect. Figure 2c shows the polarization curves up to 2 A cm=2
(upper panel) and HFR (bottom panel) obtained for the PEMWE.
Electrochemical impedance spectroscopy (EIS) was performed at
different current densities and for the Nyquist plots an equiva-
lent circuit consisting in three elements was used for modeling
the results (see Section S1, Figure S3, Supporting Information).
The HFR values are determined from the intercept with the real
axis taken from the Nyquist diagrams obtained. As expected, the
HEFRs for the PEMWE with low Ir loading (0.2 mg;, cm~2) show
lower values (~30%) than those for higher loading (2 mg;, cm™?)
due to the different thicknesses of the CCMs. However, after iR-
correction the polarization curves of both configurations are al-
most identical, see Figure 2¢, showing only a minor deviation of
1% E. . at 2 A cm ™ despite the high differences in the Ir loading
of both CCMs. Tafel slopes have been determined to better un-
derstand the behavior of the low current density region. A linear
fitting in the Tafel plot in Figure 2c (right panel) has been made
between 10 and 100 mA ¢cm~2. The anode with Sr,CalrO, has
a Tafel slope of 67 mVdec™!, which is similar to the benchmark
catalyst of 69 mVdec™?, indicating that the OER kinetics of novel
anode with Sr,CalrQ, are similar to IrO, but with a reduction of
Ir loading by a factor of 10. With these results, Sr,CalrO shows
to be an active and stable alternative to other Ir-based catalysts
such as those studied by Chatterjee et al.**] or Méckl et al.l8]
with similar iridium loads in the PEMWE anodes. The achieve-
ment of the type of catalysts shown in this work can be a game
changer for this technology.

2.3. Characterization for Sr,CalrO, Before and After Operation
During 1000 h

It is well accepted that the activity presented by Ir-based catalysts
is closely linked to their structure, or more likely to their surface
structure and composition.
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To understand the evolution of the catalyst composition, struc-
ture, and morphology after 1000 h operation, an extensive ex situ
characterization has been performed. The evolution of the cat-
alysts and its surface during the reaction was assessed by char-
acterizing the operated anode (after 1000 h) which is named
Sr,CalrO4-end of test (EoT) anode. The structure of the EoT
anode has been compared with a nonoperated anode, or pris-
tine anode, i.e., the catalyst sprayed on the Nafion 212 mem-
brane (from the water/isopropanol/Nafion ink) but previous
to OER, that we refer as Sr,CalrO,-beginning of test (BoT).
Also, an activated anode or Sr,CalrO,-short time test (SoT) an-
ode which is an anode after short operation time, has been
characterized.

The BoT and EoT CCMs have been analyzed by powder XRD.
The XRD are shown in Figure 3a. As synthesized the Sr,CalrO,
powder has a double perovskite structure.?”! However, since we
recorded X-ray diffraction patterns of the CCM, phase from the
anode and the cathode together with the membrane are observed.
The diffractogram for the BoT displays mainly the reflections of
Pt/C from the cathode. A set of weak reflections at ~31°, 55°
and 74° is also observed. These diffraction lines correspond to
the most intense reflections of the perovskite. However, after the
test of 1000 h, the diffractogram for the EoT CCM fails to show
reflections from the perovskite phase. However, diffraction fea-
tures from the Pt fcc phase (from Pt/C cathode) along with faint
reflections probably arising from the nafion are observed.

The structure of the catalysts of both anodes (BoT and EoT)
was studied by transmission electron microscopy (TEM). For this
study, particles were detached from the CCM by scraping. Fig-
ure 3b shows that the BoT catalyst is composed of particles of
around 500-1000 nm. The XRD analyses indicate that the large
crystalline particles display the perovskite phase. However, most
of these particles fail to display the original Sr,CalrO, compo-
sition as they do contain much lower content of Ca** and Sr**
than the initial perovskite (see SEM Section). The HRTEM of the
periphery of one of the large particles (see Figure 3b) shows the
presence of Ir-rich nanoparticles at the surface of the perovskite.
It means that many of these non-noble metals have been dis-
solved by just immersing the catalyst in the ink suspension.

After 1000 h of operation, at EoT anode, the morphology and
composition of the catalyst changes further (Figure 3b-d). The
catalyst is composed by large particles, but a closer inspection
of the micrographs reveals these are not bulk and dense par-
ticles, but they present a sponge-like morphology, with voids
across the entire particles Figure 3. Energy dispersive X-ray
analysis (EDS) performed after test showed that the particles are
composed only by Ir and O as Ca and Sr continue to dissolve
during the reaction. Figure 3c shows a close image of one re-
gion of the particles. They are conformed by amorphous nanore-
gions (of around 2 nm) which are most likely Ir-O—H species.
The formation of IrOOH species on Sr,CalrO, after RDE cy-
cling has been previously observed,!*! as well as the formation
of this type of open structures. Previous studies about the evo-
lution of Ir mixed oxides during the OER report the formation
of IrO, and/or IrOOH at the surface of the original mixed ox-
ide, in some cases the original mixed oxide being fully trans-
formed into IrO, and/or IrOOH, .[24284849] However, the recon-
struction of the Sr,CalrO, particles after depostion on the CCM
is different to that reported in previous works. First of all, the
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Figure 3. a) X-ray diffraction patterns of the Sr,CalrOg catalyst as synthetized,

the catalyst coated membrane (CCM) BoT and the CCM EoT. b) Transmis-

sion electron microscopy (TEM) and high-resolution transmission electron microscopy (HRTEM) micrographs of the BoT anode. ) TEM and HRTEM
micrographs of the EoT anode. Note that the nanoparticles appearing in Figure 3c are Pt/C contamination from the cathode, since the particles have

been removed directly from the CCM.

Figure 4. Scanning electron microscopy (SEM) images of BoT anode with a) 1.000x, b) 30.000x, and c) 150.000x magnification; the white scale bar

represents on a) 10 um; b) and c) 100 nm.

sponge-like morphology, with an open structure, is unique to
Sr,CalrQ,. We believe that this structure is formed due to the
fast leaching of Ca, that produces a strong reconstruction on the
surface. In this reconstructed surface, the Ir regions are not or-
dered in small individual IrO, /IrOOH nanoparticles, as it is usu-
ally observed,[*®! but in a very amorphous surface layer of Ir-O-H
(Figure 3d).

Complementary, SEM measurements were carried out for
both BoT and EoT anodes, allowing a broader vision of the cat-
alyst structure on the CCM. For the sake of completeness SEM
measurements of the cathode can be found in Section S2, Figures
S3 and S4 (Supporting Information).

The structure of the anode layer with Sr,CalrO, shows three
different size characteristics. Large crystals with an extension in
the micrometer range are visible. The largest crystals extend up
to 10 micrometers marked in Figure 4a. In addition, there are
crystals with a size between ~100 and 400 nm (see histogram
of all crystal sizes in Figure S9e, Supporting Information) that
have formed agglomerates and are typically deposited on the
larger crystals (Figure 4b) comparable to the results measured
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with TEM. The ionomer layer covering the particles can be ob-
served at the edge which is shown in Figure 4c.

From the secondary electron SEM images in Figure 5a—f for
BoT, EoT, and SoT, respectively, one can see that on anode side the
membrane is not completely covered with the catalyst, due to the
high density and large particle size of the Sr,CalrOy. This can be
seen in comparison later in the secondary electron SEM images
in Figure 5a—f for BoT, EoT, and SoT, respectively. The structure
of the catalyst and the interaction with the ionomer was studied
in detail by SEM (Figure 5) and AFM (Figures 6 and 7). Like de-
scribed above, it can be seen in the SEM measurements that the
Sr,CalrQy catalyst are micrometer sized crystals but smaller par-
ticles around 100-400 nm and below in size can also be seen.
The smaller sized crystals are shown in the SEM micrographs in
Figure 5a,d for the BoT anode. The SEM measurement for the
SoT in Figure 5b,e also confirms that the morphology was not
affected by the short-time PEMWE operation.

The EoT anode consists mainly of the large, structured crys-
tals but lacks the presence of smaller crystals. The energy disper-
sive spectroscopy (EDX) measurement in Figure 5g—i of fluorine
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Figure 5. Before and after stability test characterization (scanning electron microscopy (SEM)). a) BoT anode 10.000x, b) SoT anode 10.000x, c) EoT
anode 5.000%; White scale-bar represents 1um on (a—c). d) BoT anode 30.000x, €) SoT anode 30.000x, f) EoT anode 30.000x; White scale-bar represents
100 nm on (d-f). g-i) Quantitative energy dispersive spectroscopy (EDX) mappings with a scale-bar of 20 um (iridium = red, fluorine = blue): g) BoT

anode, h) SoT anode, i) EoT anode.

BoT 1.2 um b

C EoT 1.7.um

Figure 6. Atomic force microscopy (AFM) height measurements with an area of 10 X 10 um? for a) BoT, b) SoT, and c) EoT.

and iridium underlines this statement. EDX measurements re-
vealed the presence of Sr and Ca on BoT and SoT catalyst, but
their content decreases after operation, like it was observed with
TEM. Still, after operation for 1000 h at a large-scale Sr and Ca
could be found in a lower amount when compared to BoT anode.
Bar charts for elemental SEM/EDX analysis for BoT, EoT, and
SoT can be found in Figure S14 (Supporting Information). This
structure of large catalyst particles can be advantageous for the
performance of the catalyst layer due to low or null tortuosity. The
rate determining step for the electrolyte flux at this catalyst layer
structure is then the connection to the other components like the
PTL. The thickness of the catalyst layer is 1-3 um depending on
the number of stacked large crystals that are kept together by the
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ionomer. The thickness was measured with SEM using ion-cut
samples of the CCMs. It is noted that the membrane was dam-
aged by the cut with argon ions, but the focus here is on the cat-
alytic layer. Several SEM secondary electron measurements and
EDX mapping images at different resolution of the ion-cuts sam-
ples can be found in Figures S5-S7 (Supporting Information).
To study the ionomer coverage, conductive and nanomechan-
ical AFM was performed on the surface of the three anodes at
different operation times, that is BoT, SoT, and EoT. In addition
to the measurements of the nanoelectrical and nanomechanical
properties measurements with high resolution AFM tips reveal
the topography of the catalyst layer as 3D images, see Figure 6.
Height profiles of these structures can be found in Figure S15
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Figure 7. Atomic force microscopy (AFM) height measurements of anodes a) BoT, b) SoT, c) EoT and the corresponding AFM electronic conductivity

measurements d) BoT, e) SoT and f) EoT.

(Supporting Information). The smoother surface of the EoT sam-
ple due to a higher ionomer coverage is obvious from these mea-
surements.

With nanoelectrical and nanomechanical AFM measurements
in PeakForce-TUNA mode (Figure 7) the ionomer seems to cover
a large part fraction of the particles, which can be clearly seen
in the measurements of the electronic current. For this purpose,
a voltage is applied between the catalytic layer and the AFM tip
coated with Ptlr, and thus the electron flux at the areas is not
covered with ionomer is measured. The BoT anode shows a low
electronic conductivity and therefore a high ionomer coverage.
Remarkably, the conductive area is only 2-3% of the measured
area of 10 um. The ionomer can be further distinguished in ad-
dition from the catalyst by higher deformation and adhesion as
well as lower stiffness (shown in Supporting Information). The
coverage with ionomer on the surface is approx. 49% from mea-
suring the deformation. From this result, a low interconnection
between the single crystals can be assumed, as the back contact
of the electronic current was based on the side of the sample.
Interestingly, this does not prevent the good electrochemical per-
formance reported in the specific Section 2.2.

SEM in Figure 5d shows how the ionomer is located between
the particles, acting as binder and ensuring the ionic conductivity.
In the Supporting Information, representative SEM images with
a higher resolution are shown in which the ionomer is clearly
visible (Figure S9, Supporting Information). A high amount of
ionomer coverage can be assumed for the BoT anode by the AFM
measurements. This situation clearly changes after a short acti-
vation, as the conductive area of the SoT anode measured with
AFM increases by a factor of 10 (Figure 7). The nanomechanical
properties, like the deformation information derived from AFM
force-distance curves (Figure S17, Supporting Information) con-
firm this observation. The ionomer distribution can also be im-
aged with SEM. Thus fluorine EDX mapping after activation re-
vealed a reduced ionomer coverage which is visible in the SEM
measurements as well as in the EDX mappings, which show less
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fluorine coverage. This result is clearly observed from the false
color mappings for the fluorine content in Figure S11 (Support-
ing Information). The area of low adhesion and low deformation
(uncovered catalyst particles) measured with AFM increases after
activation, as the fluorine content decreases at the surface of the
catalyst layer measured with EDX mapping, shown in blue color
(Figure 5g—i and Figure S11, Supporting Information, concentra-
tion mapping). This effect is in good agreement with the electro-
chemical measurements, where the OER activity improves after
the activation process.

A good combination of ionic and electronic conductivity with
catalytic activity is essential for high performance. Optimal elec-
trical and structural properties for the catalyst layer have not been
determined so far, and more research is required. In this work, it
can be shown that not necessarily a good contact between the
different particles is crucial for high performance, but the in-
teraction between the ionic and the electronic conductivity as
well as a good accessibility of the catalyst is essential. A good
electrical back-contact can be achieved by an optimized PTL. An
ionomer layer of about 10-30 nm can be assumed, with the thick-
ness typically having some distribution, as shown for fuel cells
by Morawietz et al.>% and Lopez-Haro et al.[’!] in the case of fuel
cells (PEMFC). The imaging of the ionomer with the SEM in the
Pt/C catalyst layer in PEMFC is difficult because the contrast be-
tween carbon and ionomer is often insufficient. In the case of
PEMWE, the contrast is superior with Ir nanoparticles, which
is why the ionomer, at the edge of the particles, can be distin-
guished from the catalyst in the SEM. An example is shown in
Figure S9¢,d (Supporting Information); however, the quantifica-
tion of ionomer coverage is still challenging, as the ionomer on
the surface only shows as a blurred image at these areas. How-
ever, at the boundaries of the particles, the ionomer can be trans-
mitted and thus the ionomer layer thickness can be measured.

A structural change due to the ion beam cannot be excluded.
To obtain complementary and supplementary measurements of
the properties, AFM measurements were performed in addi-
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Figure 8. Ir 4f core-level region of the BoT (a) and end of test (EoT) (b) anodes. The prefix D-indicates the analysis of the inner layers of the catalyst at

the BoT (c) and EoT (d) anodes.

tion to SEM measurements. The advantage of AFM in this con-
text is the measurement carried out without vacuum and with-
out the influence of an electron beam. At EoT anode, however,
an opposite effect can be seen for the ionomer coverage than
what was the case after activation. The particles that are al-
most completely enveloped by ionomer remain stable in the cat-
alytic layer: It seems like crystals are inside the membrane ei-
ther due to softening of the membrane ionomer or a rearrange-
ment of the ionomer from the anode. In the SEM surface images,
this effect can be seen in as more blurring of the catalyst layer
(Figure 5c) but the AFM images (Figure 7cf) the result is al-
most nonexistent electronic conductivity. In addition, a signifi-
cantly reduced coverage of the membrane with catalyst can be
seen in the EDX measurements (Figure 5i), where a higher area
of fluorine is measured. The lower coverage of the membrane
surface is also noticeable in the SEM measurements. It can be de-
rived thationomer covers the surface leading to the low electronic
conductivity, similarly to what has been reported by Morawietz
et al.’® The EoT anode has a significantly reduced electronic
conductivity, where one can see that almost the entire surface is
covered with ionomer. The conductive areas, i.e., the areas not
covered with ionomer and connected coherently, are only 0.1%
after operation for 1000 h. Despite this large decrease in elec-
tronic conductive, the electrochemical activity of the anode re-
mains high, indicating that only the electronic contact to the PTL
is relevant and not the in-plane conductivity of the catalyst layer,
and not the cross-conductivity between the individual catalyst
particles.

Further SEM and AFM measurements on the surface and
ion-cut samples are shown in Figures S5 and S6 (Supporting
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Information). It is assumed, that the crystals, which are larger
and coated with ionomer, have a higher stability than uncov-
ered small particles. The disappearance of the smaller crys-
tals after the operation time of 1000 h can also account to
Ostwald-ripening.[>*>4 The unconventional structure morphol-
ogy of Sr,CalrQ, contributes to the reduction of Ir in the catalyst
layer and demonstrates a new approach that can be expected to
lead to further improvements and enables long-term operation
without a significant decrease in catalytic activity.

Moreover, the surface nature of the cations and composition
of the Sr,CalrQ, anode was analyzed by XPS, see Figure 8. The
evolution of the surface during the reaction was assessed by com-
paring the spectra for the fresh sample, i.e., before reaction (BoT),
and of the CCM recovered after 1000 h of reaction (EoT). In addi-
tion, the compositions of the outmost layer and of an inner layer
of the CCM before and after the OER (D-BoT, and D-EoT, respec-
tively) were analyzed to assess the homogeneity of the catalytic
layer.

The XPS spectra of all samples reveal the presence of Sr and
Ir (along with O and C), but fail to show the presence of Ca (see
Section S6, Figure S18, Supporting Information). This result in-
dicates that Ca cations are leached from surface of the catalyst
already during ink preparation and/or catalyst deposition on the
membrane. In line with previous reports, and in order to account
for screening effects, the Ir 4f core-level regions were adjusted
using asymmetric peaks, with a spin-orbit splitting of ~2.98 eV
and a peak area ratio of ~4/3. The Ir 4f core-level spectrum of
BoT anode shows two doublets, with the binding energies of the
Ir 4172 peaks at ~60.0 and 63.5 eV, see Figure 4a. After opera-
tion, the spectrum of EoT anode also records two doublets, with
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the Ir 4f7/2 peaks at #60.4 and 62.4 eV, see Figure 4b. The peak
at ~60 eV is typically ascribed to metallic Ir species. However,
such an assignment would be counterintuitive for our sample,
since Sr,CalrO, has been synthesized under high O, pressure at
high temperature, resulting in Ir > 4+ cations.[?!] It is known
that the actual BE of the Ir signal is related to its local struc-
tural environment. For instance, Chen et al.[*! studied the XPS
spectrum of monoclinic SrIrO; (m-SrlrO,), which is a mono-
clinic distortion of the 6H-hexagonal perovskite, and concluded
that the Ir 4£7/2 peak at 60.33 eV should be ascribed to Ir4+
species. In m-SrIrO3, part of the IrO6 (with Ir4+) octahedra are
face-shared on Ir, O, dimers. In these dimers, the Ir-Ir distances
are relatively short, 2.770(8) A,[°8] a value similar to Ir-Ir dis-
tances in metallic I’ and much closer than in most Ir oxides
and mixed oxides.3%*8 With this discussion in mind, we ascribed
the species at 60.33 eV to cationic Ir species, probably Ir4+.
Moreover, such an assignment is consistent with the X-ray ab-
sorption spectroscopy (XAS) results shown below. A deeper anal-
ysis of the XPS spectra shows that only Ir and Sr (along with O)
atoms are present at the surface, so it is possible that a phase akin
to m-SrlrO; has been formed at the surface of the catalyst upon
Ca dissolution. This view is also consistent with the analysis of
the Sr 3d region. In BoT anode, the position of the Sr 3d5/2 core-
level at 133.4 eV characterizes Sr cations in mixed oxides such as
SrTiO3. Admittedly, this BE is also found for other Sr species, in-
cluding Sr oxides, hydroxides and/or carbonates.**! In addition,
as observed by XPS not only Ca, but also a fraction of Sr atoms
is leached. Thus, the surface atomic Ir/Sr ratio of 0.8 found for
BoT anode is closer to the value of 1 expected for SrIrO3 than to
the stoichiometric value of Ir/Sr = 0.5 expected for Sr,CalrO,.

The second Ir 4f doublet at higher BE is usually ascribed to
the presence of shake-up satellite peaks, which appear at ~1 eV
higher BEs than the main peak. However, the Ir 4f7/2 peak of
the second doublet is centered at 63.5 eV, i.e., at higher BEs than
those expected for satellite peaks, suggesting that this doublet
characterizes Ir cations in high oxidation state, Ir > 4+ as ex-
pected for the Ir atoms in Sr,CalrO;. The Ir 4f core-level region
of the spectrum of the sample after 1000 OER cycles (EoT an-
ode) also displays two doublets, with the Ir 4f7/2 peaks at 60.3
and 62.4 eV.[*%! Contrary to the spectrum BoT, after the OER, the
doublet at high BE (62.4 eV) is more intense than the one at low
BE (60.3 eV). In addition, the peak at high BE shifts by ~1 eV to
lower energy as compared to the high BE peak (63.5 eV) in the
spectrum for BoT, suggesting that Ir > 4+ species have evolved
into Ir4+/3+ species. Note that the precise assignment of Ir3+
and Ir4+ species by XPS is not straightforward. In part, this is
due to the fact that Ir3+ species may appear at higher BE than
Ir4+ ones, at least in pure oxides.[>®!

The Sr 3d core-level spectrum for EoT anode shows a peak at
134.3 eV, a value typically reported for strontium carbonates. The
surface atomic Ir/Sr ratio increases to 1.25 (0.8 in the fresh sam-
ple, see above) indicating a progressive dissolution of Sr during
the OER. The analysis of the inner layer of the catalyst layer by
XPS reveals the same trends. The spectrum for BoT anode (Fig-
ure 8c) shows two doublets, with Ir 4£7/2 peaks at 59.7 and 63.
4 eV. After reaction, a single doublet at 62.5 eV is observed (Fig-
ure 8d). In summary, the XPS analysis of the CCMs indicate a
surface reconstruction from the initial catalyst Sr,CalrOg, into a
mixture of SrIrO3 and Sr,CalrQ, after catalyst deposition on the
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MEA due to Ca and Sr dissolution, and finally into a mixture of
IrO, /IrOOH species after the OER.

XAS was performed on the BoT and EoT anodes. Figure 9a
shows the Ir L,-edge XANES signal of both anodes together with
IrCl; and IrO, standard. The white line position of BoT anode
(11219.3 eV) is the same as that of IrO,, indicating that the ox-
idation state of Ir is close to +4. However, after 1000 h opera-
tional cycles a shift of the white line position toward lower en-
ergies (11218 eV) is observed for the EoT anode, closer to IrCl,
(11217.7 eV) indicating a reduction of Ir oxidation state and prob-
ably also a change in the environment of Ir during the OER. This
evolution is consistent with the possible formation of an amor-
phous phase similar in structure to IrO, or SrIrO; for BoT and
followed by a partial reduction of Ir oxidation state during opera-
tion, probably resulting in the formation of IrOOH.

Figure 9b depicts the evolution of the Fourier transform (FT)
from the Ir L;-edge extended X-ray absorption fine structure (EX-
AFS) signals. The first coordination shell around 1.9 A is at-
tributed to the Ir-O distances. In BoT anode this distance is very
similar to Ir-O found in IrO, SrlrO,, and Sr,CalrO,.***8] How-
ever, EoT anode shows a slight increment of the Ir-O bonds indi-
cating more reduced Ir atom, in accordance with the formation of
nanoregions of IrOOH, in which the Ir-O distances are close to 2
A 15861 Lastly, the broader features present in the FT of both BoT
and EoT anodes relative to IrO, are consistent with a more disor-
dered, amorphous sample environment, as evidenced by TEM.

Therefore, with the physicochemical characterization we can
summarize that the surface of BoT is mainly composed by Sr
and Ir, and presents very short Ir-Ir distances similar to m-
SrIrO,.The oxidation state of Ir in the BoT compound is close
to 4+ determined from XAS. After 1000 h operation cycles the
restructuration of the catalyst continues. The oxidation state of Ir
on the EoT compared to BoT changed to slightly more reduced
Ir. Also, the formation of sponge-like particles with voids and
an amorphous surface layer of Ir-O-H is observed. SEM im-
ages reveal the agglomeration of the particles with the loss of
the small ones and the big particles getting bigger. This kind
of agglomeration has been previously observed in this mate-
rial after 5000 OER cycles.[””] The agglomeration of this par-
ticles into larger ones can explain the large durability of the
material.

3. Conclusions

In this work we have developed an anode with Sr,CalrO, catalyst
having only 0.2 mg;, cm~2, which is 10 times lower compare to Ir
loadings of commercial CCMs. The PEMWE cell with this anode
showed a performance 1.78 V at a nominal current of 2 A cm™2,
at 80 °C and ambient pressure, and it is kept stable for more than
1000 h. Spectroscopy studies conducted before and after 1000 h of
operation in PEMWE reveal a strong reconstruction of the initial
Sr,CalrO, sample. After 1000 h of reaction, and due to the fast
leaching of Ca and Sr, the surface develops a sponge-type mor-
phology conformed by small nanoregions of Ir-O-H that are re-
sponsible of the high OER performance. Most of the Ca and Sr
are leached out from Sr,CalrO, but traces of them remain after
the aging test. Regarding the morphology and structure of the cat-
alyst layer itself, despite the structure is full covered of ionomer
after operation, the electrochemical activity is consistently high,
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Figure 9. a) X-ray absorption near edge structure (XANES) signals of the Ir Ly-edge and b) Fourier transform extended X-ray absorption fine structure

(FT-EXAFS) of BoT anode, EoT anode, Ir black, IrO,, and IrCl; standards.

indicating that only the electronic contact to the PTL is critical,
and not the in-plane conductivity of the catalyst layer. In this re-
gard, the choice of catalyst and how connect it with the PTL (in-
terface catalyst layer/PTL) has an outmost importance and is the
key to produce catalyst layers with low Ir loadings.

The unconventional structure Sr,CalrO, also contributes to
the reduction of Ir in the catalyst layer and demonstrates a new
approach that can be expected to lead to further improvements
and enables long-term operation without a significant decrease
in catalytic activity. Anodes with low Ir loadings can be estab-
lished as the new state of art in PEMWE making it more eco-
nomically attractive. Our results open new perspectives for scal-
ing low-cost PEMWE technology for large-scale production of
green H,.

4. Experimental Section

Physicochemical Characterization: The phases and crystal structure of
the phases in the CCM were analyzed with a X-ray polycrystal PANalytical
X’ Pert PRO using nickel-filtered CuKa (1.541874 A) radiation, with a 0.04°
step size and accumulating 20 s per point.

TEM, HRTEM, and X-ray EDX were recorded in a JEOL 2100 field
emission gun transmission electron microscope operating at 200 kV and
equipped with an EDX Microanalysis system by Oxford INCA. The speci-
men was prepared by scratching catalyst from the CCM and deposited it
on a Cu grid supporting a lacey carbon film.

XPS were recorded in a SPECS customized system equipped with a
nonmonochromatic X-ray source XR 50 and a hemispherical energy an-
alyzer PHOIBOS 150 using the X-ray MgK line (1253.6 eV) (operating at
200 W/12 kV). The energy regions of interest were scanned at increments
of 0.7 eV and fixed pass energy of 20 eV. The pressure of the analysis cham-
ber was maintained at 3 x 10~'° mbar. The position of the C 1s core-level
peak was set at 284.6 eV. Spectra were analyzed using the XPSCasa Soft-
ware. For the XAS measurements, the Ir Llll-edge data was collected in
transmission and fluorescence modes at the CLESS beamlinel®?] of the
ALBA synchrotron. References were prepared as pellets of powders diluted
in cellulose so the data was collected in transmission; while samples of
BoT and EoT anodes were run directly on the CCM, so the data were col-
lected in fluorescence mode. Several scans were measured to ensure re-
producibility and a good signal to noise ratio. The data were treated with
the Demeterl®3] package and the energy was calibrated to the maximum
of the first inflection point of the Ir Black spectrum taken as 11215 eV.

SEM was performed with a JEOL field emission microscope (JSM-
7200F) with Schottky—Emitter to observe the surface and the cross-
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sections of the CCLs. For surface observation samples were prepared by
cutting approximately 0.5 x 0.5 cm? from the CCM and glued with dou-
ble sided carbon tape to the SEM sample holder. For secondary electron
observation the working distance was kept at 4 mm for improved reso-
lution using lower electron detector while a working distance of 10 mm
was chosen for EDX measurements as the detector is calibrated for this
distance. The relevant imaging data is always shown in the legend of each
SEM image. The EDX mapping of the surface and of the cut samples were
performed with the attached Bruker Quantax Energy dispersive X-ray sys-
tem (Quantax XFlash6/60) at 15 kV as the high voltage is needed for EDX
for heavier elements. lon cut samples were prepared using a Jeol ion cut
polisher (lon cutting system JEOL IB-19520/CCP, used with Argon gas)
with 6 kV for 6 h for each sample at room temperature while swinging the
sample stage during the cutting process.

AFM measurements were performed before and after the stability test
measurements. In addition, a sample after activation was analyzed with
AFM. The sample was cut with a razor blade and was then attached to
a 12 mm steel disc with conductive double-sided tape. Conductive tape
was also placed on a part of the top of the catalyst layer to ensure elec-
trical contact. This setup was attached to the AFM with neodymium mag-
nets. AFM measurements were performed with a Bruker ICON XR AFM
(Bruker Nano Surfaces Inc., Karlsruhe, Baden-Wiirttemberg, Germany) in
either PF-QNM or PF TUNA conductive tapping mode. Conductive tap-
ping, while averaging the current over the whole cycle (TUNA current) or
over the time in contact with the sample (contact current) with a lock-in
amplifier, was performed (PF-TUNA, Bruker) on the surface of the catalyst
layers with PPP-NCHPt tips (Nanosensors). For higher resolution images
SSS-FMR tips with a tip radius of <2 nm were used (Nanosensors).

Half-Cell Electrochemical Characterization: The electrochemical per-
formance was recorded using an Autolab PGstat 302N potentio-
stat/galvanostat. A standard three-compartment glass cell was used and
a RDE (Pine Research Instruments). A graphite bar was used as the
counter electrode. An Ag/AgCl (3 M) electrode was used as the ref-
erence electrode. The catalyst was deposited as an ink (5 Mgeaiyst)
1 mgyyicanm 003 Mlyaon, and 0.97 mlyye) on a glassy carbon work-
ing electrode. The ink was prepared by mixing the oxide with carbon
black (Vulcan-XC-72R) to improve the electrical conductivity. The mix-
ture was sonicated with an Ultrasonic Processor UP50H (Hielscher).
An amount of 10 pL of ink was dropped onto an electrode of 0.196
cm? of area, with a catalyst loading of 0.25 Meatalyst cm~2. The Ir
loading is 0.096 mg;, cm~2 for Sr,CalrO¢. The OER was assessed by
recording cyclic voltammograms between 1.1 and 1.7 V¢ at 10 mVs™!
and a rotation rate of 1600 rpm. The measurements were performed in an
O, saturated 0.1 m HCIO, electrolyte to assure the O,/H,0O equilibrium
at 1.23 V. The OER kinetic curves were capacitance-corrected by using the
average of the anodic and cathodic curves and iR-corrected by using the
formula E — iRcorected = Eapplied — IR, Where i is the current and R is the
ohmic electrolyte resistance (R = 29 Q) obtained from EIS at open circuit
voltage.
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CCM Preparation and PEMWE Measurements: CCMs were prepared by
the wet spraying technique using a vacuum heating table (Fuel Cell Store)
to hold the Nafion 212 PEM (50 um) substrate in place and heat it to 100
°C during deposition. The distance between spraying nozzle and substrate
was kept at 6 cm, and the ink deposition rate was limited to 2-3 min mL~".
The inks were prepared by mixing 1 mg of catalyst in 1 mL of ultrapure
H,0 (MiliQ, 18 MQ cm~") and the desired amount of Nafion D521 solu-
tion (5 wt% in lower aliphatic alcohols and water) to achieve an ionomer
content of 25 and 30 wt% in the dry anode and cathode layer, respectively.
The mixture was sonicated for at least 1 h until the catalyst was well dis-
persed. An amount of 1 mL of isopropanol (IPA, ACS reagent, > 99.5%)
was added and the mixture was sonicated for 10 min to reach the adequate
dispersion and homogeneity of the ink. This process was scaled up to the
desired volume of ink. After spraying and drying, the CCM was hot pressed
at 5 MPa and 125 °C. The resulting loading of Ir at the anode was 0.2 mg
cm~2 and the loading of Pt at the cathode was 0.4 mg cm~2. Ca and Sr will
leach out in the process of OER electrolysis and could affect strongly the
PEMWE performance, likely due to Sr and Ca cations displacing protons
in the ionomer and PEM. Therefore, the CCM was subjected to a proto-
col of activation, which involves an extensive chemical cleaning in diluted
H,SO, and electrochemical cycling, until the performance of the PEMWE
does not change anymore. At this point the Sr and Ca on the surface of
catalyst have been completely leached out posing no danger in affecting
the PEMWE performance, as we later demonstrate in the durability test.

For benchmark catalyst test, CCMs with an iridium oxide anode, Pt-
based cathode, and chemically stabilized Nafion 115 membrane (125 pm)
were used for all electrochemical tests. The loading of the catalyst is 2 and
0.95 mgp, cm™2.

The PEMWE setup optimized for long term measurements and the an-
ode and cathode water flow rate was 2.5 L h™1. On both the anode and
cathode side, a Ti PSL on Ti mesh (PSL/mesh-PTL) compound PTL pro-
duced by diffusion bondingl#?] coated with Pt®*] was deployed. On the
cathode, a carbon paper sheet (Spectracarb 2050A-1050) was used as an
additional layer contacting the cathode catalyst layer on one, and the PTL
on the other side. On both the anode and cathode side Ti-BPPs were
employed. The cell active area was 4 cm? and in both setups and tests
were carried out at 80 °C and ambient pressure. The polarization curves
were measured galvanostatically according to the JRC EU-harmonized
procedure,!8°] employing a dwell and consecutive recording period of 10
s for each current step. HFR was obtained from the high-frequency in-
tercept of the Nyquist plot with the real axis and Tafel slopes obtained
of the iR-free cell voltage are represented as a linear fit between 10 and
100 mA cm~2.
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