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ABSTRACT: Proton exchange membrane water electrolysis (PEMWE) is a promising
technology to produce hydrogen directly from renewable electricity sources due to its high
power density and potential for dynamic operation. Widespread application of PEMWE is,
however, currently limited due to high cost and low efficiency, for which high loading of expensive
iridium catalyst and high OER overpotential, respectively, are important reasons. In this study, we
synthesize highly dispersed IrRu nanoparticles (NPs) supported on antimony-doped tin oxide
(ATO) to maximize catalyst utilization. Furthermore, we study the effect of adding various
amounts of Ni to the synthesis, both in terms of catalyst structure and OER activity. Through
characterization using various X-ray techniques, we determine that the presence of Ni during
synthesis yields significant changes in the structure of the IrRu NPs. With no Ni present, metallic
IrRu NPs were synthesized with Ir-like structure, while the presence of Ni leads to the formation
of IrRu oxide particles with rutile/hollandite structure. There are also clear indications that the
presence of Ni yields smaller particles, which can result in better catalyst dispersion. The effect of these differences on OER activity
was also studied through rotating disc electrode measurements. The IrRu-supported catalyst synthesized with Ni exhibited OER
activity of up to 360 mA mgPGM−1 at 1.5 V vs RHE. This is ∼7 times higher OER activity than the best-performing IrOx benchmark
reported in the literature and more than twice the activity of IrRu-supported catalyst synthesized without Ni. Finally, density
functional theory (DFT) calculations were performed to further elucidate the origin of the observed activity enhancement, showing
no improvement in intrinsic OER activity for hollandite Ir and Ru compared to the rutile structures. We, therefore, hypothesize that
the increased activity measured for the IrRu supported catalyst synthesized with Ni present is instead due to increased
electrochemical surface area.
KEYWORDS: Proton exchange membrane water electrolysis, oxygen evolution reaction, platinum group metal minimization,
alloyed iridium catalysts, supported iridium catalysts, amorphous iridium, hollandite iridium

■ INTRODUCTION
Hydrogen is a key energy carrier and an important chemical
feedstock in today’s industry. Most hydrogen currently used is
made from natural gas. However, if produced through water
electrolysis that is driven by renewable electricity, direct carbon
emissions can be avoided. This “green hydrogen” is a key
element in the energy transition.1−3 Of the different water
electrolysis systems, low-temperature water electrolysis based
on proton exchange membranes (PEMWE) is the most
promising technology for applications where high power
densities and fast load flexibility are desired.4 However, the
current requirement for extensive use of costly and scarce
materials for PEMWE threatens the future widespread
application of this technology. State-of-the-art PEMWE anodes
utilize large amounts of Ir, which the European Commission
has placed on its critical raw material (CRM) list over elements
with particularly high supply risk to the EU.5 Ir is one of the
scarcest materials on earth and is almost entirely extracted as a
byproduct of Pt and Pd mining.6,7 The Ir production volume is

therefore highly dependent on Pt demand, resulting in near-
zero supply elasticity. As a result, future implementation of
PEMWE technology at a scale of multiple GW annually would
require nearly all the global Ir production, given the state-of-
the-art Ir content of ∼2 mg per cm2 of geometric electrode
area.7,8 Furthermore, Ir production is geographically unbal-
anced, with the main production originating from South Africa
and Russia.9,10 In addition to the dependence on Ir for the
anode catalyst, the use of other expensive materials such as Ti
for bipolar plates and PFSA-type membranes contribute to
driving up the cost of PEM systems.
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A crucial target for enabling widespread application of
PEMWE technology is lowering the Ir content in the anode
catalyst layer.7,11,12 This requires a drastic increase in catalytic
activity per unit mass of Ir used. There are two main
approaches to achieve increased activity from the anode
catalyst: (i) to develop catalysts with a higher electrochemically
active surface area (ECSA), and (ii) to develop catalyst
materials with higher intrinsic or specific activity (reaction rate
per active surface area). In the first approach, small
nanoparticles (NPs) are used as catalyst material, as they
maximize the available surface with respect to catalyst mass.
However, NPs tend to aggregate and thereby lose active
surface area over time. Therefore, they are typically dispersed
on conductive support materials, which provide electrical
contact and stable anchoring under operation. Importantly,
supported catalyst materials also typically exhibit better NP
dispersion than their unsupported counterparts, which results
in optimal utilization of the catalyst material and the need for
lower catalyst loading. The second approach, on the other
hand, consists of investigating modifications of the active phase
of the catalyst that increase the intrinsic activity of the catalysts.
The most common modification is alloying which can induce
structural as well as electronic (ligand) effects.13,14

When aiming to increase the ECSA, identifying suitable
support materials is a major challenge. The oxygen evolution
reaction (OER), which is the anode process in PEMWEs,
requires strongly oxidizing potentials. Thus, oxide support
materials are obvious candidates.15 In order to create sufficient
electrical conductivity, the oxide support material is typically
doped.15 In particular, antimony-doped tin oxide (ATO) is
often discussed as a promising support material candidate due
to its high electrical conductivity.16−21 As leaching of the Sb
dopant has been reported,22 the stability of ATO-based
catalysts under OER working conditions needs to be assessed
with care, especially at higher operating temperatures.
In the present work, we focus on combining both

approaches, i.e., strategies for the optimization of the specific
activity of highly dispersed NPs by supporting them on mixed-
metal oxides. Adding Ru to an Ir catalyst can increase its
catalytic activity; in previous work by some of the authors of
the current study, it has been shown that the activity of Ir can
be increased roughly 6 times by adding 60 at. % Ru.23 A
composition optimization based on density functional theory
(DFT) calculations proposed an IrRu mixed oxide with 30−45
at. % Ru as the most active catalyst for the OER.24 At the same
time, studies have shown that there is typically a trade-off
between activity and stability for Ir and Ru-based catalysts,
where the most active catalysts are typically the least stable.25

Later work showed that this trend depends on measurement
conditions and catalyst structure.26

Furthermore, it has been demonstrated that mixing of Ni
into RuO2 and IrO2 results in improved OER perform-
ance.27−30 Theoretical calculations have shown that Ni doping
results in an intrinsic improvement arising from a change in the
energy levels of the reaction intermediates.27,31 Meanwhile, an
experimental study of Ir−Ni mixed metal oxides also revealed a
shift in crystal structure from the typically observed rutile IrOx
to increasing amounts of edge-sharing octahedra when the Ni
content was increased, suggesting that there could also be a
structural contribution to the increased activity.29 Indeed, it
has been shown that X-ray amorphous IrOx with a high degree
of hollandite structure, which contains a larger fraction of edge-
sharing octahedra, exhibits higher catalytic activity than its

rutile counterpart.32,33 This effect was explained through
increased intrinsic activity based on an alteration of the Ir/O
active site electronic structure.32,33

In order to further study the influence of Ni on the structure
and activity of Ir based OER catalysts, we utilize a solvothermal
flow synthesis under supercritical conditions to produce
Ir0.7Ru0.3 NPs on a commercial ATO support, with and
without Ni added to the synthesis. The two different types of
catalyst are named IrRu and IrRuNi, respectively, throughout
this work. The solvothermal flow synthesis technique typically
leads to the generation of catalyst NPs with high crystallinity
and narrow size distribution34−36 and enables the addition of
controlled amounts of Ni that is present during the catalyst NP
nucleation. A wide range of characterization techniques are
used to evaluate the effect of Ni on the IrRu morphology,
crystal structure and OER activity. It turns out that the
presence of Ni gives rise to an IrRu phase with amorphous
structure (in X-ray diffraction (XRD) measurements),
exhibiting similarity to hollandite structure in total X-ray
scattering pair distribution function (PDF) experiments.
Catalysts where Ni was present during synthesis exhibit a
very high OER activity of up to ∼360 mA mgPGM−1 at 1.5 V vs
RHE, which is more than 7 times higher than literature
reports21,37 and benchmark measurements using unsupported
IrOx. DFT modeling comparing hollandite with rutile structure
for Ir and Ru suggests that the high activity observed is likely
not due to increased intrinsic activity, but rather due to other
factors such as higher ECSA. This work therefore gives rise to
further information on X-ray amorphous Ir phases and the role
of Ni in Ir-based OER catalysts and provides a path to
significantly improved utilization of Ir and Ru in PEMWE
anodes, which is key to enable widespread implementation this
technology.

■ RESULTS AND DISCUSSION

Synthesis and Structural Analysis with X-ray Diffraction

IrRu and IrRuNi NPs were synthesized directly on ATO
support with the solvothermal flow approach described in the
methodology. To discount any structural changes in the ATO
support due to the synthesis conditions, bare ATO support was
first flowed through the solvothermal reactor under synthesis
conditions and analyzed. Ir, Ru and Ni precursor salts and
ATO support were then added together to the reactor to
synthesize supported IrRu and IrRuNi catalysts. The structure
of the samples was analyzed by XRD and Rietveld refinement,
with the data shown in Figure 1. A more comprehensive list of
all the calculated XRD patterns for the various possible phases
is shown in Figure S1. For the bare ATO support, the peaks in
the XRD diffractogram are described well as a cassiterite, rutile
crystal structure of SnO2 that takes the space group P42/mnm,
see Figure 2A, Figure S2 and Table S2. Rietveld refinement of
the data from the ATO particles indicates a crystallite size of
∼15 nm, which is comparable to the as-received powder that
has a particle size of ∼12 nm. Regarding the supported catalyst
particles, some of the structures that these catalysts could be
expected to take are depicted in Figure 2B-E and their
calculated powder patterns are shown in Figure S1. Metallic Ir
adopts an fcc structure while metallic Ru adopts an hcp
structure. Since the XRD powder patterns are very different for
metallic Ir and Ru (see Figure S1B and C), it is possible to
distinguish if an alloy is formed or if the two phases are
crystalline and segregated. Furthermore, as described above,
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literature reports show that the IrOx-based catalysts can either
adopt a rutile or hollandite phase, and that hollandite is more
active than rutile IrOx.

29,32 According to the calculated XRD
patterns, the rutile IrOx will be nearly indistinguishable from
the rutile ATO support (see Figure S1A and F). This is not the
case for hollandite IrOx due to the presence of an extra peak at
17.6°2θ (Figure S1G) and a different intensity pattern for
Bragg reflections between 20 and 40°2θ.
IrRu NPs supported on ATO show Bragg reflections

consistent with rutile (space group P42/mnm) and metallic
Ir NPs (space group Fm3̅m), see Figure 1. The particle size
obtained from Rietveld refinement is 13 nm for ATO NPs and
3 nm for Ir NPs (Figure S3 and Table S3). While both Ir and
Ru are found in the elemental analysis (see Table S1), there
are no peaks consistent with metallic Ru nanoparticles,
suggesting that Ru is forming an alloy with Ir. This can be
further supported by the shift of the observed main peak for Ir,

which was measured at 41.1°2θ compared to the calculated
one at 40.8°2θ, implying a smaller unit cell. Analysis of the
XRD data for IrRuNi reveals only Bragg peaks consistent with
rutile ATO, with no evidence of metallic Ir (Figure 1). Rietveld
refinement of the IrRuNi data gives 11−12 nm crystallite size
of the ATO phase, slightly smaller compared to bare ATO and
the IrRu catalyst (Figure S4 and Table S4).
Pair Distribution Function (PDF) Analysis
PDF analysis of total scattering measurements was used to
further elucidate the catalyst structure, since no peaks
consistent with crystalline IrRuNi were observed with
XRD.43 Calculated PDF patterns of metallic Ir (dashed blue
trace) and rutile IrO2 (dashed purple trace) are shown in
Figure 3. These calculated peaks can be used as fingerprints of

the different phases. Metallic Ir has a peak at 2.7 Å, which
corresponds to the Ir−Ir distance, while no similar peak is
observed for iridium oxide. The specific peaks for iridium oxide
are located at 2.0, 3.1, and 3.5 Å, and correspond to Ir−O and
Ir−O−Ir edge and corner distances, respectively. The
calculated PDF for hollandite (Figure S7) has the same
major peaks as those seen in the rutile phase except that the
ratio of edge:corner sharing octahedra is larger.
Collected PDFs were then analyzed using the calculated

PDFs as reference. The contribution of the ATO support to
the collected PDFs was removed by subtracting the signal from
bare ATO, resulting in a difference-PDF (d-PDF).45 Collected
d-PDFs for the IrRu (solid blue) and IrRuNi (solid purple)
catalysts are shown in Figure 3. The IrRu d-PDF is dominated
by peaks resembling metallic iridium. Some peaks consistent
with rutile IrO2 are also present; it is, however, difficult to
determine if these are undersubtracted rutile ATO peaks or
some actual IrO2. The entire d-PDFs for IrRu and IrRuNi can
be seen in Figure S5 and S6. In all cases, there is some leftover
signal from rutile peaks after subtraction of ATO, which is
probably due to small structural changes in ATO during the
reaction that are not visible in the XRD. XRD data and

Figure 1. (Top) Measured XRD patterns of IrRu (red) and IrRuNi
(green) catalysts, and ATO (blue). (Bottom) Calculated reference
patterns for ATO (blue), Ir (dark yellow), and Ru (wine).

Figure 2. Possible structures produced during the synthesis of IrRu
catalyst. Unit cells are shown within each structure. (A) Rutile ATO,
space group P42/mnm.38 (B) Metallic iridium, space group Fm3̅m.39

(C) Metallic ruthenium, space group P63/mmc.40 (D) Rutile iridium
oxide, space group P42/mnm.41 (E) Hollandite iridium oxide, space
group I4/m.42,43 Figures were made with Mercury 2021.2.044 and
Adobe Illustrator.

Figure 3. Calculated PDFs of Ir (dashed blue) and rutile IrO2
(dashed purple) and collected d-PDFs of IrRu (full blue) and IrRuNi
(full purple) catalysts. The measured d-PDFs in the full range of r-
values can be seen in Figure S8.
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Rietveld refinement indicate that the ATO changes to have a
smaller crystallite size in the presence of reactants under
synthesis conditions, meaning there is likely some minor
change in the structure of ATO during the reaction with and
without Ir and Ru. The d-PDF for IrRuNi only exhibits peaks
consistent with rutile iridium oxide, and none that are
consistent with metallic Ir. Moreover, there also appears to
be a larger ratio of edge sharing octahedra in the IrRuNi d-
PDF, as can be seen by the increase in intensity of the peak at
3.1 Å compared to the 3.5 Å peak, than in the calculated rutile
iridium oxide PDF. This indicates the presence of either
hollandite structure or of more edge-sharing octahedra in the
particles. When comparing the d-PDF of IrRu to IrRuNi, it can
also be seen that the former exhibits larger crystalline domains
(peaks at higher r-values) than the latter (Figure S8).
To obtain a better idea of structure and size of the catalyst

NPs, the d-PDFs were fitted with Ir and IrO2 structural
models. For IrRu samples, the d-PDF was fitted with a metallic
Ir phase. The refinement described all major peaks and gave a
2−3 nm crystallite size (Table S6 and Figure S10). This is a
similar crystallite size to that obtained from Rietveld
refinement of XRD data.
For IrRuNi samples, the d-PDF was fit with rutile IrO2 over

r-values from 1.5 to 30 Å, resulting in crystallite size of 1 nm.
The main peak not described by this model is that
corresponding to edge-sharing octahedra (Table S7 and Figure
S11). Therefore, a refinement was also done with hollandite
IrO2 (Table S8 and Figure S12), which in turn underestimates
the corner sharing octahedra intensity. The actual structure of
the IrO2 is therefore likely a mixture of the two phases, rutile
and hollandite. Still, there were peaks at high r-values that were
not described by this model, so another refinement was
performed from 7 to 60 Å using a cassiterite phase (ATO).
The data at higher r-values were well described by an ATO
phase of 9−10 nm in diameter, and probably originated from
the undersubtraction of the ATO phase due to the
complications described above. This means that some of the
rutile peaks at low r-values have a contribution from the ATO
as well but the intensity of rutile peaks at low r-values cannot
totally be explained by ATO alone.
The difference in crystallite size for IrRu and IrRuNi is

corroborated by TEM images, as can be seen in Figure S13.
The IrRu active NPs can be clearly distinguished from the
ATO support, while the IrRuNi NPs, on the other hand, are
barely distinguishable in TEM images, suggesting smaller
particle size. These observations fit well with the information
obtained from modeling of the PDF data.
X-ray Absorption Spectroscopy (XAS)

To gain further information on the oxidation state and local
coordination of Ir and Ru, X-ray absorption spectra of the IrRu
and IrRuNi sample were collected at the Ir LIII-edge and the
Ru K-edge, respectively. X-ray absorption spectroscopy has the
advantage that the iridium and ruthenium coordination can be
studied without the ATO background contribution. The X-ray
absorption near edge structure (XANES) part of the spectra
reveals that the IrRu sample is less oxidized than the IrRuNi
sample, both at the Ir and Ru edges (Figure 4A and B). The
Fourier transformed magnitudes of the extended X-ray
absorption fine structure (EXAFS) data shown in Figure 5C
and D confirm a mixed metallic and oxide structure for the
IrRu sample, while in the case of IrRuNi no metallic

contribution is observed. This agrees well with the findings
from the d-PDF analysis of the IrRu and IrRuNi samples.
To extract detailed information on the local coordination

environment of Ir and Ru in the structure, structural models
were fitted to the EXAFS data (see Figure 5). The mixed oxide
and metal coordination of the IrRu sample was fitted with a

Figure 4. X-ray absorption near-edge (XANES) spectra of IrRu and
IrRuNi samples measured (A) at the Ir LIII-edge, as well as an Ir metal
foil reference, and (B) at the Ru K-edge, as well as a Ru metal foil
reference. Fourier transform (FT) magnitudes of the k2-weighted
extended X-ray absorption fine structure (EXAFS) data of IrRu and
IrRuNi samples with respective metal foils, measured (C) at the Ir
LIII-edge and (D) at the Ru K-edge.

Figure 5. Fit of the FT magnitudes of the k2-weighted EXAFS of IrRu
on the (A) Ir LIII-edge and (B) Ru K-edge as well as of IrRuNi on the
(C) Ir LIII-edge and (D) Ru K-edge. The data were fit with k3 weights,
in a k-range of 2.5−14 Å−1 and an R-range of 1.2−3 Å.
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model that contained both scattering paths to nearest metal
neighbors in an fcc structure as well as metal−oxygen
coordination to represent the oxide contribution (see Table
S9). The oxide part was modeled with two separate M-O
distances to represent a distorted octahedron. The metal
contribution included two metal−metal scattering paths, both
to neighboring iridium and ruthenium atoms.
Based on the coordination numbers extracted from the fits

of this model to the Ru K-edge EXAFS data, an oxide
contribution of ca. 50% can be estimated if perfect 6-fold
metal−oxygen coordination and 12-fold metal−metal coordi-
nation is assumed. Based on the same assumption, the oxide
coordination of Ir is estimated at ca. 30%, revealing the slightly
less oxidized nature of Ir compared to Ru in the structure. To
describe the metal−metal contribution to the EXAFS data,
both Ir and Ru had to be included in the model, which
indicates an Ir−Ru alloy in agreement with the structural
model found for the PDF data.
For the IrRuNi sample, on the other hand, no metallic

contribution was found. In accordance with the PDF analysis,
both the Ru K-edge and Ir LIII-edge EXAFS data could be fit
with a hollandite structure model (see Table S10). The model
included two metal−oxygen scattering paths for the distorted
octahedral coordination as well as the metal−metal scattering
to the nearest metal neighbors residing in edge-sharing
octahedra.
Oxygen Evolution Reaction (OER) Activity Measurements

As the main goal of this work was to promote a higher OER
activity of the IrRu catalysts for PEM electrolysis, further
investigations were performed to study whether the addition of
Ni in the IrRu catalyst synthesis was reflected in improved
OER activity. The activity of the different catalysts was
determined through chronoamperometry measurements using
a rotating disc electrode (RDE) setup. The mass activity at 1.5
V vs RHE normalized to the platinum-group metal (PGM)
content of the IrRu catalyst with different amounts of Ni (from
0 wt % to 20 wt %) is reported in Figure 6. The activity at a

range of potentials between 1.4 and 1.6 V vs RHE can be seen
in Figure S14. Cyclic voltammetry and electrochemical
impedance spectroscopy for representative samples can be
seen in Figure S15 and S16, respectively. The mass activity for
a typical IrRu catalyst without Ni was measured as 140 mA
mgPGM−1. This can be compared to 10−50 mA mgIr−1, which is
a typical activity reported for commercial unsupported
IrOx.

21,37 The ∼3 times or more increase in mass activity of
the IrRu catalyst compared to unsupported IrOx clearly
illustrates the beneficial effects of dispersing the metal catalyst
on ATO support and adding Ru.
When adding varying amounts of Ni during synthesis, a clear

trend can be observed between OER activity and concen-
tration of Ni precursor in the reaction mixture. With a Ni
content of 0.1 wt %, the OER activity at 1.5 V vs RHE
increases to 270 mA mgPGM−1, revealing the strong effect of
having even minute amounts of Ni present during synthesis.
The activity further increases to 360 mA mgPGM−1 when 2 wt %
Ni is added to the reaction mixture. This is 2.6 times higher
than the IrRu catalyst activity and roughly 7 times higher than
the IrOx benchmark. As the Ni concentration is further
increased beyond 2 wt % target Ni loading, the mass activity
starts to drop. The mass activity of the 20 wt % Ni sample is
200 mA mgPGM−1. It is likely that the decrease in activity
plateaus with even higher Ni content, which would be
consistent with previous studies showing that Ni-rich mixed
metal oxides with Ir and Ru exhibit increased activity
compared to pure IrOx and RuOx,

28,29 albeit with low stability
of the Ni phase.29 To investigate stability of the Ni present in
some of the catalyst materials, acid wash was performed on two
relevant catalysts (cf. Table S11). No significant changes in Ni
content was observed, indicating apparent chemical stability
for the catalyst Ni content, within the uncertainty of EDX
quantification, under the acidic conditions in which the mass
activity measurements were performed.
The presence of a clear optimum at 2 wt % Ni added to the

synthesis, with the OER mass activity decreasing with
increasing amounts of Ni present, indicates that Ni alone is
not the main active element. If this was the case, a continuous
increase in mass activity would be expected with increasing Ni
content. Instead, one or both of the following hypotheses are
likely causing the higher activity for the IrRuNi catalyst: (i)
The presence of Ni during synthesis of the IrRuNi catalyst
gives rise to oxide iridium−ruthenium NPs with partial
hollandite-like structure, while the lack of Ni in the IrRu
synthesis yields metallic NPs. The latter will get oxidized
during OER operating conditions, where the Ir oxidation state
can vary between various oxides and hydrous oxides,
depending on the exact electrochemical conditions and
history.25 Previous literature results have indicated that
hollandite structured IrOx exhibits elevated OER activity,

32,33

possibly explaining the IrRuNi performance. (ii) The smaller
crystallite size determined by PDF of IrRuNi catalyst NPs
compared to IrRu indicates a smaller NP size for the former,
which is also corroborated by TEM. This likely yields larger
ECSA per mass of active metal for IrRuNi, resulting in higher
OER mass activity. Furthermore, it has been suggested that the
more open structure of hollandite crystallites with tunnel-like
motifs improves mass transport, providing a surface area effect
as well.33 To evaluate the potential surface area effect,
estimations of the double layer capacitance of the various
catalysts were performed (see Figure S17). A clear correlation
can be observed between added Ni amount, double-layer

Figure 6. OER activity per mass of PGM (Ir and Ru) measured by
chronoamperometry at 1.5 V vs RHE, plotted against the wt % of Ni
present during catalyst synthesis. Data from IrRuNi (purple) and IrRu
(green) from this work are compared to an Ir black benchmark from
this work (red), as well as literature data from Ir black21 and IrO2
NPs.37 Each data point represents a unique catalyst synthesis, while
error bars represent ±σ from at least two individual measurements.
Measurements were performed in N2-saturated 0.1 M HClO4 using an
RDE setup.
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capacitance and resulting mass activity, indicating that
increased surface area is at least part of the explanation.
Density Functional Theory (DFT) Calculations
To elucidate whether the different performances of the IrRuNi
and IrRu catalysts can also be attributed to a higher intrinsic
activity caused by the partial hollandite-like structure of
IrRuNi, DFT calculations were performed comparing the OER
activity of rutile and hollandite RuO2 and IrO2. The
conventional pathway for the OER, which consists of four
proton-coupled electron transfer steps, is considered:

* + * + ++H O(l) OH H e G2 1 (1)

* * + ++OH O H e G2 (2)

* + * + ++O H O(l) OOH H e G2 3 (3)

* + + + *+OOH O (g) H e G2 4 (4)

where * denotes a vacant adsorption site. For the *OH and
*OOH intermediates we also consider the possibility of the
hydrogen being transferred to a neighboring bridging oxygen,
as is thought to be the case on RuO2 (see Figure S18).

46 The
active sites on the rutile (110) surface are the coordinatively
unsaturated (cus) sites, which are arranged in rows, separated
by rows of bridging oxygens, as shown in Figure 7A. The (100)
surface of the hollandite structure, shown in Figure 7B, is
similar in structure and has corresponding rows of cus sites;
however, the distance between neighboring rows is longer.
The adsorption energies of the reaction intermediates were

calculated and used to determine the lowest energy reaction
path and the corresponding overpotential (see Figure S18).
This is plotted against ΔG2 in Figure 7C for rutile and
hollandite RuO2 and IrO2. The figure shows that the calculated
overpotential for the hollandite surface is significantly higher
than that of the rutile surface for Ru, while it is comparable for
Ir. This indicates that the experimentally observed mass
activity increase for IrRuNi compared to IrRu is not a result of
an intrinsic increase in activity. Instead, we hypothesize that
the reason for the higher mass activity for IrRuNi is a

combination of smaller particle size that likely results in higher
ECSA, and/or a more open structure.

■ CONCLUSIONS

In this investigation, the presence of Ni during solvothermal
flow synthesis of IrRu-based catalysts supported on ATO is
shown to yield drastic changes in the structure of the
synthesized catalyst NPs. While Ni-free synthesis yielded
metallic IrRu catalyst NPs, the presence of Ni led to the
synthesis of oxide catalyst NPs with a mixture of hollandite and
rutile structures. Further characterization also indicates that
IrRu catalyst NPs are larger than IrRuNi catalyst NPs. We
further show that IrRuNi catalysts exhibit significantly
improved OER mass activity. In fact, IrRuNi exhibits more
than twice the activity over the entire voltage window from 1.4
to 1.6 V vs RHE compared to IrRu, and more than 7 times
higher than state-of-the-art unsupported IrOx catalysts. Surface
area estimations indicate that the mass activity correlates with
specific surface area, suggesting that increased surface area is at
least responsible for part of the activity improvements. To
investigate if the presence of a hollandite phase in the IrRuNi
catalyst could also contribute to the higher mass activity, DFT
calculations were performed on the rutile and hollandite
structure for both Ir and Ru. The results show a larger
calculated overpotential for hollandite Ru and a comparable
overpotential for hollandite Ir, indicating that the intrinsic
activity is, in fact, not improved. We therefore hypothesize that
the increased mass activity observed experimentally for IrRuNi
arises from a higher electrochemically active surface area due
to smaller catalyst NPs, yielding improved utilization of Ir and
Ru. These results provide a path for achieving drastically
reduced Ir loading in PEMWE anodes, which is a key
development to mitigate the impact of limited Ir demand and
high costs on the large-scale implementation of PEMWE
technology.

Figure 7. Computational models of (A) the rutile 110 surface in top and side view and (B) the hollandite 100 surface in top and side view. Metal
atoms (Ru or Ir) are gray-blue, and oxygen is red. The cus site considered as the active site is marked by *, and neighboring cus sites are shown
without preadsorbed *O for clarity. (C) Overpotential for rutile and hollandite oxides of Ru (red) and Ir (blue). Black lines indicate the volcano
defined by the scaling relations for the conventional reaction pathway.
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■ MATERIALS AND METHODS

Catalyst Synthesis
The supported catalyst nanoparticles were synthesized in a custom-
built solvothermal flow reactor that is described in detail in previous
publications.34−36 The ATO powder (Sb2O5:SnO2 15:85 wt %, 99.5%
purity, Alfa Aesar) was suspended in deionized water together with
IrCl3·xH2O (reagent grade, Sigma-Aldrich) and RuCl3·xH2O (99.9%
PGM basis, Alfa Aesar) in the stoichiometric amounts necessary to
ensure a metal loading of 40 wt % and an Ir:Ru molar ratio of 70:30.
For the Ni-containing catalyst, Ni(NO3)2·6H2O (98%, Alfa Aesar)
was added to achieve the desired IrRu:Ni ratio in the precursor
solution. The support and precursor concentrations were 0.75 mg
mL−1 ATO, 1.8 mM Ir and 0.8 mM Ru. The precursors were put into
receptacles at the top of the reactor and magnetically stirred with a stir
bar. The reactor was preheated so that the reactant mixing point was
at a temperature of 270 °C and the reactor was pressurized to 300 bar.
After the reactor reached operating temperature and pressure, the
reactant mixture was pumped at a flow rate of 60 mL/min, and the
water was pumped at a flow rate of 41 mL/min. It took approximately
10 min for the reactant mixture to move all the way through the
reactor and the product was collected in the syntheses here for
approximately 10 min.

Catalyst Composition Determination Using Energy
Dispersive X-ray Spectroscopy (EDX)
The elemental composition of synthesized samples was analyzed using
SEM-EDX to determine how much of the added Ni incorporated into
the catalyst. A field emission scanning electron microscope FEG-SEM
(XB-1540 EsB, Carl Zeiss NTS GmbH, Oberkochen, Germany)
equipped with an energy dispersive X-ray spectroscopy system EDX
(Oxford X-Max 50 mm2 SDD, Oxford Instruments, Oxfordshire, UK)
and AZtec software was used. The powders were mounted on double
adhesive carbon tape and flattened to minimize the effect of the
microstructure on the EDX spectra. EDX was performed on dried
catalyst powders at 20 kV high tension and approximately 5.5 mm
WD. For each sample, EDX spectra were collected from 3 random
areas at 250× magnification (455*340 μm2) with a lifetime of 60 s.
Finally, the data were postprocessed in order to obtain the metal
loadings on the support and the ratios between the different elements.
The Sn and Sb data were converted to SnO2 and Sb2O5 assuming full
oxidation, and the catalyst loadings were determined by dividing their
mass fractions with the mass fractions of all catalyst elements and
support oxides combined.

Transmission Electron Microscopy (TEM)
TEM micrographs of the ATO support and the supported NPs were
acquired with Tecnai Spirit operated at 80 kV. The samples were
dispersed in EtOH, drop-casted on a Cu grid (Quantifoil, 100 Lacey
Carbon films) and dried under air at room temperature.

XRD Data Collection
Data was collected using a Malvern Panalytical Empyrean Cu source
diffractometer. Rietveld refinement of the data was completed using
HighScore Plus software version 3.0 (2012). Samples were measured
on zero background plates in reflection mode using the reflection/
transmission spinner sample stage. Data was measured in three scans
from 15 to 145°2θ for a total measuring time of 1 h. Reference spectra
were calculated using Mercury 2021.6.0.

Rietveld Refinement
Rietveld refinement was performed using the software Highscore plus
version 3.0.5 using the Crystalographic Open Database (COD) for
searching and matching functions. A shifted Chebychev II background
was used with 5 or 6 coefficients. The scale factor, cell parameters and
peak shape parameters U and W were refined. Crystallite size was
determined by fitting the phase profile using the size only analysis
pseudo voigt profile function and a Finger, Cox, Jephcoat asymmetry
type.

PDF Data Collection
PDFs are obtained by collecting data to higher values of Q (nm−1)
than XRD patterns and therefore require higher energy X-ray sources.
Data was collected at MaxIV in Lund, Sweden at the DanMax
beamline. Powder was packed in 1 mm diameter Kapton capillaries
for data collection. The wavelength of the beam was 35.011 keV and
the detector distance was 100 mm. Data was acquired using the RA-
PDF setup (site Chupas 200347). Total scattering data is then
integrated, and Fourier transformed to give something like a
histogram of all atomic distances in a material or a PDF. Therefore,
different peaks seen in PDF data correspond to different atomic
distances. Data was integrated using PyFai48 and PDFs were
generated using xPDFsuite.49 Parameters used were a QMaxInstrument
of 20 Å−1, QMax of 17 Å−1, QMin of 1 Å−1 and rpoly of 0.9. Detector
distance was determined from calibration with a Lab6 standard. The
dampening parameters, Qdamp 0.01997 and Qbroad 0.01389, were
determined from modeling a Si standard using PDFgui.50

d-PDF
A PDF of ATO was subtracted out of the data collected from
supported IrRu and IrRuNi catalysts in Q space using xPDFsuite.49

ATO was entered as the background and f(Q) was used to determine
how much of the ATO Bragg peaks could be subtracted.

PDF Modeling
As ATO and IrO2 take the same rutile structure with IrO2 having
shorter M-M distances, the background subtraction was difficult in
these samples. Therefore, the strategy was to analyze the data in two
different ways to ensure consistency between the results. First, the
samples were analyzed by only subtracting out the background and
kapton, and then fitting the samples using PDFgui. Only scale, unit
cell parameters, delta2, spdiameter and thermal parameters were refined.
For the samples that have IrRu NPs, they could be fit with a cassiterite
phase and an Ir metal phase. For the samples with Ni, which had
amorphous Ir or IrRu content, these were fit with either rutile IrO2 in
addition to ATO. The d-PDF curve was also analyzed by a model free
analysis to determine what was not described by the model. Second,
the ATO was subtracted in r-space at an r value of approximately 5.8
because there was a peak in ATO that was shifted to higher r values
than in the IrO2. These were used for model free comparison,
especially comparison of the edge and corner sharing peaks. The
subtraction for all d-PDFs was done in q space using xPDFsuite.

XAS Analysis
Ex-situ XAS measurements were carried out at the SuperXAS -
beamline of the Swiss Light Source (SLS) at PSI, Switzerland (2.9T
superbend source, storage ring current of 400 mA) via a send in
service. The samples were protected in Kapton-tape and mounted
directly to a sample holder. The incident beam was collimated by
mirror at 2.9 mrad (Rh-coated for Ir LIII) and monochromatized with
a liquid nitrogen cooled channel-cut Si(111) monochromator in
QEXAFS mode. Energy calibration was performed with a Ru
reference foil to the Ru K-edge position or with a Pt reference foil
to the Ir LIII-edge. Ion chambers with 2 bar of N2 were used for XAS
detection in transmission mode at the Ir LIII-edge. Ru K-edge spectra
were collected in quick fluorescence mode with a PIPS detector.
The data were processed using ProQEXAFS for calibration,

interpolation, normalization, and averaging (300 s of measurement
on each sample).
The averaged XAS spectra were analyzed by using the DEMETER

software package. The raw spectra were energy aligned to a metal
reference foil, background corrected, and normalized by the edge step.
After the conversion of the energy units (eV) into photoelectron
wavenumber k units (Å−1), the resulting χ(k) functions of the XAS
spectra were weighted with k2 and then Fourier transformed to obtain
pseudoradial structure functions. The fits to the EXAFS spectra were
performed in ARTEMIS of the DEMETER software package based
on IFFEFIT.51 XAS spectra of the pure metal foils were used as
references to estimate the amplitude reduction factors (S02). The
EXAFS data were fitted in R-space, with a fitting weight of k3. The k-
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range for the Fourier transform was from 2.5 to 14 Å−1 with a fit
window in an R-range of 1.2−3.0 Å.
Electrode and Ink Preparation
Glassy carbon RDEs (5 mm diameter) were polished with 0.05 μm
alumina suspension (Buehler MicroPolish) for 5 min and
subsequently rinsed by immersion in Milli-Q water (twice) and
isopropanol (twice) for 5 min each in an ultrasonic bath (VWR
USC1700D).
The catalyst ink was prepared by first adding approximately 4.0 mg

of catalyst powder (the exact amount was recorded for accurate
loading estimation) to 6.2 g of a solvent solution of Milli-Q water and
isopropanol at a volume ratio of 3:1. The catalyst powder was then
dispersed in the ink using an ultrasonic horn (Hielscher UP200 St)
for 10 min, before adding Nafion solution (DuPont D520, Ion Power
GmbH) at a ratio of 5:1 compared to the supported catalyst content.
The ink was sonicated once more for 10 min to ensure full dispersion
of the catalyst powder.
The active electrodes were prepared by drop-casting 10 μL of the

catalyst ink onto the cleaned glassy carbon RDEs. The mass of the
added ink was recorded for exact loading estimations (typically 8.8−
9.5 mg). The electrodes were dried under a flow of N2 saturated with
3:1 water/isopropanol to achieve reproducible coating of the catalyst
layer on the RDE.
Electrochemical Characterization
Before each measurement, the jacketed electrochemical cells (Bio-
Logic EL-ELECTRO-150DJ) were warmed up to 30 °C using a
thermostatic bath (CETAC Technologies Inc. 2050). The cells
flushed with Milli-Q water and filled with a 0.1 M solution of HClO4
(67−72% TraceSELECT, Honeywell Fluka). H2 (Linde/AGA
Instrument H2 4.5−99.995% purity) was bubbled through the
solution, and the reference electrodes (Hg/Hg2SO4; Radiometer
Analytical XR200) were calibrated by measuring the equilibrium
potential of a clean Pt wire versus the reference electrode. The gas
bubbling was then switched to N2 for the OER activity measurements.
The RDEs were immersed in the electrolyte solution under

potentiostatic control, keeping them connected with a Pt wire at +1 V
vs RHE during the whole immersion step. Once the RDEs were in
position, the Pt wire was disconnected and removed from the cell, and
the rotation at 3600 rpm of the RDE was started.
The electrochemical measurement sequence for each sample

followed the protocol from a previous publication:52

1. Potentiostatic electrochemical impedance spectroscopy (PEIS)
at 1 VRHE (from 100 kHz to 1 Hz, amplitude 5 mV, 8 points
per decade, 2 measurements per point).

2. Determination of the iR compensation (85% of the series
resistance measured at 5 kHz).

3. Activation chronoamperometry at 1.6 VRHE for 5 min.
4. Potentiostatic electrochemical impedance spectroscopy at 1
VRHE (from 100 kHz to 1 Hz, amplitude 5 mV, 8 points per
decade, 2 measurements per point).

5. Cyclic voltammetry from 1 VRHE to 1.6 VRHE at 10 mV/s for 5
cycles.

6. Chronoamperometry measurements from 1 VRHE to 1.6 VRHE
and back to 1 VRHE (with 2 min steps at 1, 1.1, 1.2, 1.3, 1.4,
1.45, 1.475, 1.5, 1.525, 1.55, 1.575, 1.6, 1.575, 1.55, 1.525, 1.5,
1.475, 1.45, 1.4, 1.3, 1.2, 1.1, 1).

7. Potentiostatic electrochemical impedance spectroscopy at 1
VRHE (from 100 kHz to 1 Hz, amplitude 5 mV, 8 points per
decade, 2 measurements per point).

8. Cyclic voltammetry from 1 VRHE to 1.6 VRHE at 10 mV/s for 3
cycles.

The resulting data were postcorrected with the precise reference
electrode potential determined before each measurement, as well as
the complete ohmic drop calculated from the average of the 3 PEIS
measurements. The chronoamperometry data were averaged over the
last 10 s of each potential step to obtain the activity.

Density Functional Theory Calculations
DFT calculations were performed using the grid-based projector
augmented wave (GPAW) software package.53,54 The Atomic
Simulation Environment (ASE) was used to set up and analyze the
calculations.55 The calculations were performed with a plane-wave
basis with an energy cutoff of 500 eV and the exchange and
correlation energy was described by the RPBE functional.56

The computationally optimized lattice constants for the rutile
oxides were calculated to be a = 4.59 Å, c = 3.19 Å for IrO2 and a =
4.57 Å, c = 3.14 Å for RuO2 (experimentally a = 4.50 Å, c = 3.15 Å for
IrO2 and a = 4.49 Å, c = 3.11 Å for RuO2

57). For the hollandite
structures the computationally optimized lattice constants were found
to be a = 10.13 Å, c = 3.18 Å for IrO2 and a= 10.02 Å, c = 3.16 Å for
RuO2 (experimental values for KRu4O8 a = 9.91, c = 3.11

58). The
(110) surface of rutile IrO2 and RuO2 was modeled by a 3 × 1 slab
with 4 layers, of which 2 were fixed at the bulk position (see Figure
7A). The hollandite (001) surface is used for comparison, represented
by a 3 × 1 unit cell with 6 atomic layers (3 frozen) corresponding to
1.5 repeats of the unit cell (see Figure 7B). All cus sites on the surface
except the active site are covered by *O, as is expected to be the case
for catalysts on the strong-binding (left) side of the volcano close to
the onset potential of OER. Both surfaces were sampled with 2 × 2 k-
points and 20 Å of vacuum separating periodic images of the slab.
The adsorption free energies (ΔGads) of the OER reaction

intermediates at a given potential (U) are calculated using the
computational hydrogen electrode described in reference.59 Free
energy corrections taken from this reference are added to the 0 K
adsorption energies calculated by DFT (ΔEads) to account for changes
in entropy (ΔS) and zero-point energy (ΔZPE).

= +G U E ne T S( ) U ZPEads ads

where n is the number of electrons involved in the reaction. ΔGads is
calculated for the two possible reaction pathways shown in Figure
S15, and it is assumed that the reaction follows the pathway with the
lowest free energy. The values of ΔG1−4 for this pathway is used to
calculate the overpotential (η) for OER as

= { }G G G G emax , , , / 1.23 V1 2 3 4
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