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ABSTRACT: Iridium has emerged as the leading catalyst material Ir-Ti compositional gradient library

for the anodic oxygen evolution reaction (OER) in acidic media. Lower Ir Ir rich Tirich Higher Ir
Often, iridium is mixed with more stable materials such as titanium. dissolution RIS 20at%Ir dissolution
For these materials, the electronic structure of titanium plays a g Ti(Vv) 64 1 70at% Ir20at%| Tize

crucial role since with varying degrees of oxidation titanium *®* TiMyri0) 57 1o 5:95keV
transforms to semiconducting or even insulating phases. Yet, the | 70at9, N§4‘ -

electronic properties of mixed Ir-TiO, catalysts have never been E3‘ Ir 20at.%
systematically studied. In this study, we correlate the catalytic =2

performance of mixed Ir-TiO,-based OER catalysts with the "

electronic structure of the surface layers. For this, a thin film ARARRA RN 07 T 15 18 20 22 AEARDARARBARAN
material library with a 20—70 at. % Ir (Ir/[Ir + Ti]) compositional BE (eV) Egue (V) BE (eV)
gradient was prepared. We used inductively coupled plasma mass Titanium suboxides promotes activity and stability

spectrometry to test the OER activity and stability of the set of

mixed Ir-TiO, catalyst candidate materials. Complementary, Ti L,3- and O K-edge X-ray absorption spectroscopy and depth-
dependent X-ray photoelectron spectroscopy measurements were performed to correlate the catalytic performance with the
composition and electronic property profiles of these mixed Ir-TiO, OER anode catalysts. The spectroscopic analysis reveals that
titanium is present as an intermixed matrix of semiconductive but stable TiO,, conductive but less stable titanium-suboxides (TiO,),
and highly conductive but highly unstable metallic Ti(0). The extent of the titanium oxidation strongly depends on the titanium
content, with a lower degree of oxidation observed for lower titanium (and thus higher iridium) contents. For an iridium loading of
70 at. %, the respective mixed Ir-TiO, catalyst showed a similar OER activity to that of the pure metallic iridium (1.74 vs 1.59 Vg,
respectively) but with a 71% lower iridium dissolution rate relative to the pure metallic iridium. This demonstrates the stabilization
effect of titanium addition while maintaining high OER activity.

KEYWORDS: oxygen evolution reaction, titanium subowxides, stability, mixed iridium—titanium catalysts, X-ray spectroscopy

B INTRODUCTION type conductivity, displays lower activity but higher stability
(2—3 orders of magnitude lower iridium dissolution)
compared to its metallic form.”> The significantly higher
dissolution of metallic iridium is linked to the phase transition
and formation of hydrous iridium oxide species on the surface.
The amorphous iridium oxides (IrO,) exhibit high catalytic
activity while suffering from an increased dissolution rate. Most
studies therefore focus on developing IrO,/IrO, anode
materials where activity and durability are balanced.

One well-demonstrated approach to increasing stability
while simultaneously reducing iridium loading is mixing
iridium oxide with other less active (but more stable)

The intermittent nature of renewable energy sources leaves the
supply chain vulnerable to downtime periods (of no wind or
sun), during which no electrical energy can be generated.
Sustainable large-scale solutions for energy storage are
therefore needed, and proton exchange membrane water
electrolysis (PEM-WE) has gained attention as a promising
technology for the on-site conversion of excess renewable
electricity into oxygen and hydrogen.” > In PEM-WE, oxygen
is generated under harsh acidic conditions through the oxygen
evolution reaction (OER) occurring at the anode. Develop-
ment of corrosion-resistant catalysts for the OER has proven
particularly challenging, with few materials showing favorable
activity and long-term stability against dissolution. Currently, Received:  June 29, 2023

only iridium oxide-based anode materials are used on a Revised:  October 27, 2023
commercial basis.* However, both iridium and its oxides still Accepted:  October 27, 2023
undergo dissolution,>™*° challenging the resource manage- Published: November 15, 2023
ment of this scarce noble metal to meet the ever increasing

energy demands. Rutile iridium oxide (IrO,), with metallic-

© 2023 The Authors. Published b
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materials, such as transition metal oxides, e.g, titanium or tin
oxides.'"'* However, in the design of such mixed catalyst
materials, the charge transport pathways (that ensure sufficient
electrical conductivity) become crucial parameters for the
material’s OER performance. Typically, due to the semi- or
even nonconductive nature of stoichiometric titanium dioxide
(TiO,) and tin oxide (Sn0O,), the electrical conductivity and
OER performance of the material are determined solely by the
nature of the interconnection between the conductive iridium
oxide domains on the nonconductive support material.
Without well-interconnected iridium dioxide domains in
IrO,/TiO, materials, hi§h Ohmic losses occur resulting in
poor OER performance.'”'* Heat treatments also influence the
electrical conductivity of the material by influencing the degree
of crystallinity of the iridium and therefore its conductivity."*
While studies investigated the effect of temperature treatments
on the electrical properties of the iridium species, they do not
address the nonconductive nature of the support material.

The electrical conductivity of the support material can be
improved by doJ)ing the TiO, with materials such as niobium
or vanadium.'® Another approach is the exploitation of
conductive substoichiometric titanium oxide phases, such as
Magnéli phases (Ti,0,,_; where 4 < n < 10).'77** The
substoichiometric titania supports are more conductive””** but
less stable than TiO, during OER in acidic media g'ven their
thermodynamic instability under these conditions.”> On a lab
scale,”" their lower stability is outweighed by the significantly
improved electrical transport pathways between the supported
iridium oxide and current collectors, thereby minimizing
Ohmic losses in PEM electrolyzers and increasing perform-
ance—a trade-off that certainly needs to be re-evaluated when
large-scale commercialization is considered.

Several studies have addressed this issue, successfully
demonstrating an increased long-term OER performance for
TiO,-supported iridium oxides, exploiting viable synthesis
methods that achieve conductive and stable OER anode
materials.'#***” These studies indicate that there is a beneficial
relationship between the material’s electrochemical OER
activity and stability when mixing rather unstable but active
iridium with stable but inactive TiO,. However, only a few
publications systematically explore the effects of deliberately
tuned iridium—titanium composition on the material's OER
activity—stability relationship, with studies mainly focusing on
IrO, and TiO, mixtures.”® ™!

Hence, this work systematically evaluates the OER activity,
stability, and chemical as well as the electronic structure over a
wide range of iridium—titanium ratios (Ir/[Ir + Ti]) by means
of a thin film material library with an Ir-TiO, compositional
gradient (20—70 at. % Ir). A low-temperature (300 °C) heat
treatment was used to gain insights into the benefits of
intermixed iridium and substoichiometric TiO,. Due to the
unique nature of the sample preparation and the low annealing
temperature, this study is focused on mixed Ir-TiO, catalyst
materials and screening their OER activity and stability over a
wide composition range evaluated by means of a scanning flow
cell (SFC) connected to an inductively coupled plasma mass
spectrometer (ICP-MS).”>*” Despite the limitation to low
current densities, SFC-ICP-MS experiments provide mean-
ingful insights for initial evaluation (and elimination) of
material compositions®*>° prior to any long-term polarization
studies at higher current densities,’” facilitating catalyst
development for PEM-WEs. In a recent similar study on a
Ir-TiO, composition gradient thin film material library, a

nonlinear trend in iridium and titanium dissolution was
observed.’’ However, no explanation was offered, stressing
the demand for a more comprehensive study of the chemical
and electronic properties of these Ir-TiO, mixtures to elucidate
the relationship between electronic properties and the OER
activity and stability. To achieve this, complementary Ti L, 3-
and O K-edge X-ray absorption and depth-dependent X-ray
photoelectron spectroscopy measurements were done to
examine and quantify the chemical and electronic properties.
Moreover, an online inductively coupled plasma mass
spectrometer was used to simultaneously test the OER activity
and stability of the set of mixed Ir-TiO, catalyst candidate
materials.

B EXPERIMENTAL SECTION

Sample Preparation. The Ir-TiO, thin film material
library was prepared by using combinatorial magnetron
sputtering’’ of Ir and Ti to create a compositional gradient
of 20—70 at. % Ir (Ir—Ti ratio: Ir/[Ir + Ti]) across a length of
7 cm. The substrate was a 4 in. single-crystal Si (100) wafer
with a 1.5 ym thermal SiO, barrier layer on top. The sputtering
was performed in a high-vacuum magnetron sputter system
(Bestec, Germany) equipped with 3 in. diameter Ir (99.9%,
Evochem, Germany) and 3 in. diameter Ti (99.995%, FHR,
Germany) targets. Prior to combinatorial sputtering, a uniform
adhesion layer of 10 nm metallic Ti was deposited using a
constant substrate rotation speed. Combinatorial sputtering of
Ir and Ti to form a compositional gradient across the wafer was
achieved by means of a static configuration and the confocal
cathode arrangement of the targets. This resulted in a linear
variation of the Ir—Ti ratio (20—70 at. % Ir) with position
along the length of the substrate (see Figure 1). Complete
details regarding the geometry of the sputtering setup and the
SEM-EDX mapping characterization of the nominal Ir—Ti
ratios achieved with this magnetron sputter system setup can
be found in the Supporting Information of ref 31. The
thickness of the deposited film is 200 nm. After sputter

Combinatorial

magnetron
sputtering
of Tiand Ir
Ti rich nominal Ir rich
20at.% Ir composition . 2o.¢.9Ir
7 cm
I
view 3
~3.6 cm ~1.8cm ~1.8cm
Ir20 Ir45 Ir58 Ir70

Measurement points

Thermally treated in air at 300°C for 3hrs

Figure 1. Compositional Ir-TiO, material library schematic:
preparation by combinatorial magnetron sputtering of Ti and Ir to
create a Ir—Ti ratio composition range of 20—70 at. % Ir.
Measurements were taken at four specific positions along the
combinatorial sample, named samples Ir20, Ir4S, Ir38, and Ir70
(indicating Ir—Ti ratios of 20, 45, 58, and 70 at. % Ir, respectively) in
this study.

https://doi.org/10.1021/acscatal.3c02948
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deposition, the film was removed from UHYV into ambient air
and then thermally oxidized at 300 °C for 3 h, resulting in the
compositional Ir-TiO,, material library.

All subsequent measurements were performed at four
specific positions along the Ir-TiO, thin film material library,
representing the different Ir—Ti ratios chosen within the
sample. These Ir—Ti ratios are hereafter named as samples
Ir20, Ir4S, Ir58, and Ir70, which represent different nominal
Ir—Ti ratios (20, 45, 58, and 70 at. % Ir, respectively) of the
material library as previously characterized by the SEM-EDX
mapping done in ref 31.

Oxygen Evolution Reaction Activity and Stability. A
scanning flow cell (SFC) connected to an inductively coupled
plasma mass s;pectrometer (ICP-MS, NexION 350X, Perki-
nElmer) setup””*** was used to determine the OER activity
and stability of the compositional Ir-TiO, material library at
each of the Ir—Ti ratios (samples Ir20, Ir4S, 1rS8, and Ir70).
The geometric area of the measurement position is 0.01 cm?,
which is the opening of the V-shaped SFC. All measurements
were performed using a 0.1 M HCIO, solution as an
electrolyte. The concentration of the dissolved titanium and
iridium was determined by measuring intensities of **Ti and
%Ir isotopes using online ICP-MS within the argon-saturated
electrolyte pumped from the channels of the SFC. All
potentials quoted are with respect to the reversible hydrogen
electrode (RHE), which was determined before each measure-
ment.

The electrochemical protocol (EP) follows a sequence of
activity and stability measurements. Figures S1—S4 depict the
EP steps (top plots) and corresponding measured dissolution
rates of Ir and Ti (bottom plots) for samples 1r20, Ir4S, IrS8,
and Ir70. First, an activation of the working electrode at
E = 1.2 Vpyyg for 2 min (1. CA), followed by an anodic Linear
Potential Sweep (LSV) at 10 mV/s from E = 1.2 Vpyg to a
potential corresponding to a current density of j = S mA/cm”
to describe the electrode’s initial OER activity (2. LSV). Next
is a chronopotentiometry (CP) hold at a current density of 1
mA/cm® for 2 min to track the electrode’s time-resolved
stability under the OER conditions (3. CP). Lastly, the
electrode is subjected to a repeated anodic LSV at 10 mV/s
from E = 1.2 Vyyg to a potential corresponding to a current
density of j = S mA/cm?” to characterize the change in the OER
activity after a period of operation (4. repeated LSV).

The potential of the working electrode (Eyg, ie., the
potential of the Ir-TiO, sample) required for reaching a
current density of S mA/cm” is used as an OER activity
descriptor here, facilitating coméparison to other SFC-ICP-MS
studies of thin film electrodes,””2**33%~* hereafter referred
to as “Eyg at j = 5 mA/cm®. SFC-ICP-MS experiments are
limited to operation at lower current densities due to gas
bubble formation management issues. Typically for OER
activity comparisons, anodic polarization curves are plotted (as
seen in Figure 2a). For a more straightforward comparison, the
Eyg at j = S mA/cm?, obtained during the LSVs (EP steps 2.
and 4.), is plotted as a function of the Ir—Ti ratio as seen in
Figure 2b. A sputter deposited metallic iridium thin film (Ir,.;)
is used as an internal benchmark for an iridium concentration
of 100%.

To determine the total dissolved quantity of iridium and
titanium normalized to the geometric area (ng/cm?”) for each
EP step (the OER stability descriptor), the total area under the
dissolution curves was integrated. Lastly, it is important to note
that this setup provides information about initial dissolution

rates of the catalyst. Different testing setup and protocol are
required for addressing the effects of any long-term operation
at higher current densities, closer to real-world conditions of
PEM-WEs". The scope of this study is limited to the initial
screening of different Ir—Ti ratios (20—70 at. % Ir).

Synchrotron-Based X-Ray Absorption and X-Ray
Photoelectron Spectroscopy Measurements. X-Ray
absorption (XAS) measurements at the Ti L,;- and O K-
edges were performed at Beamline 8.0.1. of the Advanced
Light Source (ALS), Lawrence Berkeley National Laboratory,
USA. The XAS measurements were performed at the iRIXS
endstation equipped with a high-resolution variable line
spacing soft X-ray spectrometer.”* The XAS spectra were
measured in surface-sensitive total electron yield (TEY) mode
using the sample current and bulk-sensitive total fluorescence
yield (TFY) mode utilizing the spectrometer and normalized
by the incident photon flux, which was measured on a clean
gold mesh placed upstream. The excitation energy was
calibrated by measuring the Ti L,;- and O K-edge XAS
spectra of a TiO, anatase (>99.9% Sigma-Aldrich) and rutile
(>99.9% Sigma-Aldrich) as standard references (see Figure 3
and Figure S6, respectively). Angle-resolved Ti L,; XAS was
also performed to further elucidate differences in the titanium
surface and bulk states (to test and exclude any significant self-
absorption effects).

For the depth-dependent studies of the chemical and
electronic structures of the compositional Ir-TiO, material
library at each of the Ir—Ti ratios (Ir20, Ir45, IrS8, and Ir70),
soft X-ray (XPS) and hard X-ray (HAXPES) photoelectron
spectroscopy were performed. This results in a range of
different photoelectron inelastic mean free paths (IMFP)
between 1.9 and 7.2 nm for photon energies of 1.45 and 5.95
keV. This is based on the calculations of the average IMFP for
the different Ir—Ti ratios (20—70 at. %) in the mixed Ir-TiO,
thin film material library based on the IMFPs of the pure
compounds,” see the Supporting Information for calculation
details. The IMFP of metallic iridium is smaller than that of
titanium and its oxides, due to its hi[gher atomic density as
determined by the TPP2M formula®™ using the QUASES
software,*” see Table S4. The average IMFP for the surface-
sensitive XPS spectra (IMFP, g .y) thus ranges from 2.5 to
1.9 nm and for the bulk-sensitive HAXPES (IMFP; ¢ \ov) from
7.2 to 5.5 nm with increasing iridium content, see Table SS.
The surface-sensitive 1.45 keV XPS measurements were
performed at the SISSY I endstation (base pressure <107°
mbar) located at the UE48 soft X-ray branchline (beam spot of
100 X 20 pum?) of the EMIL two-color beamline, BESSY II,
using a Scienta EW4000 electron energy analyzer. The bulk-
sensitive HAXPES measurements at 5.95 keV were performed
at the BL15XU beamline*® (base pressure <10~’mbar, beam
spot of 25 X 35 um?) at SPring-8, with a Scienta R4000
electron energy analyzer. The binding energies (BE) for the
XPS and HAXPES measurements were calibrated by adjusting
the Au 4f,/, BE of a clean gold foil to 84.00 eV.*’ The energy
resolution values of the XPS and HAXPES measurements are
0.71 and 0.25 eV, respectively; see the Supporting Information
for details. The geometry of the measurement setups and the
photon energies of the two different beamlines were
considered to estimate the (different) photoionization cross
sections for quantitative analyses (calculations performed using
SESSA®?). All the expected Ir, Ti, and O and some trace C
(presumably from surface adsorbates) related photoemission
peaks are present in the survey spectra (Figures S8 and S9).

https://doi.org/10.1021/acscatal.3c02948
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Figure 2. (a) Anodic polarization curves from 1.2 Vg to Eyg at j = S mA/cm? recorded with a scan rate of 10 mV/s (EP step 2. and EP step 4.
before and after CP hold) for samples Ir20, Ir4S, IrS8, and Ir70 of the compositional Ir-TiOx material library. The reference measurement on a
sputter deposited metallic Ir thin film (Ir,; = Ir100) used as an internal benchmark for an iridium concentration of 100% is shown in black. (b)
OER activity represented by Eyy at j = 5 mA/cm? during the LSVs for the compositional Ir-TiO,, material library. The open circles correspond to
LSVs before the CP hold (EP step 2.), and the filled circles correspond to LSVs after the CP hold (EP step 4.). The reference measurements on Ir, ¢
are shown in black stars. (c) OER stability obtained from the iridium and titanium dissolution quantities (and their totals = iridium + titanium)
obtained during the CP hold at 1 mA/cm? for 2 min (EP step 3.) for the compositional Ir-TiO, material library. The reference measurements on
Ir,.¢ are shown in black stars. (d) OER activity improvement shown as the change (decrease) in the Eyy at j = S mA/cm? value after the CP hold at
1 mA/cm?* for 2 min (EP step 3.) for the compositional Ir-TiO, material library. The reference measurement on I, is shown in black. All

measurements were performed in 0.1 M HCIO,.

Quantification of the Core-Level XPS and HAXPES
Spectra. To quantify the depth-dependent Ir—Ti ratios from
the XPS and HAXPES measurements, the peak areas of the
overlapping asymmetric Ir 4f and symmetric Ir Sp,/, and Ti 3s
core-levels were fitted with asymmetric Finite Lorentzian®' and
Voigt profiles, respectively. For this shallow core-level region,
the kinetic energies of the photoelectrons are very similar, and
therefore, the core-level intensities were only corrected for the
different photoionization cross sections’”>* (given the differ-
ent geometries and photon energies) and IMFPs*’ (average
IMFP, 4 1oy and IMPF; o .y for each Ir—Ti ratio), whereas
the analyzer transmission function is negligible. Furthermore,
similar photoelectron kinetic energies ensure that the presence
of any surface adsorbates or contaminants affects the core-level
intensities similarly.

To accurately determine the contribution of the Ir 5p, ,, and
Ti 3s core-levels, which are overlapped by the prominent Ir 4f
peaks, the Ir 5p;/, and Ti 3p core-levels were also fitted. By
constraining the peak areas of the Ir 5p,,, and Ti 3s core-levels
via their different photoionization cross section ratios with the
peak areas of the Ir Sp;,, and Ti 3p core-levels, the Ir—Ti ratios
can be obtained from the overlapping Ir 4f, Ir 5p, ,, and Ti 3s
core-level regions despite being dominated by the Ir 4f lines.
Especially for samples with low Ti contents, it is crucially
required to relate the fit of the Ti 3s core-level to the Ti 3p
peak for which there is no overlap. Since the Ti 2p core-level is
the most prominent in intensity and exhibits the narrowest
lifetime broadening, the Ti 2p core-level spectra are used to
identify the presence of different titanium species, i.e., Ti(IV),
Ti(1II), Ti(II), and Ti(0). Note that the Ti 2p;,, and 2p;/,
core-levels display different Full-Width-Half-Maxima
(FWHM) because of the presence of a Coster—Kronig

15430

decay’* broadening the 2p,,, core-level. Nevertheless, the
doublet peak area ratio was kept constant according to

%49’55 while allowing the FWHM of the 2p;/,, and

2py, to vary. The Ti 2p fit-derived information on the
presence of the different titanium species is then used as a
constraint to fit the respective spectral contributions of the Ti
3p and Ti 3s core-levels. The XPS spectra were fitted using the
nonlinear optimization LMFIT package to dynamically
generate the Shirley background and simultaneously fit
identical core-levels for each excitation energy.’® For further
details on the LMFIT package and fitting parameters of the
core-levels, see the Supporting Information. For a more general
description of the degree of oxidation of the titanium species,
an average TiO, (where 0 < x < 2) stoichiometry was
calculated from the Ti(IV), Ti(III), and Ti(II) fit contributions
of the Ti 2p spectra and is given as annotations in Figure 4d,e
and tabulated in Table S3. See the Supporting Information for
more details regarding these calculations.

Bl RESULTS AND DISCUSSION

OER Activity and Stability of the compositional Ir-
TiO, material library. The activity—stability trends for the
annealed compositional Ir-TiO, material library are summar-
ized in Figure 2. Figure 2a depicts the anodic polarization
curves and subsequent derived activity of selected catalyst
compositions (samples Ir20, Ir4S, IrS8, and Ir70) as Eyg at j =
5 mA/cm® (Figure 2b). Figure 2c depicts the dissolution
quantities of iridium and titanium, used as the metric for the
OER stability. The lower the Eyg at j = S mA/ cmz, the higher
the OER activity of the Ir-TiO, candidate material.

The Eyg at j = S mA/cm?” decreases by about 400 mV with
an increasing iridium content (Ir20 — Ir70). The Ir70 sample
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displays the lowest Eyg at j = S mA/cm? (1.74 Vyyg) and the
closest activity to that of the highly active Ir; (1.59 Vgyg),
which agrees well with previous studies.”*' As iridium is the
only electrochemically active material in the compositional
Ir-TiO, material library, it is considered to be solely
responsible for the OER activity at the different Ir—Ti ratios.
Increasing the amount of inactive titanium would decrease the
number of iridium active sites, resulting in poorer OER
activity. Therefore, the OER activity of the Ir-TiO, samples
increases as the iridium content increases (Ir20 — Ir70), which
is in agreement with literature.”® 3! Furthermore, there is a
decrease in the Eyg at j = S mA/cm? potential before and after
the CP hold at 1 mA/cm® (EP step 3.) indicating some
increase in OER activity of the material (see the difference in
the open and closed circles in Figure 2b and the Eyg atj =35
mA/cm? improvement value in Figure 2d for each Ir—Ti ratio).
This improvement (i.e., decrease) in Eyy at j = S mA/cm? is 8,
18, 49, and 64 mV for the samples 1r20, Ir4S, IrS8, and Ir70,
respectively.

Opposite trends in iridium and titanium dissolution are
observed for the CP hold at 1 mA/cm?: titanium dissolution,
in blue, increases while iridium dissolution, in red, decreases
with increasing Ir content (Ir20 — Ir70), as seen in Figure 2c.
With increasing iridium content, the number of active sites for
the OER increases, and therefore, a lower Eyy is required to
achieve j = S mA/cm* (see Figure 2b). Therefore, higher
dissolution rates of iridium are expected for lower Ir—Ti ratios.
At high anodic potentials, the dissolution of iridium has been
strongly linked to be triggered by OER itself,””~*"* and
higher Eyy at j = S mA/cm” values reflect harsher OER
conditions. In contrast, lower titanium dissolution rates are
observed for higher Eyy values at j = S mA/cm?® potentials.
This reverse in the trend of the titanium dissolution quantities
is more likely observed due to possible passivation of Ti at high
anodic potentials. However, the degree of passivation is
unknown. Moreover, the cross-trend in iridium and titanium
dissolution indicates that there must be other factor(s)
influencing the stability of the titanium and iridium in the
Ir-TiO, material system during OER.

It has been well established that the extent of iridium
dissolution®~"?*>** is strongly linked to its formal oxidation
state, which is typically derived from ex situ and in situ XAS and
XPS measurements.”” " Metallic iridium demonstrates a
higher activity compared to rutile IrO, (1.58 V vs 1.69 V at §
mA/cm?® derived using a similar SFC-ICP-MS setup).”’
However, this higher activity is also paired with a higher
dissolution rate, which is linked to the suspected formation of a
hydrous, amorphous iridium oxide species on the metallic
iridium surface.””*> This hydrated, amorphous IrO, is more
active but less stable against dissolution compared to rutile
1IrO,.>"® In contrast, only a few studies have investigated the
underlying mechanism of titanium dissolution at OER
conditions for mixed Ir—Ti and Ir on Ti-based supports
materials.>">*¢7> Nevertheless in most cases, the electronic
state of the titanium in such materials remains unknown, which
is somewhat surprising considering that titanium oxides often
have semiconducting or even insulating properties, which can
endanger employment of such catalysts in a real electrolyzer.
The chemical speciation of iridium and titanium electronic
states would give deeper insights into the mechanisms
dictating the stability—activity relationship of the OER for
different mixed Ir—Ti ratios. For this purpose, we discuss the
results of our complementary X-ray spectroscopic studies next.

XAS and XPS/HAXPES are exploited to provide insights into
the chemical and electronic states formed by mixing iridium
and titanium.

Characterization of the Ti Species using XAS. Prior to
the OER activity and stability measurements, the chemical
state and electronic structure of the titanium and oxygen
species in the Ir-TiO, samples of the compositional Ir-TiO,
material library were investigated using Ti L, ;- and O K-edge
XAS. Figure 3 displays the TEY and TFY Ti L,;XAS spectra
(solid and dashed lines, respectively) of the compositional Ir-
TiO, material library, compared to the anatase (gray) and
rutile (black) TiO, reference spectra. For the O K-edge XAS
spectra and related discussions, please refer to Figure S6.

—TFY
L, ... TEY

Normalized to maximum of L,-e, peak (a.u.)

Ir70

455 470

460 465
Excitation Energy (eV)

Figure 3. Ti L, ;-edge XAS spectra of the Ir20, Ir4S, Ir58, and Ir70 Ir-
TiO, samples collected in the TFY (solid lines) and TEY (dotted
lines) modes compared to corresponding anatase and rutile TiO,
reference spectra. The spectra are normalized to the L,-e, peak
intensity.

The Ti L,; absorption edge probes the transition of the
occupied Ti 2p (2p,/, and 2p;,) core-level into unoccupied Ti
3d-derived states. This results in well-known splitting of the
final states (L, and L, peaks), with pre-edge features (A and
A¥) attributed to core-hole d-electron interactions.®>®* Further
resolution of the L, and L; peaks into t,, and e, peaks occurs
due to crystal field splitting.”>*° Additionally, the Li-e, peak
further splits (B, and B,) due to differences in tetragonal
distortion of the TiO4 octahedron, as prominently showcased
in the TiO, anatase and rutile polymorph spectra®”®’ (gray
and black spectra in Figure 3).

The TEY and TFY Ti L,;-edge XAS spectra of the
compositional Ir-TiO, material library exhibited strong differ-
ences when compared to the anatase and rutile TiO,
references, including (1) a shift of the maximum Lyt peak
toward lower excitation energies, (2) a broadening of the Ls-t,,
peak, (3) the appearance of a large absorption shoulder at
lower excitation energies (453—457.5 eV), (4) less resolved L;-
e, splitting, and (§) altered t,,/e, peak ratios. These
observations suggest the presence of metallic Ti and an
assortment of titanium-suboxides (TiO, where x < 2)°”""" in
the compositional Ir-TiO, material library. The lower
absorption edge of metallic Ti (indicated by the dashed
vertical line in Figure 3), 3 eV lower than that of TiO,, 458.2
eV,%® accounts for the spectral intensity at lower excitation
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Figure 4. (a) Ti 2p spectra (including fits) and (b) overlapping Ir 4f/Ir Sp;,,/Ti 3s spectra (including fits) for samples Ir20 and Ir70 of the
compositional Ir-TiO, material library recorded with surface-sensitive 1.45 keV (top plots) and bulk-sensitive 5.95 keV (bottom plots) excitation
energies. The raw data, fit curve (fit), background (BG), and fit residuals (residues) are shown. (c) Quantified surface and bulk-sensitive Ir/[Ir +
Ti] ratio derived from the Ir 4f/Ir Sp,/,/Ti 3s fit, where Ir = Ir(0) and Ti = Ti(IV) + Ti(III) + Ti(II) + Ti(0), and the relative content of the
titanium species (Ti(IV), Ti(Ill), Ti(II), and Ti(0)) identified in the surface-sensitive (1.45 keV, (d)) and bulk-sensitive (5.95 keV, (e))
measurements of the Ti 2p spectra. Annotated in panels d and e is the average TiO,, stoichiometry (where 0 < x < 2) calculated from the Ti(IV),

Ti(IlI), and Ti(II) fit contributions of the Ti 2p spectra.

energies. The other observations are well-known indications of
substoichiometric titanium oxidation states,””~"" reflecting an
increased Ti 3d character in the absorption spectra with a
decreasing titanium oxidation state.

These spectral differences become more pronounced with
increasing iridium content (Ir20 - Ir70), indicating a growing
deviation of the structure of the Ti oxide within the Ir-TiO,
samples from the anatase and rutile TiO, references. While
these features become more pronounced with increasing
iridium content, the overall similarity in the TEY and TFY
Ti L, ;-edge XAS spectral shape between the compositional Ir-
TiO, material library compared and TiO, suggests that the
predominant Ti species in the studied Ir-TiO, samples remains
as TiO,.

Furthermore, the difference in peak shapes and intensities of
TEY and TFY Ti L,;-edge XAS indicates a strong difference
between bulk and surface titanium states. Notably, the large
absorption shoulder of the Ly-t,; peak (453—457.5 €V) is less
intense for the surface-sensitive TEY compared to the bulk-
sensitive TFY measurements of the compositional Ir-TiO,
material library. The contrast between surface and bulk states
is most evident in sample Ir20, where the surface
predominantly exhibits TiO, character, while the bulk has a
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pronounced metallic Ti and TiO, character. The difference
between the surface and bulk spectra decreases with increasing
Ir content, particularly from sample Ir20 to Ir4S. In sample
Ir70, the small difference between TFY and TEY, along with
the overall high absorption intensity for the broad Lj-t,,
shoulder feature, suggests that both the surface and bulk states
have more a metallic Ti and TiO, character. To further
elucidate the subtle difference between surface and bulk states
in sample Ir70, angle-resolved TEY and TFY Ti L, ;-edge XAS
measurements were performed (see Figure S7). At more
grazing angles (i.e, more surface-sensitive), the lower spectral
intensity in the 453—457.5 eV energy regime indicates a more
oxidized surface with minor amounts of metallic Ti and TiO,.
In conclusion, depending on the Ir—Ti ratio (20—70 at. % Ir),
we find by Ti L, ; XAS (Figure 3 and Figure S7) Ti existing in
varying chemical environments, predominantly described as
TiO, (dominating the sample surface) and a combination of
metallic Ti with an assortment of different TiO, species
(dominating the sample bulk).

Due to the varying concentrations of the TiO,, metallic Ti,
and TiO, species (TiO,—TiO,-Ti’ composition), and their
differences in electrical conductivity, we anticipate significant
differences in the conductivity of the compositional Ir-TiO,
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material library for the different IrTi ratios compared to
semiconductive TiO,. Titanium suboxide Magnéli phases
(Ti,0,,_,)° and Ti,0;'® are more electrically conductive
than TiO,. Therefore, an increased quantity of the TiO,
species and metallic Ti in the material is expected to enhance
electrical conductivity, directly impacting the catalytic behavior
of the material. This is supported by lower Eyy at j = S mA/
cm? values (indicating better catalytic activity) for Ir—Ti ratios
with higher TiO, and Ti concentrations, while higher
contributions of TiO, leads to a decreased conductivity and
higher Eyy at j = S mA/cm? values (Figure 2b). Additionally,
since there is also a depth-dependent TiO,—TiO,—Ti’
composition gradient, we also anticipate a pronounced
conductivity profile that changes from the surface to the bulk
for each of the different Ir—Ti ratios.

This underscores the importance of quantifying and
understanding the TiO,—TiO,~Ti’ composition profile in
the compositional Ir-TiO, material library. Conventional
techniques, such as four-point probe resistivity measurements,
are not suitable for determining these electrical conductivity
profiles. Furthermore, speciation and quantification of the Ti
species are not straightforward using XAS. Reference measure-
ments of every possible titanium oxide species (TiO, for all
possible x < 2) would be required to quantify the data by, e.g,,
principle component and linear combination analysis. A better
approach is to use photoelectron spectroscopy for speciation
and quantification, as it can also be used to gain depth-
dependent information on the TiO,—TiO,~Ti’ composition
when different excitation energies are exploited. This
information is expected to yield insights that explain the
unexpected trend in the titanium dissolution and catalytic
behavior of the Ir—Ti ratios. It has been shown for compact
rutile IrO, thin films that the first ~2.5 nm of the catalyst film
is involved in the OER.*" The bulk composition contributes
toward the overall charge transport pathways within the
material and hence can influence the overall OER performance
of the material. Therefore, depth-dependent information
provides an understanding of both the active surface layer
and deeper charge transport layers within the material.
Additional speciation of the iridium can shed light on the
(partially) improved OER activity—stability relationship of thin
film material library compared to Ir.; by establishing a link
between stability and formal oxidation state.

Compositional Analysis by Depth-Resolved Photo-
electron Spectroscopy. Excitation-energy-dependent (i.e.,
depth-dependent) photoelectron spectroscopy measurements
were performed to clarify the chemical structure and
composition at the surface (XPS: 1.45 keV) and in the bulk
(HAXPES: 5.95 keV) of the Ir-TiO, compositional material
library, for each of the Ir—Ti ratio (20—70 at. % Ir), prior to
OER activity and stability measurements. This information
sheds light on the nature of the iridium and titanium species,
dictating the OER activity and stability for each Ir—Ti ratio in
the Ir-TiO, compositional material library. The XPS and
HAXPES survey spectra are shown in Figures S8 and S9.
Figure 4a,b summarizes the Ti 2p and Ir 4f/Ir Sp,/,/Ti 3s fits
of the surface and bulk for sample Ir20 and Ir70 of the
compositional Ir-TiO, material library. The surface and bulk
Ir—Ti ratios shown in Figure 4c and Figure 4d,e depict the
surface and bulk content of the present Ti species, annotated
with the average TiO, stoichiometry (where 0 < x < 2)
calculated from the Ti(IV), Ti(Ill), and Ti(1I) fit contributions
of the Ti 2p spectra.

The surface-sensitive and bulk-sensitive measurements
reveal the presence of a depth-dependent Ir—Ti ratio profile
for each of the Ir—Ti ratios in the Ir-TiO, compositional
material library (Figure 4d). The more surface-sensitive (1.4S
keV, average IMFP of 2.5—1.9 nm) data indicate on average
16% richer titanjum composition compared to more bulk-
sensitive (5.95 keV, average IMFP of 7.2—5.5 nm) measure-
ment. The ratio of Ir—Ti directly affects the OER performance
of the material through alterations in the concentration of the
active species at the surface (i.e, Ir, as Ti is not OER active)
and through charge transport properties, mostly dictated by
the concentration and nature of the titanium species at the
surface and in the bulk.

Regarding the active Ir species, no appreciable (detectable)
amount of surface iridium oxide was observed (Figure 4b), as
can be expected starting to form at 300 °C,** with a strong
oxidation process forming rutile IrO, only reported for
temperatures >400 °C.**’*”® The singular asymmetric Ir
4f,,, peak at a binding energy of 60.9 eV>"*® indicates the
presence of only Ir(0), irrespective of depth sensitivity. This
can presumably be related to the higher oxygen affinity of
titanium’* compared to iridium.”> At 300 °C, only the titanium
species (not the iridium) is oxidized, which supports the initial
evidence given by the Ti L,;- and O K-edge XAS
measurements regarding the presence of a TiO,~TiO,-Ti°
matrix. Therefore, metallic Ir (and its concentration at the
surface) is solely responsible for the catalytic OER activity of
different Ir—Ti ratios in the Ir-TiO, compositional material
library reported in Figure 2.

In accordance with the Ti L,;- and O K-edge XAS results,
the analysis of the fitted Ti 2p spectra (Figure 4a,d,e) confirms
the predominance of the Ti(IV) oxide (Ti 2p,/, position =
458.9 eV*7°) irrespective of iridium content, with a minimum
amount of 58% (Ir70, 5.95 keV). Much lower concentrations
of Ti(Il1)O, and Ti(II)O, suboxides are observed, with a
maximum amount of 13% (Ir70, 5.95 keV). There is still an
appreciable amount of metallic Ti(0) (Ti 2p;,, position =
454.5 eV) remaining after oxidation at 300 °C with a
maximum contribution of 33% (Ir70, 5.95 keV). A strong
variation in the TiO,—TiO,-Ti’ compositions with the Ir—Ti
ratios is observed in the Ir-TiO, compositional material library.
The concentrations of the TiO, suboxides and metallic Ti
increase with higher iridium concentrations, whereas lower Ir—
Ti ratios show high proportions of TiO,. Furthermore, the
surface-sensitive XPS measurements (1.45 keV, average IMFP
of 2.5—1.9 nm) indicate lower concentrations of TiO, and
metallic Ti, which is in accordance with the surface-sensitive Ti
L,; TEY. Also, the bulk-sensitive HAXPES measurements
(595 keV, average IMFP of 7.2—5.5 nm) are in good
agreement with the bulk-sensitive TFY-XAS measurements as
they reveal a more stoichiometric TiO, surface layer. The
average surface stoichiometry decreases from TiO g to
TiO, ;3 while the average more bulk-sensitive stoichiometry
decreases from TiO, gy to TiO, 3¢ with increasing Ir—Ti ratios.
It is therefore proposed that strong oxidation mainly occurs in
the first few surface layers, and once this nearly stoichiometric
surface oxide layer is formed, it creates an oxygen diffusion
barrier limiting titanium oxidation in the bulk. Moreover, the
lower degree of titanium oxidation with increasing iridium
content suggests that the presence of iridium influences the
oxidation process of titanium. Although iridium itself does not
oxidize at the investigated low temperatures, its high
concentrations may provide an additional physical barrier
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hindering oxygen diffusion within the film preventing oxygen
from reacting with the titanium species. This is consistent with
a previous study31 reporting lower oxygen concentrations in
deeper layers of the materials and no oxygen within iridium-
rich grain regions.

Our XAS and XPS/HAXPES results collectively describe the
composition of the Ir-TiO, material library as a mixed metallic
Ir, metallic Ti, and TiO, (0 < x < 2) matrix, with variations in
the extent of titanium oxidation depending on depth and
iridium content. This variation likely leads to a variation in the
conductivities within the compositional Ir-TiO, material
library, depending on the Ir—Ti ratios and depth within the
film. This Ir°-Ti’-TiO, composition (and its variation with
depth) has a direct impact on the OER activity and stability of
the material, which we discuss in the next section.

Effect of the Ir—Ti Ratio on OER Activity and Stability.
Given the elucidation of the surface and bulk Ir°-Ti’-TiO,
composition by means of XAS and XPS/HAXPES, a deeper
understanding of the trends in the OER activity and stability
(as shown in Figure 2) can be gained.

Because of the low annealing temperature, the titanium
exists in an intermixed matrix of semiconductive but stable
TiO, together with more conductive, less stable TiO,
suboxides and highly conductive but highly unstable metallic
Ti. As demonstrated by several studies, the use of
substoichiometric titanium oxides as, e.g., Magnéli
phases'”'®** can improve the charge transport pathways and
hence the overall OER performance of the material. Therefore,
using a low annealing temperature of 300 °C results in the
beneficial formation of a more conductive assortment of TiO,
species, which is expected to improve the electrical
conductivity within the material. In contrast, the material’s
stability against dissolution is reduced. According to the
Pourbaix diagram, under OER potentials in acidic media, TiO,
and TiO are the most thermodynamically favored species,”
and therefore, Ti and Ti(III) O, oxides are expected to undergo
phase transitions leading to higher dissolution rates. The
unusual trend in titanium dissolution as shown in Figure 2¢
can therefore be correlated with the change in titanium species
composition. For low iridium content, the titanium species at
the sample surface is predominantly in a near-stoichiometric
state (TiO, o) that is very stable under the OER conditions.
With increasing iridium content, increased amounts of metallic
Ti and TiO,, form, up to 3% metallic Ti and 11% TiO, ;3 (see
Figure 4d,e), which are less stable in the harsh acidic OER
conditions. Therefore, with increasing iridium content and
corresponding lower overpotentials, higher dissolution rates of
titanium are observed due to the presence of a larger quantity
of less stable Ti® and Ti(III) oxide within the electrode. This
explains the reverse trend in titanium dissolution compared
with iridium dissolution.

Despite the increase in the titanium dissolution rates with
increasing Ir—Ti ratios, under the OER conditions of the CP
hold at 1 mA/cm® for 2 min, all Ir—Ti ratios in the
compositional Ir-TiO, material library display higher stability
against iridium dissolution compared to Ir, Figure S presents
the overall quantified Ir(0), Ti(IV), Ti(IIl), Ti(I), and Ti(0)
surface and bulk compositions, along with the relative iridium
stability presented on the secondary y-axis, which is the iridium
dissolution quantity of the Ir-TiO, samples (dy,_r,0) with

respect to the iridium dissolution quantity of Ir,.¢ (dy, ) during
the CP hold at 1 mA/cm? for 2 min. The larger this value is,
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Figure S. Ir(0), Ti(IV), Ti(Ill), Ti(1I), and Ti(0) composition
derived by means of surface (XPS 1.45 keV) and bulk (HAXPES: 5.95
keV) sensitive measurements for samples Ir20, Ir4S, IrS8, and Ir70 of
the studied compositional Ir-TiO, material library. Given on the
secondary y-axis (right) is the relative iridium sample stability with
respect to the Ir,; Here, the relative stability represents the ratio of
the iridium dissolution quantity of the Ir-TiO, samples (dj,_1;0) and

the iridium dissolution of Ir,¢ (dy, ) for the EP step CP hold at 1 mA/

cm? for 2 min.

) relative iridium
dissolution

the lower the iridium dissolution for that specific mixed Ir-
TiO, catalyst candidate material composition. The lowest
iridium dissolution (i.e., highest relative iridium stability) was
observed for samples IrS8 and Ir70. This demonstrates that
even a small quantity of intermixed titanium stabilizes the
iridium species against dissolution, despite the titanium species
itself being less stable against dissolution. For the compositions
with the lowest iridium dissolution, higher concentrations of
metallic Ti and TiO, compared to stoichiometric TiO, are
observed. The counter advantage of having a titanium species
in a less stable state (i.e., TiO, vs TiO,) is that it has better
conductivity, which contributes to the increased performance
of the material (as can be seen by low Eyy at j = 5 mA/cm?
value in Figure 2b). Furthermore, the higher quantities of
conductive species (i.e.,, Ir(0), Ti(0), Ti(Ill), and Ti(I)) in
the bulk better promote charge transport pathways within the
material for PEM-WE application needs.

The other interesting result from this study is that there is an
overall reduction in the total dissolution amounts of iridium
and titanjum (Figure S5 for the dissolution rates for each EP
step) and a simultaneous improvement in OER activity before
and after the CP hold at 1 mA/cm? (see Figure 2d). The total
dissolution of iridium and titanium decreases in average by 63
and 89%, respectively, after the EP protocol, indicating rapid
stabilization of the electrode surface. Simultaneously, the lower
Eyg at j = § mA/cm? observed after the CP hold at 1 mA/cm?
implies that an activation process has occurred on the surface
of the material. The extent of these activation and stabilization
processes increases with increasing Ir—Ti ratio. It is well-
known that, for metallic iridium, there is an initial activation of
the surface through the formation of a highly active hydrous
iridium oxide species,”” which leads to the observed decrease
of 28 mV in the Eyy at j = S mA/cm?” before and after the CP
hold at 1 mA/cm? for the Ir,; benchmark. It is quite probable
that the compositional Ir-TiO, material library also undergoes
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a similar activation of its metallic iridium species. However, for
some of the Ir—Ti ratios in the material library, the reduction
in Eyg at j = S mA/cm? is much larger than that of the metallic
iridium benchmark (e.g., 49 mV for Ir58 and 64 mV for Ir70,
see Figure 2d). This leads to the conclusion that there are
other additional processes occurring that improve the
material's OER activity for these samples. One possible
explanation is the more rapid dissolution of the surface
metallic Ti, which is less stable compared to nearly
stoichiometric TiO,, and this preferential dissolution of
metallic Ti can create microporosity within the surface layer,
leaving behind a more stable (TiO, vs metallic Ti) and more
active material (i.e., more exposed Ir sites). This could explain
why the extent of activation (i.e., the decrease in Eyg atj =5
mA/cm? of 64 mV) is the highest for sample Ir70 (see Figure
2d), which has the highest Ti’ (3.5%) and TiO,,; (29.2%)
quantities. This phenomenon has also been observed for
nonstoichiometric Iry,Sny;0,_, thin films, which showed
improved OER activity as a result of the preferential
dissolution of less stable, nonstoichiometric Sny;0,_,
compared to the iridium, resulting in a porous structure with
an activated hydrous iridium surface.**

Using a rather low annealing temperature, an optimal
mixture of highly stable TiO, with an assortment of more
conductive and less stable TiO, and metallic Ti can be formed
for a wide range of Ir—Ti ratios. This has a direct effect on the
OER activity and stability for each of the Ir—Ti ratios. The
best-performing Ir—Ti samples investigated within this study
are Ir58 and Ir70, for which moderate, beneficial amounts of
metallic Ti and TiO, improve the material's OER activity and
stability against iridium dissolution compared to the Ir,. This
study strongly highlights the beneficial nature of mixing
conductive, but less stable, titanium-suboxides with iridium.
First, the intermixed titanium promotes stabilization of the
iridium species in the Ir-TiO, candidate materials. Second,
there is an initial increase in OER performance by an increase
in the available iridium active sites via selective dissolution of
the comparatively less stable titanium species, leading to
increased surface porosity. Lastly, there is increased con-
ductivity of the mixed Ir-TiO, catalyst by the formation of
conductive titanium-suboxides. The previous findings’' alone
are insufficient to explain these three effects. The use of XAS
and XPS/HAXPES therefore allowed for a deeper under-
standing of the electronic states of iridium and titanium
governing the material's OER activity and stability and
provided a better insight into the conductivity (e.g, charge
transport pathways) of the material.

Long-term stability of these material compositions is yet to
be proven; still, the insights on the initial titanium and iridium
dissolution rates presented here provide a good basis for
stability comparison of catalysts with different Ir—Ti
compositions. Ref 31 reported that such mixed Ir-TiO, thin
film materials displayed higher S-numbers (i.e., higher
stability) compared to thermally formed rutile IrO, and
IrO,/TiO, nanoparticles.”” It has also been shown that
aqueous model systems are ideal for studying beginning of
life accelerated stability tests, comparable to dissolution rates
in membrane electrode assemblies, reflecting PEM-WE
performance.”” Therefore, the information on the thin film
compositional Ir-TiO, material presented in this study can be
used for the rational design of active and stable OER catalysts
with low Ir loading.
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B CONCLUSIONS

A systematic evaluation of the OER activity and stability of a
wide range of Ir—Ti ratios (20—70 at. % Ir) by means of a thin
film compositional Ir-TiO, material library was performed.
Synchrotron Ti L,;-edge and O K-edge XAS and depth-
dependent XPS/HAXPES measurements revealed that, using a
low annealing temperature of 300 °C, the formation of an
intermixed metallic Ir°, Ti’, TiO,, and assorted TiO, (x < 2)
suboxide matrix is achieved. The extent of titanium oxidation
depends strongly on the iridium content and sample depth,
with high ratios of Ti’ and TiO, observed at the highest
iridium concentrations and in the surface region of the studied
samples. The intermixed matrix of semiconductive but stable
TiO,, more conductive TiO, suboxides, and highly conductive
metallic Ti yielded improved stability against iridium
dissolution compared to a metallic iridium thin film bench-
mark. In addition, it also improved OER activity by means of
better electrical conductivity and preferential dissolution of the
nonstoichiometric titanium oxides and metallic titanium to
create more exposed iridium active sites.

By means of a co-sputtered material library, we demon-
strated the ability to tune the Ir—Ti ratio, allowing for efficient
screening of the OER catalyst materials. Changes in
morphologies and chemical states were directly linked with
OER stability and activity of the OER and the material’s
conductivity. This approach elucidated viable (well-perform-
ing) Ir/Ti ratios suitable for further catalyst development
strategies with the aim of reducing iridium loading. This
knowledge can aid in tailoring more stable mixed Ir-TiO,
catalysts with lower Ir loading for OER applications and
highlights the beneficial impact of the different titanium phases
that are formed using low annealing temperatures.
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