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ABSTRACT: A simple and versatile strategy of catalytic promotion is presented that is able to
significantly improve both the catalytic propane combustion and most notably the oxygen
evolution reaction activity in acidic water electrolysis of phase-pure Ir0.3Ti0.7O2 by hydrogen
incorporation of 26 at% into Ir0.3Ti0.7O2 through H2 exposure at 150 °C without compromising
the long-term stability. The most attractive feature of hydrogen promotion is the prospect of
improving oxidation catalysis for an entire class of materials, namely, mixed oxides, and for various
oxidation reactions, regardless of whether they belong to thermal or electrocatalysis. Hydrogen
promotion is proposed to be routinely tested in materials screening of mixed oxides in oxidation
catalyts.
KEYWORDS: solid solution of oxides, hydrogen incorporation, promotor, oxygen evolution reaction, acidic water electrolysis

1. INTRODUCTION
Proton exchange membrane water electrolysis (PEM-WE) is
currently the most effective way to produce green hydrogen
from intermittent renewable energy sources that can serve both
as a critical commodity chemical and an attractive energy
storage medium.1,2 The counterreaction to the hydrogen
evolution (HER) is the oxygen evolution reaction (OER),
which takes place at the anode under acidic conditions and
high anodic potential so that currently only iridium-based
oxides can withstand this harsh environment in the long term
and are also therefore used in commercial PEM-WE.3,4

However, iridium is one of the scarcest elements in the
Earth’s crust, so that reducing the Ir load while maintaining the
overall activity in the OER would be highly desirable. Two
strategies are conceivable: one is to increase the number of
active sites per Ir mass, and the other is to increase the intrinsic
activity of Ir-based active sites.5−7

Lower Ir loadings has been achieved, for example, by
diluting IrO2 with stable rutile TiO2 in the form of a solid
solution.8,9 From dimensionally stable anode (DSA) technol-
ogy, it is known that 30 mol % Ir is sufficient to maintain a high
electronic conductivity of the coating (Ir_30:30 mol % IrO2
and 70 mol % rutile TiO2),

10,11 albeit the overall activity is
expected to decrease with the number of active sites. Another
strategy to reduce the iridium loading is to use porous
materials with high surface-to-bulk ratios and good accessibility
to the active site12 or to coat a more abundant transition metal
core with an ultrathin IrO2 shell.

13 The formation of 2D Ir
metallene oxides allows most of the Ir atoms (which are now
all on the surface and accessible) to be utilized in the catalytic
OER.14

There are a number of ways in which the intrinsic activity of
IrO2 can be improved.

15 The simplest strategy is to use Ir
metal, which is more active than IrO2, but unfortunately,
metallic Ir is also much less stable than IrO2.

16,17 Alternatively,
one can reduce the crystallinity of IrO2 (amorphous IrO2),
which encompasses IrO2 with a higher concentration of
unsaturated and therefore active sites.18−21 Lattice water-
assisted short-range ordered iridium oxide (IrOx·nH2O)22 has
been shown to be an efficient OER electrocatalyst for highly
stable acidic water oxidation. Doping engineering is another
option to improve the intrinsic activity of IrO2,

23,24 as
demonstrated, for example, with mixed Ru1−xIrxO2.

25−27

Recently, we have introduced the concept of incorporated
hydrogen28 as an efficient promoter in oxidation catalysis. It
was shown that 18 atom % hydrogen can be incorporated into
the mixed oxide Ru0.3Ti0.7O2 by hydrogen exposure at 250 °C,
leading to a significant improvement in the catalytic activity of
the total oxidation reaction of propane and of the HCl
oxidation to recover Cl2. It was suggested that this promoting
effect of hydrogen incorporation may not be limited to thermal
oxidation catalysis but could be fully exploited in electro-
catalysis such as the demanding OER.28

In order to reveal clear structure−activity correlations,
phase-pure mixed oxide Ir_30_pp is prepared, and the
promoting effect of inserted hydrogen is tested in two
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prototypical oxidation reactions, one taken from thermal
catalysis and the other from electrocatalysis. In addition to the
catalytic combustion of propane, which is an important
reaction for the after-treatment of exhaust gas of liquid
petroleum gas-powered engines,29 we demonstrate the
promoting effect of inserted hydrogen for the acidic oxygen
evolution reaction (OER).

2. MATERIALS AND METHODS
Preparation of Ir_30: First, the mixed Ir−Ti oxide (with 30
mol % Ir) is prepared via a conventional sol−gel method as
previously reported:28 20 mmol anhydrous citric acid (Sigma-
Aldrich 99.5%) and 0.6 mmol IrCl4·H2O (fluorochem, 99.9%)
are dissolved into 40 mL deionized water. Then, 5 mL of
anhydrous ethanol containing 1.4 mmol of titanium butoxide
(Sigma-Aldrich, 97%) is added dropwise to the solution. After
sufficient stirring, the pH of the mixture is adjusted to ∼6
before heating to 90 °C for evaporation. The resulting gel is
dried overnight and calcined at 400 °C for 4 h with a heating
rate of 2 °C/min. The final sample is designated as Ir_30.
Preparation of Ir_30_pp: As shown in XRD (Figure 1a),

Ir_30 is not phase pure but consists of a mixture of pure IrO2
and IrxTi1−xO2. In order to synthesize phase-pure Ir_30
(Ir_30_pp), which allows to study clear structure−function
correlations in the OER, a modified polymer complex route
based on the sol−gel method is applied:30 0.3 mmol Ir(Acac)3
(Fluorochem, 99.9%) is dissolved in a mixture of 5 mL
methanol and 5 mL acetylactone to form a homogeneous light
yellow solution. 0.7 mmol of titanium(IV)-isopropoxide
(Sigma-Aldrich. 99.5%) is injected under nitrogen protection
into 9.8 mL of 0.2 M citric acid 1-proponal solution, and then
4.8 mL of acetylactone is added to stabilize the titanium
precursor. After thorough mixing, 9.8 mL of ethylene glycol is
added, and the resulting solution is further mixed with the
above Ir(Acac)3 solution. Finally, 8.1 mL of acetonitrile is
added to the solution. After the mixture is stirred for 1 h, 1 mL

of concentrated HNO3 is added, and the final mixture is heated
in an oil bath at 100 °C for 7 days. The resulting gel is calcined
at 400 °C for 4 h in several heating steps (see Table S1). The
final sample is referred to as Ir_30_pp.
Hydrogen incorporation: The Ir_30 or Ir_30_pp catalyst is

placed in a quartz boat and hydrogenated for 3 h under 4%H2/
N2 in a tubular furnace at 150 °C; the heating rate is 2 °C/min.
The resulting catalysts are called Ir_30_pp_150R.
Characterization of catalysts: Powder X-ray diffraction

(XRD) measurements are performed on a Panalytical
Empyrean diffractometer, using a Cu Kα source operated at
40 kV and 40 mA. The XRD scan is performed in an angle
range from 15 to 75°. The average crystallite size is evaluated
using the Scherrer equation, while the composition of the
catalyst is estimated by using Vegard’s law. Scanning
transmission electron microscopy (STEM) images of the
catalyst are obtained using a ThermoFisher Talos F200X
transmission electron microscope. High-angle annular dark
field (HAADF) STEM images are taken using a convergence
half angle of 25 mrad and inner and outer collection angles of
47 and 200 mrad, respectively. Energy dispersive X-ray
spectroscopy (EDS) is performed using four in-column
Super-X detectors. Scanning electron microscopy (SEM)
images and EDS mapping are taken by a Gemini SEM 560
instrument. X-ray photoelectron spectroscopy (XPS) is
performed with a PHI VersaProbe II spectrometer, using a
photon energy of 1486.6 eV (monochromatized Al−Kα line).
XPS spectra are analyzed using CasaXPS software (version
2.3.17). Thermogravimetric (TG) analysis is performed on a
STA 409PC thermoscale (Netzsch) coupled to a QMG421
quadrupole mass spectrometer (MS, Balzers) with an
ionization energy of 70 eV. Approximately 20 mg of
Ir_30_pp and Ir_30_pp_150R catalysts is heated under
synthetic air (30 sccm/min) from room temperature to 500
°C with a heating rate of 10 °C/min. Sample pretreatment and
storage conditions are kept constant. Due to the low signal-to-

Figure 1. (a) Powder XRD of Ir_30 and phase pure Ir_30_pp before and after mild reduction at 150 °C for 3 h in 4% H2 (Ir_30_150R,
Ir_30_pp_150R). (b) HAADF and element mapping of Ir_30_pp_150R. Ir 4f XPS spectra of phase-pure (c) Ir_30_pp and (d) Ir_30_pp_150R
after mild hydrogenation at 150 °C. The deconvolution of the spectra in various species (Ir4+, Ir4+-satellite, Ir4+5p, Ti 3s) are indicated, while the
specific fitting parameters are compiled in Table S3.
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noise ratio, we do not directly determine the hydrogen capacity
by monitoring the H2 in an inert atmosphere with MS. Instead,
we performed a kind of temperature-programmed oxidation
experiment, where the total amount of incorporated hydrogen
was quantified by the amount of produced water in an
oxidizing atmosphere during temperature ramping.
Catalytic Tests: (a) Total propane oxidation: The catalytic

test for propane oxidation is performed in a home-built flow
reactor system.31 A homogeneous mixture of 20 mg of catalyst
and 40 mg of quartz sand is placed in the center of a quartz
tube to which a constant flow of the reactant gas (1 vol %
C3H8, 5 vol % O2, balanced with 94 vol % N2) is continuously
fed at a rate of 100 cm3 STP min−1 (sccm). This corresponds
to a weight hourly space velocity (WHSV) of 345000 mL·g−1·
h−1. A nondispersive infrared (NDIR) sensor is used to
measure the volumetric concentration of CO/CO2 and C3H8.
The catalyst is ramped from room temperature to 300 °C at a
rate of 1 °C/min. The propane conversion is determined using
the following equation:

=X
c

c
(CO )

(CO )C H
2

max 2
3 8

where c(CO2) is the concentration of CO2 at the outlet of the
reactor during the temperature ramp and cmax(CO2) is the full
conversion state concentration of CO2. The carbon mass
balance is carefully checked and guaranteed for each sample.
The space-time yield (STY, mol(COd2)·kg(Cat)

−1 ·h−1) is used as the
activity descriptor.
(b) Oxygen evolution reaction (OER): The OER is

performed in a three-electrode system using a NOVA
electrochemical workstation at room temperature. A 0.05 M
H2SO4 solution is used as the electrolyte, and Pt wires and Ag/
AgCl electrode (KCl saturated) are the counter and reference
electrodes, respectively. Before the measurement, the catalyst
film is prepared as a working electrode. First, the catalyst ink is
prepared by ultrasonicating a mixture of 4 mg of catalyst, 20 μL
of 5% Nafion solution (Sigma-Aldrich), 0.25 mL of anhydrous
ethanol, and 0.75 mL of ultrapure H2O for 40 min. After
forming a homogeneous solution, 5 μL of the catalyst ink is
deposited onto a glassy carbon electrode with a 3 mm diameter
(area: 0.07 cm2) and then dried at room temperature. The
catalyst loading per surface area is 280 μg/cm2. A linear sweep
voltammetry (LSV) program is used to quantify the activity of
the anode: The electrode potential is varied from 1.0 to 1.6 V
vs RHE (reversible hydrogen electrode) with a scan rate of 10
mV/s, and the current density is measured. For various
electrode potentials, electrochemical impedance spectra are
acquired to determine the conductivity of the catalyst coating
and the charge transfer resistance.
To evaluate the stability of phase pure and hydrogenated

iridium catalysts, real-time monitoring of iridium and titanium
dissolution under varying electrochemical potentials within the
OER range is achieved using a custom polycarbonate scanning
flow cell (SFC), connected to an inductively coupled plasma
mass spectrometer (ICP-MS, PerkinElmer NexION
350X).32,33 To prepare working electrodes, catalyst powders
are dispersed in a 7:1 ratio of ultrapure water to IPA, with the
addition of a perfluorinated Nafion ionomer solution (Sigma-
Aldrich, 5 wt %) as a binder. The resulting ink is ultrasonicated
for 20 min (4 s on/2 s off pulses) using a probe sonicator
(Branson Ultrasonics SFX150), followed by pH adjustment to

approximately 11 using 1 M KOH. Finally, 2.3 μL aliquots of
this ink are carefully dropped onto an Au foil backing electrode
(25 × 25 mm, 99.95%, Alfa Aeasar).34 The surface area of
these spots is then estimated using a Keyence VK-X250
profilometer, and the final catalyst loading is estimated to be
280 μg cm−2. For the counter electrode, a glassy carbon rod
(HTW, Sigradur G) is connected at the SFC inlet through a T-
connector, while a Ag/AgCl reference electrode (Metrohm,
Germany) is connected to the outlet through a capillary to
prevent Cl− contamination. The Au foil with the drop-casted
catalysts is positioned on an XYZ translation stage (Physik
Instrumente M-403) and connected with Cu tape. All
experiments are conducted in a 0.05 M H2SO4 electrolyte
solution, flowing at ∼3.5 μL/s and prepared by diluting
concentrated H2SO4 (Suprapure 96%, Merck) with ultrapure
water to ensure minimal impurities (less than 2% w/w salts
and organics). Electrochemical analyses are performed using a
Biologic potentiostat (VSP-150, Biologic), and recorded
potentials are presented on the reversible hydrogen electrode
(RHE) scale. To maintain accuracy, the ICP-MS is calibrated
daily using a three-point method with standard solutions
(Merck Certipur, Ir, Ti 1000 mg L−1) in the same electrolyte,
supplemented with internal standards (187Re for 193Ir and 45Sc
for 47Ti) with similar ionization energy and mass as measured
analyte to compensate for any interferences, matrix effects, and
instrumental variations.
The electron paramagnetic resonance (EPR) spectra are

measured using a Bruker EMX PLUS spectrometer at 100 K,
and 20 mg of the sample is used. The measurement parameters
are as follows: a center field of 3320.00 G, a microwave
frequency of 9.30 GHz, and power of 3.170 mW. The g factor
is calculated via g = hν/βH, where h is the Planck constant, ν is
the microwave frequency, β is the Bohr magneton, and H is the
magnetic field.35,36

The 1H solid-state NMR experiments are performed using
standard methodologies with a Bruker Avanced NEO 400 M
spectrometer at frequencies of 400.1 MHz (1H). Freshly
prepared samples (100 mg) are used to obtain a quantitative
result. One-dimensional data sets are acquired on samples spun
at 15 kHz using 2.0 mm magic-angle spinning (MAS)
probes.37

3. RESULTS
As indicated by powder X-ray diffraction (XRD) in Figure 1a,
the Ir−Ti oxide system faces a pronounced miscibility gap:
Ir_30 consists of a mixed IrxTi1−xO2 and pure IrO2 (both in a
rutile structure). Upon hydrogenation at 150 °C
(Ir_30_150R), part of the IrO2 is reduced to metallic Ir in
face-centered cubic (fcc) structure and the rutile IrxTi1−xO2
diffraction peaks shift slightly, which can be interpreted as due
to hydrogen incorporation, similar to the case of Ru_30
hydrogenation.28 Since the strongest Ir metal diffraction peak
at 41° overlaps with the IrO2 diffraction features (cf. Ir_100
scan in Figure 1a), the formation of Ir metal can only be
inferred from the observed intensity variation in the double
peak around 39−41° of Ir_30 and Ir_30_150R. Deconvolu-
tion of rutile-related XRD peaks in Figure S1 shows that the
intensity of IrO2-related diffraction peaks is indeed significantly
reduced, thus supporting the transformation of IrO2 to Ir metal
upon 150R treatment. X-ray photoelectron spectroscopy
(XPS) of Ir_30 (Ir 4f in Figure S2) shows that Ir is exclusively
in the 4+ oxidation state, and no metallic Ir feature is detected,
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while a strong spectral signature of metallic Ir appears in the Ir
4f XP spectrum of Ir_30_150R.
For the interpretation of hydrogen-induced activity enhance-

ment in the OER, the miscibility gap of Ir_30 poses a problem
since Ir is a much better OER catalyst than IrO2. Therefore,
possible activity enhancements in the OER of Ir_30 cannot be
unambiguously attributed to hydrogen incorporation into
mixed Ir0.3Ti0.7O2. For this reason, we prepare phase-pure
Ir_30 (Ir_30_pp) by a sophisticated Pechini approach adapted
from the literature.30 The phase purity of Ir_30_pp and
Ir_30_pp_150R is confirmed by XRD in Figure 1a. In the
diffraction pattern, only diffraction features of rutile mixed
IrxTi1−xO2 appear, which are characteristically shifted with
respect to those of pure IrO2 and r-TiO2. The derived lattice
parameters (summarized in Table S2) can be used to estimate
the average composition based on Vegard’s rule: According to
Figure S3, the Ir concentration is about 30 mol %, which is
close to the nominal composition of Ir_30_pp. When
I r_30_pp i s m i l d l y hyd rogena t ed a t 150 °C
(Ir_30_pp_150R), the diffraction peaks of mixed IrxTi1−xO2
are slightly shifted with respect to those of Ir_30_pp, while no
metallic Ir features appear in the diffraction pattern. This
behavior suggests that hydrogen is incorporated into the mixed
oxide lattice without forming a metallic phase of Ir. The
composition of Ir_30_pp and Ir_30_pp_150R is independ-
ently determined by energy dispersive X-ray spectroscopy
(EDS) (cf. Figure S4) and turns out to be 28−29 mol % Ir (cf.
Table S2). Using high-angle annular dark field (HAADF) and
elemental mapping (see Figure 1b), it is evident that Ti, Ir, and
O are uniformly distributed in Ir_30_pp_150R. No enrich-
ment of Ir, in the form of either IrO2 or metallic Ir, is evident
from the elemental mapping of Ir.

In the XPS experiments summarized in Figure 1c,d and
deconvoluted by various species (Ir4+, Ir4+-satellite, Ir4+5p, Ti
3s) no metallic Ir feature is observed in the Ir 4f spectra of
Ir_30pp and Ir_30_pp_150R, proving that Ir_30_pp_150R,
and thus Ir_30_pp is phase pure in the near-surface region
regardless of crystallinity; the specific fitting parameters are
compiled in Table S3, which are consistent with corresponding
literature values.38 The pronounced asymmetry of Ir4+
components is caused by electron−hole pair excitation of the
me t a l l i c c ondu c t i n g o x i d e o f I r _ 30_pp and
Ir_30_pp_150R.39,40 Hydrogenation of Ir_30_pp at 150 °C
does not change the oxidation state of Ir, which remains in the
4+ oxidation state. However, the shakeup satellite features
disappear in the Ir 4f XP spectrum.
Figure S5 shows the Ir 4f difference spectrum of

Ir_30_pp_150R and Ir_30_pp, from which clearly only a
double feature remains, which is attributed to the shakeup
satellite features of Ir4+.39,40 Mild reoxidation of
Ir_30_pp_150R at 300 °C (Ir_30_pp_150R_300O) causes
the satellite feature to reappear (Figure S6). In Figure S6b, the
difference spectrum of Ir_30_150R_300O and Ir_30_pp is
identical to the noise level, confirming the reversible behavior
upon mild hydrogenation and oxidation. In XRD, the rutile
diffraction features of Ir_30_pp_150R_300O are shifted back
to the position of Ir_30_pp (cf. Figure S7a), thus
demonstrating a fully reversible behavior of hydrogen insertion
and removal upon mild hydrogenation and subsequent mild
reoxidation.
The slight shift in the diffraction features of Ir_30_pp upon

hydrogenation at 150 °C (cf., Figure 1a) might suggest only a
small amount of hydrogen incorporation. However, this is not
the case. Thermogravimetric (TG) analysis coupled to a mass

Figure 2. Activity data of phase pure Ir_30_pp and Ir_30_pp_150R in the total oxidation of propane: 1 vol % C3H8, 5 vol % O2 balanced by N2;
total volume flow rate: 100 sccm/min; temperature ramp: 1 K/min. (a) Conversion curves and (b) space−time yield (STY in mol product per kg
catalyst and time) of Ir_30_pp in the catalytic propane combustion as a function of the reaction time when cycling the reaction temperature
between 30 and 150 °C in the same reaction mixture as in (a) (gray background). Hydrogenation of Ir_30_pp occurs during temperature ramping
(1 K/min) from 30 to 150 °C in 4% H2/Ar with total volume flow of 50 sccm/min (green background). When reaching 150 °C, the gas
composition is switched to the reaction mixture (gray background), revealing a substantial increase in activity. After cooling to 30 °C the
atmosphere is switched back to air (yellow background) and the temperature is cycled between 150 and 30 °C after which the activity is identical to
that of the as-prepared Ir_30_pp. (c) Arrhenius plots of Ir_30_pp and Ir_30_pp_150R (for conversion lower than 5%).
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spectrometer (MS in Figure S8a and the corresponding TGA
signal in Figure S8b) quantifies that 26 at% hydrogen is
incorporated into Ir_30_pp_150R, which is about the same
molar percentage as that of Ir in Ir_30_pp.
Recently, the promoting effect of hydrogen incorporation in

mixed oxides of 30 mol % of RuO2 and 70 mol % rutile TiO2
(Ru_30) has been reported for two catalytic oxidation
reactions,28 namely, the propane combustion and the HCl
oxidation. Therefore, we also expect a promoting effect of the
incorporated hydrogen in Ir_30_pp for the total oxidation of
propane; the corresponding conversion curves are summarized
in Figure 2a. Ir_30_pp reaches 90% conversion at 215 °C,
while after hydrogenation at 150 °C (Ir_30_pp_150R) 90% of
the propane is already converted at 205 °C.
The apparent activation energies of Ir_30_pp and

Ir_30_pp_150R are 157 and 121 kJ/mol, respectively (see
Figure 2c). Since neither the XRD nor the O 1s, Ti 2p, and Ir
4f XP spectra change when Ir_30_pp is hydrogenated at low
temperature (except for suppression of the satellite feature that
is assumed to be a bulk property39), we presume that the
number of active sites of Ir_30_pp and Ir_30_pp_150R is
preserved. The observed variation in apparent activation
energy upon hydrogenation is pronounced and may therefore
indicate that the interaction of the reaction intermediates with
the catalyst is affected in the rate controlling step.
Hydrogenation of Ir_30_pp can also be performed in situ in

the flow reactor, as summarized in Figure 2b. When Ir_30_pp
is exposed to a hydrogen atmosphere during temperature
ramping from room temperature to 150 °C, the catalytic
propane combustion activity of hydrogenated Ir_30_pp at 150
°C is significantly increased from 0.5 for Ir_30_pp to 1.1
mol(CO2) kg−1(Cat) h−1. Temperature ramping of
Ir_30_pp_150R in air leads to the same activity as for the
as-prepared Ir_30_pp, indicating a reversible activity behavior
of Ir_30_pp in catalytic propane combustion upon hydro-
genation and mild reoxidation (Figure S7b).
We now demonstrate the promoting effect of the

incorporated hydrogen in Ir_30_pp for the OER under acidic
conditions by comparing the mass-normalized current−voltage
curves (linear sweep voltammograms, LSV) of phase pure
Ir_30_pp and Ir_30_pp_150R in the OER potential range
(Figure 3a). It can be seen that Ir_30_pp is similarly active to
Ir_100 (pure IrO2, used here as a reference) in the OER, while
the mass-normalized current of Ir_30_pp_150R is significantly
higher than that of Ir_100. At an electrode potential of 1.6 V
(vs RHE), the mass-normalized current summarized in Figure
3a is approximately seven times higher, meaning that seven
times less Ir is required in Ir_30_150R to achieve the same
catalytic performance as the pure IrO2 reference catalyst. The
corresponding current densities as a function of the electrode
potential are shown in the inset of Figure 3a. The promoting
effect of Ir_30_pp_150R is reflected by an overpotential gain
of about 60−70 mV at a current density of 1 mA/cm2.
The Tafel plots are collected in Figure S9 for Ir_30_pp and

Ir_30_pp_150R and compared to those of pure Ir_100. From
these plots, the Tafel slope, a characteristic parameter
describing the reactivity of an electrocatalyst41,42 can be
determined to be 73 mV/dec (Ir_30_pp), 57 mV/dec
(Ir_30_pp_150R), and 48 mV/dec (Ir_100). Within the
generalized Butler−Volmer formalism, these differences in
Tafel slopes indicate a variation in the intrinsic activity.43

Comparison with the literature: The found value for Ir_100 is
consistent with the reported Tafel slopes of pure single

crystalline IrO2(110) (49 mV/dec3)
44 and polycrystalline IrO2

(39−48 mV/dec).45
It has been shown for some OER catalysts that increased

activity is associated with decreased stability.46 Therefore, the
dissolution rates of Ir from Ir_30_pp and Ir_30_pp_150R are
quantified using a scanning flow cell (SFC) connected to an
inductively coupled plasma mass spectrometer (ICP-MS)
under identical OER conditions.33 The electrochemical
protocol (see Figure 3b) starts with bringing the electrode
surface into contact with the SFC followed by 6 min at the
open circuit potential (OCP). Then, seven consecutive
galvanostatic holds (OER pulses) are applied at 5 mA·cm−2

for 30 s each, separated by 4 min at an OCP each. A trend of
stabilization, i.e., a decrease in the total amount of Ir
dissolution with an increasing number of consecutive OER
pulses, is clearly visible for both electrodes. For the Ir_30_pp
model electrode, Ir dissolution decreases from 1.3 ± 0.2 ng·
cm−2 after the first OER pulse to 0.35 ± 0.02 ng·cm−2 after the
seventh pulse, while in the case of the Ir_30_pp_150R
electrode the decrease goes from 5.0 ± 0.1 ng·cm−2 to 0.95 ±
0.02 ng·cm−2 (cf. Figure 3b,c). Finally, steady state conditions
are reached in the dissolution. The stability of Ir_30_pp is very
high (as expected) and is slightly higher than that of
commercial IrO2 (cf. Figure 3c).

47 For Ir_30_pp_150R the
dissolution rate of Ir increases by a factor of 3, indicating that
the anodic dissolution stability does not deteriorate signifi-
cantly and is virtually identical with that of pure IrO2. The

Figure 3. (a) Catalytic oxidation activity (given in current per gram of
active component IrO2) of phase pure Ir_30_pp and Ir_30_pp_150R
(in comparison with Ir_100) in the oxygen evolution reaction (OER),
the anodic reaction of the water electrolysis. The corresponding
current densities as a function of the electrode potential are shown in
the inset. (b) Stability experiments: summary of the SFC-ICP-MS
experiments of Ir_30_pp, Ir_30_pp_150R, and commercial IrO2.
Electrochemical protocol of consecutive galvanostatic holds (OER
pulses) monitored Ir dissolution rate at the ICP-MS. (c) Total
amount of Ir dissolution depending on the OER pulse number.
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stability is corroborated by the invariance of repeated LSV of
Ir_30_pp_150R in the OER range (Figure S10). The
concomitant dissolution rate of Ti is low and not affected by
the hydrogenation (cf. Figure S11).

4. DISCUSSION
Hydrogenation of mixed oxides at mild temperatures is a rather
general concept for hydrogen insertion into mixed oxides when
appropriate combinations of parent oxides are chosen, i.e., one
oxide is capable of activating H2 dissociation, while the other
oxide component stabilizes the mixed oxides against total
reduction. The resulting synergy effect allows the mixed oxide
to accumulate absorbed H in the bulk of the mixed oxide while
maintaining structural integrity. This concept has been
demonstrated with the mixed oxide of RuO2 and TiO2 and
applied to thermal catalysis.28,48 Here, this strategy is applied
to another mixed oxide, namely the solid solution of IrO2 and
TiO2 with 30 mol % IrO2. Using a sophisticated Pechini
synthesis route,30 phase-pure Ir_30_pp consisting only of the
Ir0.3Ti0.7O2 phase can be produced. This allows us to draw firm
conclusions about the active phase of Ir_30_pp in the acidic
OER.
It is evident from this study that hydrogen incorporation

promotes the oxidation catalysis (propane combustion and
OER) of phase pure Ir_30_pp. However, the reason for the
promoting effect is less clear since hydrogen incorporation
modifies both the electronic structure and the geometric
structure through lattice strain (shift and width of XRD peaks).
The strain-induced activity enhancement was predicted by
Mavrikakis et al.49 within the so-called d-band model.49−51

Therefore, “strain engineering” has been widely applied as a
promising strategy in electrocatalysis for activity enhancement,
especially for water electrolysis.52−55 Differently strained IrO2
films have been shown to correlate with activity variations in
the OER.56 However, in the case of Ir_30_pp, hydrogen
incorporation induces only marginal strain into the mixed
oxide lattice (cf. Figure 1a), which also explains the observed
high stability of Ir_30_pp_150R under OER conditions.57

Therefore, the effect of hydrogen promotion on the OER
activity is most likely due to electronic modification by H
insertion.
The change in the oxidation states of cations and anions in

the mixed oxide due to hydrogen insertion can be deduced
from the XPS experiments: Ti is always in Ti4+, no additional
OH feature is observed in O 1s, and the Ir species in
Ir_30_pp_150R are always in the 4+ oxidation state. This is
most evident from the difference spectra of Ti 2p and O 1s
before and after hydrogenation (cf. Figure S12). Therefore, the
incorporated hydrogen may be a hydride species H−δ as
discussed for hydrogenated Ru_30_250R.28 Hydride forma-
tion has already been reported for hydrogenated CeO2

58,59 and
has been attributed to its remarkable catalytic performance in
the partial hydrogenation of alkynes to alkenes.60,61 However,
in 1H solid-state NMR experiments (cf. Figure S13) only
protonic H+δ species are observed, implying that H interacts
with lattice O,62−65 and the formation of a hydride species H−δ

can safely be ruled out for Ir_30_pp_150R. The incorporated
hydrogen partly transfers the electron to the oxide without
changing, however, the oxidation states of Ir, Ti, and O. All this
experimental evidence points to an interstitial H species
without forming pronounced O−H and Ir−H bonds (cf.
Figure 4). There is also no evidence of lattice water, neither in

the O 1s XP spectra nor in 1H NMR, which could explain the
improved OER activity due to lattice water.22

The catalytic combustion of hydrocarbons is fairly well
understood. Important steps in the reaction mechanism
include the first dehydrogenation step and the subsequent
C−C decomposition.66,67 With temperature-programmed
reaction experiments iridium has been shown to be efficient
in the activation of C−H and C−C bonds.68 During the first
propane dissociation step, the hydrogen is transferred to
undercoordinated surface O and the propyl fragment adsorbs
on an undercoordinated surface Ir site of Ir_30_pp. For the
OER over oxide surfaces, the activity displays a volcano-like
curve as a function of the free reaction energy of deprotonation
reaction OH→ O + H+ + e−, which serves as the descriptor for
the volcano curves.69−71

This universal behavior may be the missing link between the
catalytic propane oxidation and the OER. Assuming that the
first C−H activation step of propane is rate-determining in
propane combustion, then hydrogenation of Ir_30_pp affects
the activity of both catalytic reactions by modulating the O−H
bond strength of the reaction intermediate. In our special case,
we presume that hydrogenation of Ir_30_pp will weaken the
Ir−O bonding and therefore increase the O−H bond strength,
which facilitates both types of catalytic oxidation reactions by
stabilizing the O−H reaction intermediate. This conclusion is
supported by the variation of the apparent activation energy for
the catalytic propane combustion while preserving the number
of active sites.
Upon hydrogenation, the satellite peak disappears, and the

removal of incorporated hydrogen by mild reoxidation causes
the satellite to reappear. The reversible behavior of the satellite
feature parallels the reversible hydrogen incorporation/removal
that in turn modulates the oxidation activity both in the
catalytic propane combustion and in the OER. However, the
link between the suppression of the shape-up satellite and the
improved catalytic activity in the propane combustion and the
OER is not obvious. The shakeup satellite is due to a final state
effect: Upon leaving the sample, the Ir 4f photoelectron of Ir4+
suffers an additional energy loss due to the excitation of
electrons close to the Fermi level to a sharp unoccupied state
in the d-projected partial density of states at 1 eV above the EF
of the ionized Ir atom.39 Obviously, mild hydrogenation of
Ir_30_pp suppresses this unoccupied state of the ionized Ir
atom. From this finding, we can conclude that hydrogen
incorporation does modify the electronic structure of Ir of
Ir_30_pp_150R and therefore of the ionized Ir. Hydrogen

Figure 4. Structure model for hydrogenated Ir0.3Ti0.7O2 solid solution
and possible positions of incorporated hydrogen.

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://doi.org/10.1021/acscatal.5c00588
ACS Catal. 2025, 15, 6721−6730

6726

https://pubs.acs.org/doi/suppl/10.1021/acscatal.5c00588/suppl_file/cs5c00588_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.5c00588/suppl_file/cs5c00588_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.5c00588/suppl_file/cs5c00588_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscatal.5c00588/suppl_file/cs5c00588_si_001.pdf
https://pubs.acs.org/doi/10.1021/acscatal.5c00588?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.5c00588?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.5c00588?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.5c00588?fig=fig4&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.5c00588?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


may transfer electron density to this unoccupied state, thus
suppressing the shakeup satellite. How the O−H bond
strength is associated with the shakeup satellite is unknown
and awaits future first-principles studies. However, the
disappearance of the shakeup satellite upon H incorporation
can serve as a benchmark experiment for future first-principles
calculations in that proper theoretical modeling of the catalytic
promotion effect of propane combustion and the OER by
hydrogen incorporation in Ir_30_pp needs to result in a
suppression of the shakeup satellite.
The high stability of Ir_30_pp_150R corroborates an

oxidation state Ir of 4+ since the formation of Ir3+ should
have led to higher Ir dissolution rates72 than those observed in
the present stability study (cf. Figure 3). Oxygen vacancies73 in
Ir_30_pp_150R are not formed by mild hydrogenation, as
shown by EPR experiments (cf. Figure S14). Only high-
temperature reduction at 600 °C produces vacancies of O in
the mixed oxide. Recently, the formation of an electron-
deficient O species has been reported74 to be important for the
high activity of amorphous IrO2. However, there is no evidence
of O1− in EPR when one compares the EPR spectra of
Ir_30_pp with those of Ir_30_pp_150R.

5. CONCLUSIONS
In conclusion, a novel and simple strategy is presented to
enhance the catalytic oxidation activity of mixed oxides by
hydrogen incorporation, exemplified by phase-pure Ir0.3Ti0.7O2
(Ir_30_pp) and mild hydrogenation at 150 °C in 4 vol % H2
for 3 h (Ir_30_pp_150R). The proper combination of parent
oxides is critical, as one oxide should be able to activate H2
dissociation (IrO2) while the other oxide component (TiO2)
maintains structural integrity. Phase-pure Ir0.3Ti0.7O2 can
accommodate 26 at. % incorporated hydrogen in the oxide
lattice, which has been shown to promote catalytic oxidation
reactions from both thermal catalysis (propane combustion)
and electrocatalysis (oxygen evolution reaction: OER) while
only slightly compromising anodic stability against anodic
dissolution. The promotion effect of hydrogen incorporation
may be attributed to a weakening of the Ir−O bonding of bulk
Ir_30_pp that in turn strengthens the O−H bonding at the
surface, and therefore, the reaction intermediate (O−H) of the
rate-limiting reaction steps in propane combustion and in the
oxygen evolution reaction (OER). Further first-principles
calculations are called for to settle this point. We propose
that formixed oxide catalysts, hydrogen promotion should be
routinely tested in materials screening of oxidation catalyts.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge: The
Supporting Information is available free of charge at https://
pubs.acs.org/doi/10.1021/acscatal.5c00588.

Table of calcination program for the preparation of
phase-pure Ir_30_pp; deconvolution of XRD pattern of
Ir_30 and Ir_30_150R; decomposition of Ir 4f XP
spectra of nonphase-pure Ir_30 and Ir_30 _150R; table
of lattice parameter, grain size, and composition; Vegard
plot to estimate the composition of Ir_30 and Ir_30_pp;
SEM-EDS micrographs of Ir_30_pp; fitting parameters
of XP spectra; Ir 4f difference spectrum of
Ir_30_pp_150R and Ir_30_pp; Ir 4f difference spec-
trum of Ir_30_pp_150R and Ir_30_pp_150R_300O;

XRD of Ir_30_pp_150R_300O and propane conversion
curves; TG-MS experiments of Ir_30_pp and
Ir_30_pp_150R; repeated LSV of Ir_30_pp_150R;
Tafel plots of Ir_30_pp and Ir_30_pp_150R; Ti
dissolution of Ir_30_pp and Ir_30_pp_150R; Ti 2p
and O 1s spectra of Ir_30_pp and Ir_30_pp_150R; 1H
sol id-s tate NMR spectra of Ir_30_pp and
Ir_30_pp_150R; and EPR spectra of Ir_30_pp and
Ir_30_pp_150R (PDF)

■ AUTHOR INFORMATION
Corresponding Author

Herbert Over − Institute of Physical Chemistry, Justus Liebig
University, Giessen D-35392, Germany; Center for Materials
Research, Justus Liebig University, Giessen D-35392,
Germany; orcid.org/0000-0001-7689-7385;
Email: Herbert.Over@phys.chemie.uni-giessen.de

Authors
Wei Wang − Institute of Physical Chemistry, Justus Liebig
University, Giessen D-35392, Germany; Center for Materials
Research, Justus Liebig University, Giessen D-35392,
Germany

Matej Zlatar − Helmholtz Institute Erlangen-Nürnberg for
Renewable Energy (IEK-11), Forschungszentrum Jülich
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