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ABSTRACT: Efficient water electrolysis requires highly active Spectroscopic ellipsometry

electrodes. The activity of corresponding catalytic coatings strongly Model Modeling Activity
depends on material properties such as film thickness, crystallinity, validatio tan ¥ ‘“ correlation
electrical conductivity, and chemical surface speciation. Measuring > Y

these properties with high accuracy in vacuum-free and non- ¢ 90 A high low
destructive methods facilitates the elucidation of structure—activity g, -~ Ep
relationships in realistic environments. Here, we report a novel & Ir 5d

approach to analyze the optical and electrical properties of highly £ 70

active oxygen evolution reaction (OER) catalysts via spectroscopic £ 60

ellipsometry (SE). Using a series of differently calcined, % 70 80 90 02p

mesoporous, templated iridium oxide films as an example, we thickness,pgmery / NM
assess the film thickness, porosity, electrical resistivity, electron

concentration, electron mobility, and interband and intraband transition energies by modeling of the optical spectra. Independently
performed analyses using scanning electron microscopy, energy-dispersive X-ray spectroscopy, ellipsometric porosimetry, X-ray
reflectometry, and absorption spectroscopy indicate a high accuracy of the deduced material properties. A comparison of the derived
analytical data from SE, resonant photoemission spectroscopy, X-ray absorption spectroscopy, and X-ray photoelectron spectroscopy
with activity measurements of the OER suggests that the intrinsic activity of iridium oxides scales with a shift of the Ir 5d t,, sub-level

and an increase of p—d interband transition energies caused by a transition of y;-OH to y;-O species.

KEYWORDS: spectroscopic ellipsometry, electrocatalysis, oxygen evolution reaction, mesoporous iridium oxide films,
non-destructive ambient analysis, intrinsic OER activity, complementary methodology and metrology

B INTRODUCTION

Porous materials, like metal oxides, are versatile and attractive
candidates for energy-related applications, for instance, photo-
voltaics,' ™ electrolysis,"™® or batteries’ " due to their high
surface to volume ratio and improved accessibility of active
sites. The activity of porous materials in electrochemical
reactions is highly dependent on their properties, ie., film
thickness, crystallinity, electrical conductivity, porosity, and
chemical composition. Oxides based on iridium, ruthenium,
and titanjum catalyze the oxygen evolution reaction (OER)
under acidic conditions.''™'® Moreover, mixed oxides of
similar compositions (e.g., IrO,TiO,) are applied in the
industrial production of chlorine via electrolysis of NaCl as
well as HCL'*"® Catalytically active oxide coatings can be

synthesized via different methods, including sputtering,'®~"®

electrodeposition,'”*’ spray deposition,”" or chemical meth-
ods.”*"** The resulting activity, selectivity, and stability are

strongly influenced by the respective oxide composition, which
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in turn are defined by the chosen synthesis approach and
synthesis conditions.***

Key to the development of improved catalysts is an
improved understanding of the relations between their
performance, stability, and physicochemical properties. Due
to the nature of surface catalysis, a material’s electronic
properties are of particular interest because they can reveal
atomistic information related to the active sites. Advanced
optical spectroscopy can reveal some of these properties. Goel
et al. measured the energy-dependent reflectivity of IrO, and
RuO, single crystals.”” They compared the imaginary part of
the dielectric function (&,) with the band structure and density
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Scheme 1. Illustration of the Evaluation Procedure of Mesoporous Iridium Oxide Films with Spectroscopic Ellipsometry,
Including the Synthesis and Calcination at Temperatures between 300 and 600 °C as Well as Film Analysis and Correlation of

Material Properties with Electrochemical Performance
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of states (DOS) and concluded that features below 2.5 eV can
be assigned to free-carrier absorption and d—d intraband
transition. Above 3 eV, all features in the &, were attributed to
p—d interband transitions. Kawar et al. studied spray-deposited
iridium oxides by a combination of Raman and IR spectros-
copy and resistivity measurements.”® Optical transitions were
assigned to d—d intraband transition. With increasing
annealing temperature, a change from semiconductor to
metallic behavior was observed. Also, impurities, crystalline
defects, and grain boundaries affect the electrical conductivity
of iridium oxide and might be accessible via optical
spectroscopy.zg’29 However, quantitative correlations between
OER performance and the catalyst’s optical properties have
been rarely established. This results from the significant
challenges faced in attempts to prepare highly active catalysts
in an environment that enables advanced optical spectroscopy
with sufficiently accurate results.

We recently established nanostructured oxide films as model
materials for, e.g.,, the analysis of temperature-induced phase
transitions in iron oxide via low-energy electron microscopy
(LEEM),” the analysis of superparamagnetic effects,”’ and an
improved understanding of electrical conductivity in IrO,-TiO,,
mixed oxides”® as well as the elucidation of activity-
controlling parameters in iridium oxide.”” The oxide films
are synthesized in the form of homogeneous, nanostructured
films with an optical quality on substrates (e.g. silicon, silica,
or titanium) suited for the respective experiments. The
synthesis relies on dip-coating a solution containing suitable
precursors, polymeric templates and solvents, evaporation-
induced self-assembly (EISA) during deposition, and sub-
sequent thermal treatments. The treatment results in template
removal, formation of a defined mesoporous structure and
crystallization of the oxide framework.””> Via appropriate
choice of the synthesis parameters, many of the oxides
properties, e.g., the composition, crystallinity, and porosity,
can be controlled and systematically varied in a wide range.
Hence, the related changes in catalytic performance can be
studied.

Ellipsometry is a very versatile spectroscopic method, often
used to study film thicknesses and refractive indexes, which is

14211

also in context with oxide films with templated nanostruc-
ture.”*** In environmental ellipsometric porosimetry (EEP),
i.e., the measurement of the refractive index in combination
with humidity-controlled condensation of different solvents
inside the pores, the porosity and pore-size distribution can be
derived.”*”” Furthermore, optical and electronic properties
such as dielectric functions (real ¢, and imaginary part &,) or
optical constants (refractive index n and extinction coefficient
k), the electrical resistivity (p), optical band gaps (E,), and
band-to-band transitions can be determined by spectroscopic
ellipsometry (SE).***" Moreover, these properties can be
assessed in a non-destructive way under vacuum-free and even
environmental conditions.*>** Previous studies on mesopo-
rous, templated titanium oxides show that the layer thickness
and porosity can be evaluated via SE,** cross-sectional SEM,
and electron probe microanalysis (EPMA) by using EDS*” or
EEP.*

Unfortunately, the material properties cannot be derived
directly from the measured spectra. A model analysis has to be
performed to fit the measured spectra of the amplitude ratio
(tan(¥)) and phase difference (A). From the model
parameters, the material properties can be deduced. In
consequence, suitable models have to be developed and
validated before they can be applied under environmental or
operando conditions.

We propose a model for the ellipsometric fit studies of metal
oxides in electrocatalysis. Moreover, we develop and validate
the respective SE models via SEM, X-ray reflectometry (XRR),
a combined analysis approach of EPMA-EDS with the thin-film
software package StrataGem, and ellipsometric porosimetry
(EP). We also compared the electronic structure of the
catalysts from calculated valence electron energy loss spectra
(VEELS) by resonant photoemission spectroscopy (ResPES),
X-ray absorption spectroscopy (XAS), and X-ray photo-
electron spectroscopy (XPS). Mesoporous iridium oxide
films serve as an example for a highly active OER catalyst.

The methodology is outlined in Scheme 1. In a first step,
mesoporous iridium oxide films are synthesized on different
substrates via nano-casting as described in detail in refs 12 and
49. The material’s crystallinity, porosity, and catalytic activity

https://dx.doi.org/10.1021/acscatal.0c03800
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are varied by a systematic calcination series ranging from 300
to 600 °C. All samples of the series are analyzed via SE. An SE
model for the whole calcination series is developed based on
an anisotropic Bruggeman effective medium approximation (a-
BEMA). By modeling the measured ¥ and A spectra, the film
thickness, porosity, electrical resistivity, and transition energies
were obtained and validated by independently performed
analyses via SEM, XRR, EP, resistivity measurements, and
UV—vis—NIR absorption spectroscopy. To assess the catalytic
properties, the OER performance, stability, and surface-charge
normalized (intrinsic) activity were measured via cyclo-
voltammetry for the sample series. Finally, possible correlations
between performance descriptors and material properties were
assessed. A comparison between the valence electron energy
loss spectra (VEELS) derived from the real (¢,) and imaginary
parts (&,) of the dielectric function from SE measurements and
the catalytic results reveals a direct correlation between the
intensity of p—d interband transitions and the surface-charge
normalized OER activity. This result was supported by XAS at
the O K edge, ResPES in the vicinity of the O 1s absorption
edge, and XPS measurements.

B EXPERIMENTAL SECTION

Chemicals. For the synthesis of mesoporous iridium oxide
films, iridium acetate (Irf(CH;COO),, 99.95% metals basis, ca.
48% Ir) was used from chemPUR and a triblock copolymer
(PEO-PB-PEOQ, containing 20,400 g mol™" polyethylene oxide
(PEO) and 10,000 g mol™"' polybutadiene (PB)) was
purchased from Polymer Service Merseburg GmbH.>® Ethanol
(EtOH, >99%) was used as solvent from Sigma-Aldrich. All
chemicals were used as received. Three different classes of Si
wafers were used as substrates and are characterized by single
side-polished Si wafers with a (100) orientation (Siegert
Wafers) and Si wafers (111) with a thermal SiO, layer from
Silicon Materials with nominal SiO, thicknesses of 150 nm and
ca. 1000 nm, respectively. Si wafers were cleaned with ethanol
prior to film deposition. For electrical conductivity measure-
ments, IrO, films were deposited on glass substrates, which
were cleaned with ethanol prior to film deposition. Electro-
chemical measurements were carried out on conductive
titanium substrates, which were polished with a 0.02 pm
non-crystallizing amorphous colloidal silica suspension (Bueh-
ler, MasterMet 2) and subsequently cleaned in ethanol. Iridium
foil (0.25 mm-thick, 99.8% (metals basis), 22.7 g cm™>) was
purchased from aber chemicals GmbH and used as the Ir
reference material for the EPMA quantification. Further, a
TiO, reference material was used as the O reference and a Si
wafer from Siegert Wafers was used as Si reference.

Synthesis of Iridium Oxide Films. Iridium oxide films
were synthesized according to the synthesis described by Ortel
et al.*” In a slightly modified synthesis, 169 mg of the PEO-PB-
PEO polymer template was dissolved in 7.5 mL of ethanol at
40 °C. After complete dissolution, 844 mg of iridium(III)
acetate was added and mixed for 1 h at 40 °C. The dip-coating
solution was transferred into a preheated Teflon cuvette (2 h at
50 °C), and dip-coating was immediately performed under
controlled conditions (25 °C, 40% relative humidity) with a
withdrawal rate of 200 mm min~'. The as-synthesized films
were dried for 5 min under the same conditions and
subsequently calcined in a preheated furnace in flowing air
for S min at temperatures between 300 and 600 °C.

Physicochemical Characterization. SEM images were
recorded on a JEOL 7401F at 10 kV and evaluated with Image]J

software (v. 1.51w, www.imagej.nih.gov/ij/) with respect to
the film thickness and pore ordering and size. Energy-
dispersive X-ray spectra for the electron probe microanalysis
(EPMA) were taken with a Zeiss SEM of type Supra 40
equipped with a Schottky field emitter and an energy-
dispersive X-ray spectrometer (EDS) with a 10 mm® LN,-
free silicon drift detector (SDD) and an energy resolution of
123 eV (Bruker XFlash 5010). X-ray intensities of interest were
divided by the electron probe current and live time to calculate
kgpya values (different from the extinction coefficient k from
ellipsometry). The kgpya values are the ratio of the X-ray
intensity of the element to be examined in the unknown
sample to the X-ray intensity of the same element in a sample
of known elemental concentration. Accelerating voltages of 15,
20, 25, and 30 kV were used to calculate the kgpya values of Ir
La, O Ka, and Si Ka. EPMA is based on a quantification
model from Pouchou using the thin-film analysis software
StrataGem (v. 6.7 SAMx, Guyancourt, France).”' The software
iteratively fits the calculated kgpy values to the measured ones
with the mass deposition as the final result. Typically, the
StrataGem software converts mass deposition into film
thickness after specification of the film density. However, the
reverse approach can also be used to determine film the
density from mass deposition and the film thickness measure-
ment.”” The average film density was used to calculate the
porosity of the sample by dividing the theoretical density of
crystalline IrO, (p = 11.66 g cm™) by the measured film
density.

X-ray reflectometry (XRR) and X-ray diffraction measure-
ments (XRD) were performed at a Bragg—Soller X-ray
diffractometer system with a flat secondary monochromator
and fixed Cu Ka tube (Seifert XRD 3000TT). Furthermore,
XRR was performed at the four-crystal monochromator
beamline in the laboratory of Physikalisch-Technische
Bundesanstalt™ at the BESSY II storage ring in Berlin. The
beamline includes a monochromator allowing the adjustment
of the photon energy in the range between 1.7 and 10 keV,>
several slits, and two pinhole stages for beam shaping. The
sample chamber™* allows the positioning of the sample in all
three directions with a precision of 3 ym and the rotation of
the sample around all three axes with a precision of 0.001°.
The whole beam path including the sample site is evacuated
and a high vacuum is maintained. The intensity of the direct X-
ray beam without the sample and the reflected beam from the
sample is measured using a photodiode. At photon energies
above ca. 3 keV, the intensity of the direct beam is monitored
during measurement using a thin transmission Si photodiode.
All samples were measured using the Cu Ko lab instrument,
and a 375 °C sample was selected to be additionally measured
at the synchrotron beamline at a photon energy of 8048 eV.
This measurement was taken to be directly comparable with
the Cu Ka measurements.

UV—vis—NIR absorption spectroscopic measurements on
mesoporous iridium oxide films deposited on glass substrates
were carried out with a Varian Cary 5000 in a spectral range of
350—1000 nm with 1 nm steps. An uncoated glass substrate
was used as a reference sample.

Sheet conductivity measurements were carried out with both
an MR-1 surface resistance device (Schuetz Messtechnik)
equipped with a four-point pin probe head and a Keithley
Electrometer Model 6517B relying on a two-point measure-
ment principle having a probe head characterized by 8 X 8 pins
with altering polarity.

https://dx.doi.org/10.1021/acscatal.0c03800
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Table 1. Summary of the Derived Film Property Values from the Different Measurement Methods Used for the Analysis and
Comparison of the Mesoporous Iridium Oxide Films

T
Method Property 300°C 350°C_ 375°C . 400°C  500°C  600°C
material properties
top-view .
5nm T
SEM e
cross-section “ T
o o
pore size / nm 15.1 14.7 16.0 14.0
thickness / nm 80.4 67.9 76.0 74.4 711 77.8
mass-deposition / ug cm™? 30.48 25.50 33.82 36.89 34.99 39.70
EPMA-EDS / StrataGem density / g cm?® 3.79 3.76 4.45 4.96 4.92 5.10
porosity # / % 67.5 67.8 61.8 57.5 57.8 56.3
thickness / nm (80.9) 65.5 7.7 725 68.2
XRR density / g cm™ 4.60 5.41 6.77 7.61 8.50
porosity * / % 60.6 53.6 419 34.8 271
ellipsometric porosimetry porosity / % 52.3 45.1 44.6 41.8 39.6
conductivity resistivity pg ° / Ohm cm 217-10° 227-10° 1.92-10° 152-10° 7.81-10* 5.35-10*
measurement resistivity pr ©/ Ohm cm 1.87-10° 1.18-10° 1.35-10% 9.36-10* 6.37-10* 3.31-10*
UV'VS';N;'::SZSO‘;"';ﬁ°" Ir 5d transition energy / eV 3.14 3.12 3.13 3.18 3.26 3.29
electrochemical testing
j1.55v CV 2/ mAcm? 20.2 216 196 15.5 2 0.6
i1.55v CV 50 / mA cm? 16.8 17.5 16.3 12.7 15 0.3
OER Qua+eyzy/ C 63-10° 6.7-10° 59-10° 46-10° 12-10° 47-10*
intrinsic activity CV2/mAcm?C” 3200 3208 3278 3335 1651 1348
intrinsic activity CV 50/ mAcm? C"' 2665 2600 2735 2729 1202 530
spectroscopic ellipsometric measurements and modeling
thickness / nm 78.6 64.7 74.2 78.9 741 77.6
porosity / % 48.8 46.5 46.4 443 42.8 45.8
resistivity pr / Ohm cm 1.13-10° 1.10-10° 9.74-10* 9.31-10* 6.38-10* 4.48-10*
spectroscopic - 3 21 21 21 21 22 22
ellipsometry electron concentration N/ cm 7.14-10°" 7.35-10°" 7.54-10° 8.76-10° 1.24-10" 1.25-10
electron mobility p/ cm? V"' s 0.774 0.772 0.849 0.765 0.791 1.119
mean scattering time 17 / fs 0.440 0.439 0.483 0.435 0.450 0.636
Ir 5d transition energy / eV 3.17 3.09 3.06 3.08 3.2 3.29

“Reference density: 11.66 g cm™ (crystalline IrO,). “Sheet conductivity measurements with a two-point pin probe head. “Sheet conductivity

measurements with a four-point pin probe head.

SE measurements were performed with a variable angle
spectroscopic ellipsometer M2000 DI (J.A. Woollam) in a
spectral range between 192 and 1697 nm. Mesoporous iridium
oxide films deposited on single side-polished (100) silicon
substrates and films deposited on single side-polished (111)
silicon substrates with thermal silicon dioxide layers (ca. 150
nm and ca. 1000 nm) were measured at angles of incidence
(AOIs) of 65° 70° and 75° relative to normal. ¥ and A
spectra were analyzed with CompleteEASE software (v6.42).
The used model consists of a silicon substrate with a native
oxide layer (3 nm for substrates without a thermal SiO, layer)
or a Si/SiO, interface layer (1 nm for substrates with a thermal
SiO, layer), a SiO, layer for the Si substrates with thermal
SiO,, and an a-BEMA (see Section S5 for further details).

Ellipsometric porosimetry (EP) measurements were carried
out by fitting an environmental cell on the ellipsometer with a
fixed angle of incidence of 60°. The relative humidity was
adjusted by mixing dry nitrogen gas with water-saturated
nitrogen gas, obtained by water bubbling prior to entering the

mixing chamber. The total N, flux amounted to 2.5 L min",

controlled by two mass flow controllers, and a constant
temperature of 23 °C. The relative humidity was measured for
the outgoing gas and for each water partial pressure behind the
cell. The evaluation of the refractive index as a function of the
relative humidity was carried out at 2.6 eV (474 nm).

ResPES, XAS, and XPS spectra were collected in the ISISS
beamline in BESSY II (Berlin), which is equipped with a
SPECS PHOIBOS 150 NAP hemispherical analyzer. Synchro-
tron X-ray radiation is sourced from a bending magnet (D41)
and a plane monochromator (PGM) with an excitation energy
ranging from 80 to 2000 eV (soft X-ray) and with a flux of 6 X
10'° photons s™! with a 0.1 A ring current with a 111 ym exit
slit and 80 gm X 200 ym beam spot size.

Electrochemical Testing. Electrocatalytic measurements
were performed in a three-electrode disc setup (Pine MSR
rotator, BioLogic SP-200 potentiostat). A reversible hydrogen
electrode (RHE, Gaskatel, HydroFlex) was used as a reference,
Pt gauze (Chempur, 1024 mesh cm?, 0.06 mm wire diameter,

https://dx.doi.org/10.1021/acscatal.0c03800
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Figure 1. Measured ¥ (a) and A spectra (b) of a mesoporous IrO, film calcined at 375 °C and their fit results as well as the real (¢;) and imaginary
(&,) parts of the dielectric functions of the IrO, material of films calcined at 375 °C (¢, d) and 600 °C (e, f).

99.9% purity) as counter electrode, and coated titanium disks
(5 mm in diameter) as a working electrode. All potentials are
recorded under room temperature and referred to the RHE.
Mesoporous, IrO,-coated titanium disks were mounted in a
rotating disk shaft and rotated at a speed of 1600 rpm during
EC testing. Sulfuric acid was employed as electrolyte solution
(0.5 M H,S0,, Fixanal, Fluka Analytical) and was purged with
nitrogen prior to catalytic testing. OER activity was
investigated by S0 cyclic voltammograms in a potential
window between 1.2 and 1.65 Vgyp at a scan rate of
6 mV s'. Prior to CV measurements, the impedance
spectroscopy was measured at 1.2 Vpyp in order to correct
recorded cyclic voltammograms for ohmic losses. Cyclic
voltammetry (CV) in the range between 0.4 and 1.4 Vpyg
with a scan rate of SO mV s™" was performed to determine the
anodic and cathodic charge (q(,.)/,). Ardizzone et al.>* and
Fierro et al.’® described a reversible proton-inclusion
mechanism, which can take place in this potential range as
follows:

IrO,(OH), + 6H" + §e” — IrO,_5(OH), , 5 1)

The more iridium is accessible and/or available, the higher
the faradaic current obtained from this reaction. An expression
for the accessible iridium centers is obtained by determining
the mean value of the integrated anodic and cathodic scans of
the resulting CV (g,10)/2)-

B RESULTS AND DISCUSSION

The following sections provide first an overview over the basic
properties of the IrO, model system as well as the catalytic
behavior. Thereafter, the acquired SE data are presented.
Subsequently, the material properties are deduced and
validated. Finally, correlations between properties and OER
performance are derived and interpreted.

Properties of the Model System. Mesoporous, tem-
plated iridium oxide films were synthesized on cleaned Si
wafers, Si wafers with a thermal silicon dioxide layer, and

14214

quartz and polished titanium substrates according to a
procedure developed by Ortel et al.*’ A solution containing
the dissolved template polymer PEO-PB-PEO,*” ethanol, and
iridium acetate was used for dip-coating the substrates
followed by 5 min of a drying process. Subsequently, the
substrates were transferred to a preheated muflle furnace and
calcined in flowing air at the preset oven temperature for S
min. Table 1 provides an overview of the employed calcination
temperatures ranging from 300 to 600 °C as well as the
analytical results and electrocatalytic data derived for each
sample.

SEM images presented in Table 1 indicate the expected
removal of the polymer template, locally ordered pores of
approximately 14 and 16 nm in diameter on the outer surface
(top view), and a uniform layer thickness (cross section, see
Section S1 for further details). Increasing calcination temper-
atures induced crystallite growth, respective gradual sintering,
and a slight decrease in film thickness. A combined analysis via
SEM/EDS using the thin-film StrataGem software package
(EPMA-EDS/StrataGem), as reported in ref 47, indicates an
increase in the average film density from approximately 3.8 to
5.1 g cm™ at higher calcination temperatures. XRR analysis
also indicates an increase in film density, however, at higher
overall values (see Section S2 for additional details). XRD
(Section S3) indicates a low crystallinity up to 375 °C and
reflections that become narrower at higher temperature, which
can be attributed to crystalline IrO, rutile (PDF 00-015-0870).
Measurements of the electrical conductivity reveal a highly
conductive material, which becomes even more conductive at
higher calcination temperature. UV—vis—NIR absorption
spectroscopy indicates for samples calcined between 300 and
375 °C a separation of the Ir 5d t,, and e, sub-levels of
approximately 3.13 eV, which shifts continuously up to 3.29 eV
(600 °C) with increasing calcination temperature.

The second section of Table 1 summarizes the results of the
electrochemical tests (see Section S4 for further details) in
terms of the geometric current density measured at 1.55 Vyyg
in the 2nd (j; 55y CV2) and 50th cycles (j; 55y CVS0) as well as
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Figure 2. Layer, electrical, and optical properties of the iridium oxide material as a function of the calcination temperature. (a) Film thickness, (b)
porosity, (c) resistivity, (d) electron concentration, (e) the electron mobility, and (f) Ir 5d tye and e, sub-level separation depending on the applied

calcination temperature.

the determined surface charge (q(a+c) 1») and intrinsic activity,
as discussed later in the manuscript. Moreover, the material
properties derived from SE analysis and the respective
modeling are provided (see Section SS for the detailed
model description).

Measured and Modeled SE Spectra. SE measurements
were performed on the differently calcined IrO, films
(synthesized on Si wafers as substrates) using a spectral
range between 192 and 1697 nm (6.45 and 0.73 eV). The psi
(W) and delta (A) spectra were successively recorded at angles
of incidence (AOIs) of 65°, 70°, and 75° at the same position
on the sample. Additionally, a multi-sample approach using
interference enhancement with buffer oxide layers of different
thicknesses was used to improve the quality of the
ellipsometric analysis. Subsequently, the measured ¥ and A
spectra were fitted using a three-layer model comprising a
silicon substrate, a native Si oxide layer (3 nm), and an a-
BEMA. The a-BEMA includes the contributions of IrO, as well
as the air/void contained in the mesopores. The contribution
of the oxide matrix, i.e., the real and imaginary parts of the
dielectric function of the IrO, material, was modeled by a
combination of one Drude-type oscillator and three Lorentz
oscillators. The model parameters of the a-BEMA (IrO, layer
thickness, air/void volume fraction, and the factor of
anisotropy of pores), of the Drude-type oscillator (resistivity
and mean scattering time) and the Lorentz-type oscillators
(absorption strength) resulted from a standard ellipsometric fit
procedure. Section S5 contains a detailed description of the
ellipsometric measurement strategy and the model used.

Figure 1 presents an example of the spectra of the (a)
amplitude component ¥ and (b) phase difference A, recorded
at AOIs of 65°, 70° and 75° for a mesoporous IrO, film
calcined in air at 375 °C. Measured values (symbols) are
shown along with the respective fit results (lines). Moreover,
the modeling results for the same sample are displayed in terms

of (c) the real (¢;) and (d) imaginary (e,) parts of the
dielectric function of the IrO, matrix. Figure lef displays the
corresponding data for a sample calcined at 600 °C (see
Section S6 for additional data).

Using the model, an excellent fit between measured and
simulated ¥ and A spectra was achieved for all incident angles
as visible in Figure 1a,b. The dielectric function obtained from
the model shows for the range below 2.0 eV an increase in the
imaginary (g,) part of the dielectric function toward lower
photon energies, which is described by the Drude-type
oscillator (Figure 1d). Additionally, a small feature indicated
by a Lorentz oscillator appears near 1.0 eV. Above 2.0 eV, the
absorption by two Lorentz oscillators is clearly visible. With
increasing calcination temperature, a systematic change in
intensity and width of the oscillators is observed (Figure 1f and
Section S6), indicating a respective change of the optical and
electronic properties of the IrO, material.

Goel et al. studied an IrO, single crystal by reflectivity
measurements in a range of 0.5 to 9.5 eV.”” The iridium oxide
valence band consists of oxygen p levels, while the conduction
band consists of metal d levels, which further split into e, and
ty, sub-levels. Goel et al. assigned the features below 2.0 eV to
free-electron and intraband electronic transitions within the t,,
d-band complex, which can occur up to ca. 2.8 eV. Our
obtained dielectric functions are in good agreement with this
work. According to the Drude model, the features below
2.0 eV are interpreted as free-electron transitions. Above 3.0
eV, Goel et al. assigned three features at 3.7, 5.5, and 7.7 eV to
p—d interband transition. In our spectra, we obtain two
absorption features from the Lorentz oscillators around 4.0 and
7.7 eV. These features correlate to transitions from the p
orbitals from the oxygen to filled and empty d-bands of the
iridium.”” The absence of the third feature at 5.5 €V in our
spectra is likely to be related to the much lower crystallinity
present in our IrO, films compared to the single crystal of the
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referenced study. Choi et al. observed in their reflectometry
study on sputtered low crystalline IrO, films deposited on
Al,O; (0001) substrates only two features at approximately 4.0
to 7.0 eV.”’

The crystallinity of the studied IrO, material strongly
increases with calcination temperature (see, e.g, XRD data
presented in Section S3).'”*” We observed corresponding
changes in the dielectric function of IrO,, e.g, an increase in
free-electron absorption in the imaginary part (Figure 1d vs
Figure 1f). Moreover, the features near 1.0 and 4.0 eV
presented by the Lorentz oscillators become more narrow. The
real part of the dielectric functions shows a strong decrease at
lower photon energies for higher calcination temperatures
(Figure 1c,e) and becomes zero for the film calcined at 600 °C
near 1 eV. These observations agree well with the data of the
single crystal where the real part of the dielectric function
becomes zero at approximately 2 eV.”” In general, the modeled
spectra of porous iridium oxide films and the dielectric
functions are consistent with reported data on crystalline IrO,
as well as sputtered iridium oxide.””””

Material Properties Derived from SE Data. Modeling of
the SE spectra recorded for differently calcined mesoporous
IrO, films provides access to numerous material properties.
Figure 2 displays the (a) film thickness, (b) porosity, (c)
resistivity, (d) electron concentration, (e) electron mobility,
and (f) Ir 5d t,, and e, sub-level separation as a function of the
applied calcination temperature. The complementary list of all
parameters is reported also in Table 1.

The film thicknesses obtained from SE modeling range from
64 to 79 nm and decrease slightly with increasing calcination
temperature (Figure 2a). This trend is in good agreement with
previous studies on similarly prepared porous oxide films."
Moreover, a slight decrease in the porosity values is observed
(Figure 2b), which also agrees well with our earlier ﬁndings.49

The IrO, materials are highly conductive (Figure 2c). The
resistivity derived from the SE model decreases with increasing
calcination temperature but remains approximately 10 times
higher than that reported for IrO, (p = 5 X 107> Q cm).”

The electron concentration N (Figure 2d) and electron
mobility s (Figure 2e) were calculated from the fit parameters
of the Drude model (resistivity and mean scattering time; see
Sections SS and S7). N remains roughly constant up to 375 °C,
i.e, in the low-crystallinity region, and increases slightly above
400 °C when the IrO, crystallinity progressively increases (see
Section S3, XRD). This observation is consistent with previous
density functional theory (DFT) calculations in iridium oxide
unit cells.”® The DFT calculations indicate that decreasin
lattice parameters result in a higher electron concentration.’
In contrast, the electron mobility (Figure 2e) shows an
increase only at a calcination temperature of 600 °C, i.e., when
pronounced crystallite growth due to sintering has already
occurred.

Figure 2f displays the energy values for the separation of the
Ir 5d t,, and e, sub-levels for direct allowed transitions derived
from ellipsometric modeling. Equation 2 was used for the
calculation of the absorption coefficient @ (cm™) from the
extinction coefficient k

s
A (2)
with 4 as the wavelength.

Energy values can be estimated by the Tauc relation, which

is typically expressed as

ay(hv — Eg)"
hv (3)

where aj is a constant that is proportional to the probability of
an electron transition between occupied and empty states, hv is
the photon energy, and E_ is the band-gap energy or the energy
of the sub-level separation.””**~®" The nature of the transition
can be expressed with the constant n, e.g, n = 1/2 for direct
allowed transitions or n = 2 for indirect allowed transi-
tions.***~°" Energy values can be obtained by extrapolation of
straight line portions to the zero absorption coeflicient.

The obtained values range from 3.06 to 3.29 eV, which
correspond to a separation between the t,, and e, sub-levels of
the Ir 5d band.”” Values increase with increasing calcination
temperature and could be related to the respective increase in
crystallinity and a change of oxygen species. Silva et al.
reported a value of 3.2 eV for the separation between the t,,
and e, bands for a low-crystalline, anodically formed iridium
oxide film.®* They attributed the low value compared to a
single crystal (3.5 eV) to the amorphous nature of the film.
The non-well-defined band edges present disorder-induced
tails, which extend into the band gap and could be responsible
for the lower values.®®

Validation of Properties from SE via Independent
Analytical Methods. Material properties derived from SE
strongly rely on the structure and quality of the optical model.
Important model results were therefore measured independ-
ently via complementary analytical methods. Figure 3 displays
a comparison between the SE-derived values and independ-
ently measured values for the (a) film thickness (by SEM and
XRR), (b) film porosity (by EP, EPMA-EDS/StrataGem and
XRR), (c) electrical resistivity (by 2-point and 4-point
conductivity measurements), and (d) energy values for the
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Figure 3. Comparison of layer properties by independent methods: a)
film thickness by SE, XRR and SEM cross-section images, b) porosity
by EPMA-EDS / StrataGem approach, SE and EP isotherms, c)
resistivity by ellipsometric modeling and sheet conductivity measure-
ments and d) energy values of Ir Sd band separation between ty, and
e, sub-levels by SE and UV—vis—NIR absorption spectroscopy.
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Figure 4. Electrochemical analysis of OER activity, anodic and cathodic charge, and intrinsic activity of mesoporous iridium oxide films calcined
between 300 and 600 °C. (a) OER activity at a potential of 1.55 Vg of the 2nd and SOth cycle during cyclic voltammetry measurements in a
potential window of 1.2—1.65 Vg and a scan rate of 6 mV s™'. (b) Mean value of the integrated anodic and cathodic currents (q((arey/2)) from
basic cyclic voltammetry measurement in a lower potential range of 0.4—1.4 Vpyyp and a scan rate of 50 mV s™". (c) Current density (at 1.55 Vyyp)
normalized to the charge (intrinsic activity). All CVs were measured in N, purged 0.5 M H,SO, and IR-corrected.

ty, and e, separation of the Ir Sd band (by UV—vis—NIR
absorption spectroscopy).

The film thickness of the IrO, calcination series as measured
with SE, SEM, and XRR ranges from approximately 65 to 80
nm (Figure 3a and Table 1). The SE model, cross-sectional
SEM images (Section S1), and modeling analysis of XRR
measurements (Section S2) provide similar values within a 10
nm range and similar trends. The differences in the layer
thickness by the three techniques are comparable with the
measurement uncertainty of the individual method. Note that
the different methods did not measure exactly the same
location, volume, and area of the sample. We assume that
uncertainty contributions from different measurement loca-
tions are possible. This was avoided as much as possible for
this work; however, it is not always possible (e.g., in the case of
SE vs SEM). Therefore, we carried out a homogeneity study
(see Section S8 for the homogeneity study), which leads us to
the assumption that inhomogeneity contributes only negligible
amounts to the result uncertainties. It can be concluded that
SE modeling provides an accurate determination of the layer
thickness.

The porosity (Figure 3b) of the IrO, samples in the
calcination series was assessed by four different methods: SE,
ellipsometric porosity sorption isotherms (see Section S9 for
additional data), XRR, and a combination of SEM, EDS, and
an evaluation using the software StrataGem®' (EPMA-EDS/
StrataGem) as reported in ref 47. Porosities by the EPMA-
EDS/StrataGem approach and XRR (measurements and fits)
were calculated from the density values using the following
equation:

pDaverae
P=1-— __ dhaverage

pD,reference (4)

where P is the pOI‘OSity, pD,averagel and pD,reference are the average
and reference mass densities, respectively.

Porosity values derived from SE as well as EP range from 40
to 52%. SE and EP, the most accurate method for thin-film
porosity analysis,””*" agree by less than 10%. The combined
method of EPMA-EDS/StrataGem vyields values of approx-
imately 56 to 68%, i.e., approximately 1.5 times higher than
values derived from SE, but the trend is still captured. It is
likely that the deviation results from the fact that EPMA-EDS/
StrataGem method requires a bulk density of the oxide, which
was assumed here to be the density of crystalline IrO,

(11.66 g cm™). This assumption might have associated large
uncertainties since the tested IrO, samples change their
crystallinity with the calcination temperature. Hackwood et al.
estimated a lower density of approximately ~10.0 g cm™ for
sputtered iridium oxide.”” Further, the EPMA quantification of
oxygen must be considered as critical, i.e., to be associated with
large uncertainties. Moreover, quantification with X-ray lines of
the L series is generally less reliable than with Ka. XRR-derived
porosities show a reasonable trend but larger deviations from
SE data. As in the EPMA-EDS/StrataGem method, the
assumption of crystalline IrO, with 11.66 g cm™ as bulk
density was used for the calculation of the porosity values,
which could lead to larger uncertainties.

The electrical resistivity derived from SE agrees very well
with the two-point as well as with the four-point sheet
conductivity measurement (Figure 3c). Therefore, SE
modeling provides a good resistivity estimate for electrically
conductive IrO, films.

Finally, Figure 3d compares the energy values of the Ir 5d
band separation between the t,, and e, sub-levels obtained
from SE modeling with values from UV—vis—NIR absorption
spectroscopy. Again, both methods provide very similar values
for the energy values of direct allowed transitions (n = 1/2) in
the studied range.

In summary, accurate values of film thickness, porosity,
resistivity, and transition energies can be determined for the
studied type of IrO, system from SE analysis, ie., non-
destructive analysis that also works under vacuum-free and
even environmental conditions.

Correlating OER Activity with Material Properties.
Ultimately, the present study aims at elucidating material
properties that govern and explain the catalyst’s behavior in
electrocatalysis as presented here. We previously reported that
the OER performance of mesoporous IrO, films is controlled
by the accessible surface area and the intrinsic activity per
accessible site.'” However, the origin of an observed decrease
in intrinsic activity at higher calcination temperature, i.e.,
higher crystallinity, could not be determined.

We therefore studied the electrocatalysis of all IrO,, samples
of the calcination series (Table 1) under OER conditions. The
catalysts were tested in 0.5 M H,SO, via cyclic voltammetry
(1.2 to 1.65 Vyyg, SO cycles, 6 mV s™') in a rotating disc setup
(RDE) equipped with a reversible hydrogen electrode (RHE),
a Pt counter electrode, and IrO,-coated titanium disks as a
working electrode to assess the catalytic activity. From CVs
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Figure 5. Valence electron energy loss spectra (VEELS) analysis and correlation between intrinsic OER activity and the shift of the peak position of
mesoporous iridium oxide films calcined between 300 and 600 °C. (a) Calculated surface VEELS from the obtained real and imaginary part of the
dielectric functions. (b) Peak maximum center energy of the indicated Ay, peak from the surface VEELS as a function of calcination temperature
(Teae)- (c) Correlation between the intrinsic OER activity and shift of the A, s peak.

measured between 0.4 and 1.4 Vg (50 mV s7'), the anodic
and cathodic charge (q(,,c)/») was determined as an estimate of
the electrochemically accessible surface area'” (see Section S4
for complete OER details).

Figure 4 summarizes the electrocatalytic data. The geometric
current densities measured at 1.55 Vg in the 2nd (j; 55y CV
2) and S0th cycles (j, sy CV S0) indicate the expected high
OER activity for samples calcined between 300 and 375 °C
with a maximum for 350 °C and a steady significant decline
with increasing calcination temperature. Current densities of
up to 22 mA cm™* (2nd CV) and 18 mA cm™2 (50th CV) are
observed (Figure 4a). The surface charge recorded between
0.4 and 1.4 Vyyp as a measure of the accessible surface area
(9(a+c)/2)) shows a very similar behavior (Figure 4b). In order
to derive the intrinsic OER activity, the geometric current
density measured at 1.55 Vyyp (jissv) was divided by the
measured surface charge (g((,+)/2))- Consistent with our earlier
analysis,12 the intrinsic OER activity remains constant up to
400 °C but declines with further increasing the calcination
temperature (Figure 4c).

Surface catalysis is governed by the electronic structure of a
material. One way to assess the electronic structure is the
measurement of electron energy loss spectra (EELS), which is
often performed with high-energy electrons in a TEM setup.
The low-loss energy region (<50 eV), so-called valence EELS,
can provide information about interband transitions, dielectric
properties, and plasmon excitations. Such EEL spectra in the
low-loss energy region become accessible through the
dielectric function derived via SE modeling.

In the dielectric formulation, the energy loss function (ELF)
can be related to the single scattering distribution S(E) as
follows

S(E) = Lzlm(—e(q, EY Dn|1 + (eﬁ]

tagmgv 'E (5)
where I is the zero-loss intensity, ¢ is the specimen thickness,
a, is the Bohr radius, m, is the electron rest mass, v is the
electron beam velocity, f is the collection semi-angle, & is the
characteristic scattering angle, and &(q, E) is the complex
dielectric function at energy-loss E and momentum transfer
q.57% According to eq 5, the EEL spectra contain the
complete characteristic of the complex dielectric function &
and the real (¢;) and imaginary (&,) parts of the dielectric
function can be determined by Kramers—Kronig trans-

formation for bulk and surface energy loss functions as
follows:*®

bulk energy loss function(ELF)
= —Im(e")

_ Ez(E)
 e(E) + &,(E) )

surface energy loss function(ELF)
—Im((1 + &)
_ &,(E)
(1 + &(E))* + &(E)’ (7)

We calculated bulk and surface EEL spectra in the low-loss
region from the real and imaginary parts of the dielectric
functions derived from SE modeling (Section S6) for all
samples of the calcination series. The calculated surface
valence EEL spectra are displayed in Figure Sa. Figure Sb
presents the Ay peak center energy derived from the
spectra as a function of the calcination temperature. Figure Sc
finally reports the intrinsic OER activity (from Figure 4c) as a
function of the shift in the Ay, . peak center energy to assess
correlations between the electronic structure of IrO, and its
electrocatalytic behavior (see Section S10 for complementary
information on the bulk valence EEL spectra).

All samples show two peaks in the surface electron loss
spectra, designated as Aguee and Bypee (Figure Sa). The
Aguface peak maximum is located at approximately 1.2 eV for
samples calcined between 300 and 400 °C. It shifts to higher
energies (up to 1.7 eV) for samples calcined at 500 and 600 °C
(Figure Sb). Moreover, the peak intensity increases with
increasing temperature above 400 °C. The B, .. peak features
the same center energy (4.2 eV) for all samples and increases
only slightly in intensity. A similar behavior is observed for the
calculated bulk valence ELL spectra (Section S10) yet with
Apup at approximately 0.1 eV higher energies.

A direct comparison between the intrinsic OER activity of
the studied IrO, calcination series and the position of the
Autace Peak energy position, as displayed in Figure Sc, indicates
a direct and roughly linear correlation, both for the 2nd and
50th OER cycles. The observed shift of the peak position to a
higher energy value leads to a decrease in the OER current per
accessible Ir.
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Figure 6. Analysis of the IrO, calcination series with XAS at the O K edge and XPS measurements in the valence band as well as an illustration of
the influence of the calcination temperature on the electronic structure. (a) O K edge spectra of IrO, samples calcined between 300 and 600 °C.
(b) Corresponding changes of characteristic peaks from the O K edge spectra. (c) XPS spectra in the valence band region. (d) Illustration of the

dependence of the electronic structure on the calcination temperature.

According to the literature, the A, peak located at
approximately 1.2 to 1.7 eV can be related to an interband
transition, whereas surface and volume plasmon excitations of
metal oxides occur in a different energy range of approximately
10—20 eV.”7° We interpreted the observed peak as the p—d
interband transition between the filled t,, complex of the d-
band of iridium and the p-band of the oxygen. The density of
states (DOS) spectra of a single crystal indicate an interband
transition between the oxygen p-bands and the iridium d-bands
of approximately 1.5 to 2 eV,””””* which is consistent with our
observed Ay, peak center energy values. A change in this
interband transition toward higher energies would then
correlate with a lower intrinsic OER activity (Figure Sc).

To address the change in the Ag,. peak position and
correlate the VEEL spectra, we studied the electronic structure
of the samples from the calcination series with XAS at the O K
edge, ResPES, and XPS in the valence band. Figure 6 displays
the O K edge spectra in the total electron yield (TEY) mode
and the change of characteristic peaks as well as XPS
measurements in the valence band and an illustration of the
change of the electronic structure depending on the calcination
temperature (see Section S11 for further information of
ResPES and XPS).

The O K edge spectra of the samples indicate a shift of the Ir
Sd t,; sub-level to higher excitation energies (Figure 6a)b).
Furthermore, all samples show the presence of pu-OH
(529 eV) and ;-0 (530 eV) species.”” Low calcined IrO,
samples reveal more protonated u;-OH and less triple-
coordinated oxygen j;-O species, while samples calcined at
higher temperatures (>400 °C) show the formation of more
H3-O species due to the formation of a rutile-like crystal
structure (Figure 6b; see Section S3, XRD). The transition
from protonated p,-OH to triple-coordinated oxygen u;-O

14219

species follows a similar trend as the intrinsic OER activity and
the shift in the A peak from surface and bulk VEEL spectra.
The same results can also be derived from the ResPES in the
valence band through O 1s (see Section S10). Note that the
H#1-OH species is converted to unprotonated active y,-O
species during OER conditions, which are the active species
during the reaction conditions.”

XPS spectra in the valence band (Figure 6¢) show a small
and broad peak at binding energies of approximately 5.7 eV
and a characteristic peak at 1.8 eV for samples calcined
between 300 and 400 °C, which can be attributed to metal—
oxygen 7 bands and the t,, sub-level of the Ir Sd orbital,
respectively.””’” At higher temperatures (500 and 600 °C), an
additional peak at 8.1 eV and a shoulder at 0.3 eV can be
observed. The peak at 8.1 eV corresponds to metal—oxygen o
bands, while the shoulder near the Fermi level can be
attributed to a spin—orbital couple (SOC) splitting effect. The
SOC effect splits the five electrons in the t,; band into four
electrons occupied as the J.& = 3/2 sub-band and to one
electron occupied as the Jz = 1/2 sub-band.”*™** A similar
behavior can be observed in the VEEL spectra where the
higher calcined samples also show a shoulder at the A
peak (Figure Sa).

From the results of this work, we suggest that the transition
from protonated u,-OH to triple-coordinated j;-O species
influences the t,, sub-level and therefore the p—d interband
transitions between the filled t,, complex of the d-band of
iridium and the p-band of the oxygen. Figure 6d illustrates the
dependence of the calcination temperature and thus the
dependence of the oxygen species on the Ir 5d t,, sub-level and
the p—d interband transitions. At lower calcination temper-
atures, more protonated y;-OH species are observed, resulting
in a broad t,, band near the Fermi level and a low transition
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energy between the O p bands and Ir d bands. With increasing
calcination temperature, the transition from protonated y,-OH
to unprotonated y3-O species occurs, shifting the t,; band to
higher energies thus enhancing the p—d transition energy. At
high temperatures, more unprotonated p;-O species are
observed, leading the t,, band to an SOC splitting and high
p—d transition energies. Furthermore, the electrophilic
character of the p-oxo species tends to a higher degree of
covalence, resulting in contracted Ir—O bonds and shorter
distances.”"*> Two possible mechanisms are proposed for the
OER: (i) an acid—base mechanism in which the electrophilic
oxygen of the metal-oxo species are attacked nucleophilic by
the oxygen atom of the water or hydroxide and (ii) a radical
coupling mechanism in which two adjacent metal-oxo species
with radical characters develop molecular oxygen.””** The
electrophilic character can therefore influence the catalytic rate
of O—O0 bond formation during the OER and thus reduce the
kinetic barrier of the nucleophilic attack.”" The shift of the tye
band, the SOC effect, and the increase of the p—d interband
transition can be observed in the O K edge, XPS valence band,
and VEEL spectra calculated from SE measurements, thus
explaining the origin of the intrinsic OER activity.

B SUMMARY AND OUTLOOK

We present the analysis and model evaluation of mesoporous
iridium oxide films with SE. The dielectric functions show the
change of the amorphous character to more crystalline IrO,
films, which is consistent with measurements of the reflectance
of an IrO, single crystal from literature. The model provides
optical and electrical properties such as resistivity, electron
concentration, and mobility as well as band transition energies
of porous films calcined at temperatures between 300 and
600 °C. Correlations of layer properties such as the film
thickness, porosity, resistivity, and intraband transition energies
determined by different independent analytical methods show
good agreement. Furthermore, the decrease in intrinsic OER
activity at calcination temperatures above 400 °C can be
explained from calculated VEEL spectra by a shift of the Ir 5d
ty, sub-level and the shift of p—d interband transitions to
higher energies. The correlation with the O K edge spectra and
valence band XPS shows the presence and transition of
protonated u;-OH to unprotonated p;-O species at higher
calcination temperatures as well as an SOC effect at higher
temperatures and the associated shift of the t,, band. The
deprotonation of y;-OH to produce active y;-O species and
the associated enhanced OER activity are also evident in the
prepared samples that were calcined at lower temperatures
(between 300 and 400 °C).

By the model developed in this work and the fast, vacuum-
free, and non-destructive characterization with SE, in situ or
operando investigations could become possible in the future.
The possibility to measure the change of the ¥ and A spectra
during electrochemical testing and the relation of the dielectric
function to the energy loss function in the low-loss region
would lead to a better understanding of the structure—activity
relationship during electrolysis. Furthermore, SE can be
applied to a wide range of materials and enable a deeper
understanding of catalytic systems, batteries, and material
corrosion.
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