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Abstract: We combine operando diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) with on-line mass spectrometry (MS) to study the correlation between the oxidation state
of titania-supported IrO: catalysts (IrO2@TiO2) and their catalytic activity in the prototypical CO
oxidation reaction. Here, the stretching vibration of adsorbed CO.d serves as the probe. DRIFTS
provides information on both surface and gas phase species. Partially reduced IrO2 is shown to be
significantly more active than its fully oxidized counterpart, with onset and full conversion temper-
atures being about 50 °C lower for reduced IrO2. By operando DRIFTS, this increase in activity is
traced to a partially reduced state of the catalysts, as evidenced by a broad IR band of adsorbed CO
reaching from 2080 to 1800 cm™.

Keywords: IrO2 supported on rutile TiO; catalytic CO oxidation; catalytically active phase;
operando DRIFTS; on-line mass spectrometry

1. Introduction

The controversial discussion over whether the (late) transition metal or its oxide con-
stitutes the active phase in a catalytic oxidation reaction such as CO or methane oxidation
is still ongoing and not yet settled. The most prominent catalytic systems where this fun-
damental question has been risen include ruthenium [1,2], palladium [3], iridium [4], and
platinum [5]. Since the catalyst may dynamically adapt its chemical composition and
structure to the actual reaction mixture [6], operando characterization methods are man-
datory in catalysis research to study the catalytically active phase and to unveil potential
reaction intermediates on the catalyst’s surface [7,8].

Infrared (IR) spectroscopy has been demonstrated to be a powerful technique in ca-
talysis research for identifying reaction intermediates at the catalysts’ surface [9]. Employ-
ing a probe molecule, such as CO, infrared spectroscopy can also be used to probe the
status and chemical nature of the active phase of the catalyst [10,11]. There are several
benefits of using CO as a probe molecule in infrared spectroscopy [12,13], most notably
the large cross section of CO for IR absorption and the convenient frequency range of
around 2000 cm~'. The actual stretching frequency of the adsorbed CO depends sensitively
on many parameters, including the adsorption site (coordination of CO), the local chemi-
cal environment, the coverage of CO, the occupation of d-orbitals of the active component,
the oxidation state of the coordinated metal ions, and the electric field at the surface [14].
This renders CO a versatile probe molecule to explore the properties of the catalyst’s sur-
face.

Reducible oxides [15] are particularly prone to reaction-induced changes in that they
can transform between the metallic and the oxide phase depending on the specific reac-
tion conditions. Here, we consider IrO:z supported on rutile TiOz, which has revealed high
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activity in the combustion of methane [16,17], propane [18], and CO [19,20]. However,
even more important than in thermal catalysis may be the use of these materials in elec-
trocatalysis, including the chlorine and oxygen evolution reaction [21-25].

In this report, diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS)
[26,27] is employed to elucidate the active phase of IrO-@TiO: by utilizing CO as a probe
molecule. In doing so, we first prepare fully oxidized and fully reduced catalysts whose
DRIFT spectra serve as reference spectra for the subsequent interpretation of operando
CO spectra acquired during CO oxidation - a well-documented model reaction for oxida-
tion catalysis [28] - under various reaction conditions. It turns out that the partially re-
duced IrO2@TiO:2 catalyst constitutes the most active catalyst in the CO oxidation reaction,
regardless of whether the reaction takes place under reducing or oxidizing reaction con-
ditions.

2. Experimental Details
2.1. In Situ DRIFTS Cell

For the present study we constructed a new high-pressure reactor setup that is inte-
grated into an in situ diffuse reflectance infrared Fourier transform spectrometer (spec-
trometer: Bruker Vertex 70v Sample; sample chamber module: Pike DiffIR) and connected
to a mass spectrometer, as depicted in Figure 1.

DRIFTS

ZnSn window

Cooling water

Heated
capillary

LV — MS
()| ()

Flow resistor

v
Effluent

Figure 1. Scheme of the reactor setup with gas supply and analytics. The green lines represent steel
tubes. The red arrows show the IR light striking the sample. Reactive gases are denoted as RG 1 and
RG 2. The outer dimensions of the reactor cell are 55 mm in diameter and height. The catalyst bed
(yellow) is 7 mm in diameter and 3 mm high.

The DRIFTS apparatus comprises four sections: gas supply, reactor cell, optics, and
gas analytics. In the gas supply part (left side of Figure 1), the gas bottles are attached to
mass flow controllers (MFCs) through pressure regulators. The MFCs are connected to a
network of tubes and servo valves, which are used to flush the gas supply lines when
switching gases during a measurement. While a reactive gas (RG) is in use, the respective
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horizontal shut-off valve (V1/V2) is open and the corresponding vertical flush valve
(V3/V4) is closed. In this way the carrier gas goes through the flow resistor and mixes with
the reactive gas at the Tjunction. If a reactive gas is to be shut off, first the MFC is closed
and subsequently the flush valve is opened. Due to the flow resistance, the carrier gas now
mainly flows through the RG line, removing any residual reactive gas. After 15 s, both the
horizontal (V1/V2) and the vertical (V3/V4) valves are closed and the reactor can resume
normal operation. Without this flush system, purging the reactive gas line to below the
mass spectrometer (MS) detection limit can take up to 2 h.

The reactor cell itself is made from 1.4742 Ni-free steel, as Ni-containing steel itself is
a CO oxidation catalyst and readily forms Ni carbonyls that can be deposited on the cata-
lyst bed, thus affecting its activity. If CO is used as the reactant, a nickel carbonyl trap
consisting of heated copper tubing is connected between the gas bottle and the MFC. The
cell is designed in a way that the dead volume is minimized, facilitating rapid gas ex-
change. The cell consists of a conical chamber and three gas inlets separated by 120° from
each other. On top of the chamber, a ZnSe window is tightened with a metal ring and
Viton seals. At the bottom of the cell, the sample cup is screwed into the shaft. On the
outside of this shaft, a 300 W heater is placed. To protect the seals and window from high
temperatures, the outer part of the cell has a channel connected to a water cooling system.
The gas outlet is located at the lower end of the shaft, behind which an overpressure valve
can be placed, enabling pressurization of the reactor up to 20 bar.

The path of the IR light from the spectrometer as well as the temperature measure-
ment via pyrometer (B+B DM501) are illustrated in Figure S1. The pyrometer measures
the temperature of the sample through the intensity of thermal radiation with a wave-
number around 4350 cm™. To ensure accurate measurements, no light from the globar
should reach the pyrometer. This is accomplished by a long-pass filter behind the globar
and a short-pass filter in front of the pyrometer, both with an absorption edge at 4350 cm™'.
The pyrometer is calibrated by heating the sample in the reactor with a thermocouple
placed inside the catalyst bed. To make sure that the thermal radiation of the sample does
not overload the mercury cadmium telluride detector, an iris aperture and a band-pass
filter are placed in front of it. At the exit of the reactor cell, the effluent gas is analyzed by
a quadrupole mass spectrometer (QMS, Pfeiffer QMG220). The transfer of some of the
effluent stream to a T-junction is achieved by a heated steel capillary, which is evacuated
by a rotary vane pump, enabling a quick gas exchange in the junction. Also attached to
this junction is a leak valve that allows the introduction of a minor portion of the effluent
gas to a UHV system containing the QMS. The time delay of the MS signal and the MFC
gas flow is indicated in Figure 52. When the MFC gas flow is switched on, a short spike in
flow is created due to the pressure build-up behind the servo valve (compare Figure S2).
After 45 s, a steady state is reached in the MS signal. When the gas is switched off and
flushed, it takes 40 s for all gases to be removed from the system, reaching the background
intensity of the MS signal. The conversion is calculated by normalizing the CO: signal
(m/z = 44) by its maximum value (at full conversion). The point of full conversion is de-
termined by the full consumption of O: (for reducing conditions) or CO (for oxidizing
conditions). In the latter case, some CO will always remain in the MS spectrum, due to the
cracking pattern of COz. Here, full conversion is assumed, when no further decrease in
m/z =28 and no further increase in m/z = 44 is observed with increasing temperature.

Details on the data treatment of the DRIFT spectra can be found under Figure S3.

2.2. Sample Preparation and Characterization

In DRIFTS experiments, samples with high absorbance in the investigated spectral
range are commonly mixed with a reflective powder matrix. Similar to dilution in the IR
spectroscopy of solutions, this serves the purpose that the light, scattered in the powder
bed, has a shorter path through the absorbing medium before being reflected back. How-
ever, when mixing two powders, agglomerates of the respective components remain in
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the mixture. Harsh mixing methods like ball milling might reduce the amount of agglom-
erates, but bear the possibility of changing the sample by mechanochemistry. If light en-
ters such an agglomerate it will likely be absorbed inside the agglomerate. To overcome
this issue, we decided to prepare IrO: supported on rutile TiO2 by a modified Pechini
synthesis, as described by Khalid et al. [16]. The samples used here were prepared with a
lower loading of 2 mol%, as higher loadings are not reflective enough for DRIFTS meas-
urements. Pechini constitutes a variant of sol-gel synthesis. Here, the metal ions are dis-
solved in water. In our case, IrCls hydrate, purchased from fluorochem, was used. After
complete dissolution the rutile TiO2 support (particle size <100 nm), purchased from
Sigma Aldrich (St. Louis, MO, USA), was added. The use of rutile TiO: ensures a high
dispersion of rutile IrO: as indicated by previous studies [16,29,30]. Then a 100-times stoi-
chiometric excess of citric acid, relative to the metal ions, is added to form a chelate com-
plex of the metal ions and the citric acid. This solution is heated to 60 °C for 30 min to
ensure complete dissolution and complexation. Afterward, three times the molar amount
(relative to citric acid) of ethylene glycol is added. The resulting solution is then heated
with maximum heating power to induce polymerization/polycondensation. Here, the car-
boxylic acid groups of the citric acid/metal ion complexes and the alcohol groups of the
ethylene glycol form ester bonds, resulting in a 3D carbon network. In this network, the
rutile TiO:2 particles are trapped and surrounded by metal ion complexes. Heating is con-
tinued until the solvent evaporates, after which the resulting gel is calcined at 450 °C for
7 h in air. During calcination the metal ions can nucleate directly on the rutile TiOz. This
preparation ensures a homogeneous dispersion of the IR absorbing, catalytically active
oxides on the reflective TiO2 matrix. Similar samples were thoroughly characterized by
Raman spectroscopy, X-ray diffraction (XRD), and transmission electron microscopy
(TEM) by Khalid et al. [16] Due to the lower loadings employed in this study, Raman
spectroscopy and XRD could not be carried out on the specific samples used here. The
reason for this is that the detection limits of these techniques are too low and/or the signals
of IrO2 are overshadowed by TiO2. TEM images of the pure TiO: support and 2 mol%
supported IrO2 on TiO2 are shown in Figure 54.

The 2 mol% supported IrO2 on TiO2 samples obtained from the Pechini synthesis
were first thermally oxidized or reduced by exposing the sample to 4% O:z or to 4% CO at
300 °C, respectively. These samples are referred to as IrO2@TiO: or reduced IrO2@TiO2. To
assign the DRIFTS CO bands of IrO:@TiO: under reaction conditions, it is necessary to
compare them with reference DRIFT spectra of purely metallic Ir and purely oxidic IrO:
samples.

When used to prepare high loadings, the Pechini synthesis tends to produce oxide
particles with a metal core [31-34]. This is due to the reducing effect of the carbon matrix
in the gel on the particles formed in the early stages of calcination. This effect, however,
diminishes when preparing small loadings like the 2 mol% IrOz employed in this work.
Most likely, the first particles form later in the calcination process when the metal ion
concentration is lower. Therefore, pure IrO: supported on rutile TiO:z can be prepared by
the Pechini synthesis approach, as evidenced by the X-ray photoelectron spectroscopy
(XPS) data depicted in Figure 2A. For the XPS characterization, a PHI VersaProbe IV in-
strument is employed. The measurements are conducted with a photon energy of 1486.6
eV (Al Ka line).

Quite in contrast, the full reduction of IrO2@TiO2 to metallic Ir does not seem to be
possible, as can be seen in Figure S5. Therefore, 33w% of commercially available Ir metal
powder (abcr GmbH) was physically mixed with TiO:z as a matrix to collect CO adsorption
signals of pure metallic samples (these samples are referred to as Ir® + TiO2). After reduc-
tive pretreatment for 4 h at 300 °C under 4% CO, the XPS indicates pure Ir metal (cf. Figure
2C) without any traces of IrOz-related spectral features.

Figure 2B,D show XP spectra of Ir? + TiO2 and IrO2@TiO: after being exposed to re-
ducing CO oxidation conditions (1% O2/4% CO/95% Ar) at 300 °C. Here, the XP spectra
show metal and oxide signals for Ir® + TiO2 und IrO:@TiO, thus evidencing a partially
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oxidized and reduced state, respectively. Raman spectra of Ir? before and after the same
pretreatment (Figure S6) indicate clear signatures of IrOx.
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Figure 2. Ir 4f XP spectra of (A) Ir° as well as (C) IrO2@TiOz. The latter sample is measured without
TiOz, as otherwise the spectra were dominated by the Ti 3s feature. (B,D) show the respective sam-
ples after being exposed to reducing CO oxidation conditions (1% O2/4% CO/95% Ar) at 300 °C. The
fit parameters for decomposition of the experimental spectra (circles) are provided in Table S1 of
the supplementary materials.

2.3. Reaction Conditions

All experiments are conducted under a total flow of 50 sccm and a heating ramp of
1.8 K-min. The gas compositions for the various reaction conditions are compiled in Ta-
ble 1.

Table 1. Gas compositions for different experiments.

Reaction Conditions Ar/% 0:2/% CO/%
Oxidizing 96 2 2
Reducing 95 1 4

CO only 96 - 4

The ratio of reactive gas to carrier gas had to be varied during the CO oxidation case
study, due to limitations in the MFC minimum flow and trying to keep concentration of
the reactants as small as possible in order to minimize temperature variations induced by
the heat of reaction.

3. Experimental Results
3.1. Characterization of Pre-Oxidized and Pre-Reduced [rO:@TiOz and Ir? + TiOz Samples
The XP spectra in the Ir 4f binding energy region of the IrO@TiO: and Ir° + TiO:2

samples are summarized in Figure 2A,C. The fit parameters used can be found in the lit-
erature [35-38] and in Table S1. According to the Ir 4f spectrum in Figure 2C, iridium is
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fully oxidized in the case of IrO.@TiO2. Additionally, the spectrum shows a small signal
of Ti 3s stemming from the TiOz support. Attempts to reduce IrO-@TiO: are made, with
the harshest reduction conditions being 4% H-: at 600 °C for 24 h. It is, however, not pos-
sible to produce pure metallic particles, as shown by the XP spectra in Figure S5. The
spectra of the mixture of Ir? + TiOz are dominated by the Ti 3s signal so heavily that a
meaningful deconvolution is not possible, therefore the pure It powder was used instead
for XPS analysis. Here the Ir 4f XP spectrum shows pure metallic Ir%. Under reducing CO
oxidation conditions (1% O2/4% CO/95% Ar), the XP spectra of Ir + TiOz and IrO-@TiO:
in Figure 2B,D, respectively, indicate spectral features of both metallic and oxidic Ir. For
Ir0 + TiO:z this effect seems to be less pronounced than for [rO:@TiOz, which is likely due
to the large size of the Ir? particles that can only be oxidized at the surface, so that the XPS
signal is dominated by the bulk metal signal.

3.2. CO DRIFTS Experiments of Oxidized and Reduced IrO:@TiO: and Ir° + TiO2 Samples

Figure 3A shows the CO DRIFT spectra of IrO-@TiO:z and Ir® + TiOz. As the samples
consist of pure IrOz and pure metal Ir, as demonstrated by the XPS, the DRIFT data serve
as benchmark spectra to firmly assign characteristic spectral features of the DRIFT spectra
during the CO oxidation. Here, only one distinct signal at 2060 cm™! and 2087 cm™ is re-
vealed for IrO2@TiO:z and Ir® + TiOy, respectively. However, the band position of [rO2@TiO:
at 2060 cm™! varies under reaction conditions slightly with the temperature (cf. Figure 4A).
As such, the oxidation state of the catalyst cannot unambiguously be derived from band
position in DRIFTS alone.

T T T T T T T T T T T T T
N o
QB (A) ES (B)
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S |
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Figure 3. CO DRIFT spectra are shown for (A) commercial It + TiOz in the purely metallic state of
Ir as well as on IrO2@TiO:2 as prepared by the Pechini synthesis in the purely oxidic state of Ir on the
left. In (B), similar spectra are shown for the same samples after being exposed to reducing CO
oxidation conditions (1% O2/4% CO/95% Ar) at 300 °C. All spectra are recorded at room tempera-
ture.
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Figure 4. Operando DRIFT spectra of (A) IrO2@TiO:2 and (C) reduced IrO-@TiOz, as well as (B) cor-
responding CO conversion data as measured by MS for oxidizing (2% O2/2% CO/96% Ar) reaction
feed composition. For the MS data, the dark green line corresponds to IrO2@TiO2, and the light green
line to reduced IrO2@TiO2. The temperature axis of MS and the color code of the dashed lines signify
the temperatures of the DRIFT spectra. The temperature increment between consecutive spectra is
20 °C. The heating ramp is 1.8 K-min™.

Under reaction conditions, the oxidation state of a catalyst may change dynamically
when varying the temperature or the feed composition. It is therefore of particular interest
to investigate the catalyst in an intermediary state of partial reduction/oxidation. In order
to achieve this, the samples are exposed to a reducing CO oxidation mixture (1% O2/4%
CO/95% Ar) at 300 °C. Under this reaction condition, Ir® + TiO: is able to partially oxidize,
while IrO>@TiO2 may partially reduce, thus forming an intermediate phase for both cata-
lysts. The DRIFT spectra of the samples after cooling to room temperature under reaction
conditions are depicted in Figure 3B. Here, both samples show a major absorption band
at 2085 cm! with a very broad shoulder reaching down to 1800 cm™. Some minor differ-
ences in the peak shape can be observed, like additional shoulder peaks at around 2060
cm™ and slightly above 2085 cm™ for the oxidized Ir® + TiOz. The overall characteristic
shape of the DRIFT spectra for both samples is, however, very similar and is indicative of
a unique intermediate phase that is formed by the partial reduction of IrO: and partial
oxidation of Ir®.

Blank spectra are provided in Figure S7 for the rutile TiO2 support alone without the
active component. Here, no CO adsorption is discernible. A CO DRIFT spectrum of Ir0 +
TiO2, having undergone oxidative pretreatment with 4% Oz at 300 °C, is shown in Figure
S8. As for IrO2@TiO, only a single band without a broad shoulder is observed, indicating
that the surface of Ir? + TiO2 can form a surface oxide similar to that of IrO@TiO:x.

3.3. CO Oxidation Experiments of IrO:@TiO: Samples

Figure 4 depicts the DRIFT spectra of [rO2@TiO:z and reduced IrO:@TiO: during CO
oxidation reaction under oxidizing conditions (2% O2/2% CO/96% Ar) at various temper-
atures, together with the corresponding CO conversion. Conversion data were produced
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by normalizing mass spectrometer (MS) data to their respective maxima, corresponding
to the full conversion of CO.

For IrO2@TiOz, a single band appears at 2085 cm™ (Figure 4A), as also observed in
Figure 3A. This band remains unchanged in position and shape till it starts to diminish
between 160 °C and 240 °C, while the reaction rate (MS) concomitantly increases. No fur-
ther CO adsorption signals can be detected in DRIFTS above 240 °C. The CO conversion
starts at around 100-120 °C as indicated by MS (Figure 4B) and the appearance of the CO:
gas phase signal in DRIFTS starts at around 2350 cm. As the temperature increases,
heated gases (here CO and CO») in and directly above the catalyst layer start to emit IR
radiation themselves. This causes the gas phase signals in the IR spectra to flip around
180-220 °C and look like “negative absorption”.

On reduced IrO2@TiOz, the dominant absorption band is again at 2080 cm™ with a
broad shoulder reaching down to 1800 cm™ (Figure 4C). Here, the MS and CO:2 gas phase
signal in DRIFTS show a significantly earlier onset of activity at ca. 50 °C, which is about
50 °C lower in temperature than observed for the CO oxidation on IrO:@TiOz. Further-
more, MS shows higher activity of the reduced IrO:@TiO: compared to IrO.@TiO:
throughout the entire temperature range, until IrO2@TiO: reaches full conversion at 220
°C. A steep increase in activity is evident for the reduced IrO:@TiO: in the temperature
range from 140 °C to 160 °C, while full conversion is reached at 160 °C. This steep increase
in activity is correlated with a pronounced change in the DRIFT spectra, where CO from
the broad band is consumed leaving the previously observed single band at 2081 cm™.
This band then slowly diminishes with increasing temperature until at 260 °C no surface
CO signal is observable in DRIFTS.

Figure 5 shows the DRIFT spectra of reduced IrO2@TiO:2 under oxidizing conditions
during the cool down from 160 °C. Before those spectra are recorded, the sample is heated
to 160 °C, so the broad shoulder is consumed as previously seen in Figure 4C.

2085 |
2074

B ”\J‘ L

o il AN
—

100 °C pmssmmamepmesiro ol I

20 °C pom

2500 2400 2300 2200 2100 2000 1900 1800

wavenumber / cm™

Figure 5. DRIFT spectra of reduced IrO:@TiO: after being heated under an oxidizing (2% O2/2%
CO/96% Ar) reaction feed composition to 160 °C. The spectra show the cool down to 20 °C directly
after 160 °C is reached. The temperature increment between consecutive spectra is 20 °C. The heat-
ing ramp is 1.8 K'min™. As the catalyst is cooled down, the broad shoulder, indicative of partial
reduction, reappears.

As soon as this occurred, the sample is cooled down again, while keeping the oxidiz-
ing feed composition. One can recognize in Figure 5 that with decreasing temperature the
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broad shoulder re-emerges, demonstrating that the catalyst is in fact not fully oxidized at
this point.

Figure 6 summarizes the operando DRIFTS experiments of [rO2@TiO2 and reduced
IrO2@TiO:2 during the CO oxidation reaction under reducing conditions (1% O2/4%
CO/95% Ar) at various temperatures and includes on-line CO conversion data. The MS
data are normalized to their respective maxima, corresponding to a full conversion of Oz
that is equivalent to a 50% conversion of CO.

r0,@Tio, S reduced Ir0,@TiO,
T " T = AL L | [T T . T 7
I~ A gl (B)] w0 o(C)]
© | 8 | Q79
N - N \& A
(=]
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Figure 6. Operando DRIFT spectra of (A) IrO2@TiO:z and (C) reduced IrO2@TiO:z as well as (B) corre-
sponding CO conversion data as measured by MS under reducing (1% O2/4% CO/95% Ar) feed
composition. For the MS data, the dark green line corresponds to IrO2@TiOz, and the light green line
to reduced IrO2@TiO2. The temperature axis of MS and the color code of the dashed lines signify the
temperatures of the DRIFT spectra. The temperature increment between consecutive spectra is 20
°C. The heating ramp is 1.8 K-min-'.

In DRIFTS of IrO:@TiO: (Figure 6A) a single band is observed as already shown in
Figure 3. Here the band position is 2067 cm™. At 180 °C the broad shoulder starts to appear
indicating the beginning of the reduction of the catalyst. This shoulder then keeps grow-
ing with the increasing reaction temperature until it reaches down to 1800 cm™. The CO
conversion for IrO:@TiO: (Figure 6B) under reducing conditions starts at 80-100 °C, i.e.,
slightly earlier than under oxidizing conditions. The conversion then increases in an Ar-
rhenius-like fashion up to about 160 °C. At 180 °C, concurrent with the appearance of the
shoulder in DRIFTS, the conversion increases rapidly until it levels off at 220 °C.

In DRIFTS of the reduced IrO:@TiO: (Figure 6C) a broad shoulder reaching from 2085
cm~! down to 1800 cm™ is recognizable. The shape differs slightly from the previously
shown spectra in Figure 3B and Figure 4C, with a band at 2055 cm™ being more dominant.
The shape and position of the bands do not vary significantly throughout the entire tem-
perature range. MS and CO: gas phase signals in DRIFTS indicate the onset of CO conver-
sion at about 60 °C. The higher conversion of reduced IrO2@TiO: relative to IrO@TiO:2
under reducing conditions is at first not as clearly observable in MS as under oxidizing
conditions. However, above 80 °C, reduced IrO2@TiO2 shows markedly higher activity. At
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180 °C the conversion then levels off in a similar fashion as IrO@TiOz. Above 220 °C the
conversion curves of both samples are practically identical.

4. Discussion
4.1. CO as a Probe Molecule for the Surface Oxidation State of IrO:

In the literature, signals around 2063-2073 cm-! are reported for CO adsorption on
single-crystalline IrO2(110) films and polycrystalline IrO2 supported on Al-Os [36,39,40].
For single-crystalline Ir(111) and metallic Ir supported on Al20s, CO band positions in the
spectral range of 2020-2065 cm™! are found [40—42]. The band positions found in this work
(Figure 3A) are similar, with CO adsorption resulting in one distinct signal in the region
of 2060-2085 cm™! on both Ir metal and oxide IrOz. The exact band position varies slightly
so that a characterization of the chemical status of the catalyst by this spectral feature alone
does not seem to be possible. The presence of only a single band in DRIFTS found here is,
however, quite surprising since the surface of the supported IrOz-based particles surely
comprises many different facets and adsorption sites. The fact that only one symmetrical
band is observed in DRIFTS points toward efficient dipole-dipole coupling of the vibra-
tional modes of all sites. This coupling of different CO species was reported for RuO2(110):
although CO adsorbs in both the bridge and on-top positions on the mildly reduced
RuO2(110) surface, only a single CO stretch frequency is observed in RAIRS around 2086
cm™! [43].

When exposing IrO:@TiO2 and Ir® + TiO: to a reducing reaction mixture (1% O2/4%
CO/95% Ar) both samples show very similar CO adsorption patterns as reconciled by a
broad CO band reaching from 2080 down to 1800 cm™! in DRIFTS (cf. Figure 3B). The XP
spectra in Figure 2 show that under these conditions IrO@TiO: is partially reduced due
to excess CO in the gas feed, while Ir® + TiO: is partially oxidized due to the presence of
Oz. The oxidation of Ir? + TiOz is corroborated by Raman spectroscopy in Figure S6. The
full oxidation of Ir? + TiO2is, however, inhibited, due to excess CO in the gas feed. The CO
adsorption pattern observed for both catalysts is dominated by a spectral feature at 2060
2085 cm with a broad shoulder stretching down to 1800 cm™. We therefore conclude that
this spectral feature is characteristic for partially reduced IrO: or partially oxidized Ir,
while a single symmetric band is characteristic for pure Ir oxide or pure Ir metal.

4.2. Case Study: Catalytic CO Oxidation

When the IrO2@TiO:z and reduced IrO@TiO2 samples were exposed to CO oxidation
reaction conditions significant differences in activity were observed. Under both reducing
and oxidizing gas feed compositions, reduced IrO:@TiO: reveals a lower onset tempera-
ture for CO conversion than IrO@TiO:z by about 50 °C and a higher activity throughout
the entire temperature range. Under oxidizing conditions, full conversion is reached for
reduced IrO:@TiO: at 160 °C, i.e., 60 °C lower than for IrO-@TiO2. Under reducing condi-
tions, the CO conversion saturates at 180 °C and 220 °C for reduced IrO:@TiO:2 and
IrO2@TiO, respectively.

This increase in activity can further be correlated to the partially reduced state of
IrO2@TiO: via the characteristic broad shoulder observed in DRIFTS. Under reducing re-
action conditions the activity of IrO-@TiO: increases steeply at 180 °C, which is accompa-
nied in DRIFTS by the appearance of the broad CO band at 2050 cm™ reaching down to
1800 cm™. Under oxidizing reaction conditions the broad CO shoulder in DRIFTS of re-
duced IrO2@TiO: disappears as the conversion jumps up at 140 °C, leaving the oxide signal
at 2081 cm™. At first glance, this may suggest a sudden oxidation of the catalyst or a simple
desorption of CO due to the high temperature. We conclude, however, that, considering
the otherwise higher activity of the reduced catalyst, the disappearance of the broad CO
band is due to the reaction of this reactive CO species on the reduced IrO2@TiO:z and thus
only CO at oxidized parts of the catalyst remain visible in DRIFTS. This interpretation can
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further be corroborated by cooling the catalyst immediately after the broad shoulder re-
acted off, as summarized in Figure 5. Here the shoulder reappears as soon as the catalyst
is cooled, demonstrating that the reactive CO is re-populated. The disappearance of the
reactive CO species is not due to desorption above 140 °C, since this species is shown to
be stable up to 260 °C under a reducing feed mixture (cf. Figure 6A,C).

On RuO: the mechanism of heterogeneous CO oxidation catalysis has been shown to
proceed with the following mechanism [43,44]: (1) CO adsorbing on the catalyst surface;
(2) CO combining with O from the oxide lattice to form COz; (3) CO:z desorbing; and (4) O
vacancy in the oxide lattice being replenished with Oz from the gas phase. Both oxides
occur in rutile structure and Ru and Ir are close to each other on the periodic table. There-
fore, on IrO:2 a similar mechanism is expected to take place. The higher activity of reduced
IrO2 could then be explained in two ways. Firstly, the lattice oxygen in reduced IrO: is
more facile to be extracted due to lower binding energies. Secondly, oxygen may be more
mobile in the defect-rich lattice, allowing active sites to be replenished with oxygen more
easily. The latter interpretation would fit well with the recent findings of Martin et al. [4],
who reported that subsurface oxygen replacing oxygen on bridge positions plays a role in
methane oxidation on IrOs.

5. Conclusions

Operando diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) is
combined with on-line mass spectrometry (MS) to study, with CO serving as probe mol-
ecule, the actual oxidation state of a supported IrO-@TiOz catalyst during the CO oxidation
reaction. In doing so, we prepare first pure metal and oxide Ir catalysts to identify charac-
teristic fingerprints in CO stretching vibrations for the pure metallic and the oxidic state
of the catalysts, which aid the subsequent interpretation of the CO spectra acquired dur-
ing the CO oxidation reaction. The CO DRIFT spectra of the pure oxide IrO2@TiOz samples
as well as the pure metal Ir? + TiO2 are governed by a single mode at 2060 cm™ and 2087
cm!, respectively. This finding is quite surprising, since CO vibrations from several facets
and adsorption sites of the active particles (with varying frequencies) contribute to the
DRIFT spectra. It seems that all these vibrational modes couple via dipole interaction, thus
culminating in a single band. Quite in contrast, the CO DRIFT spectra of the reduced
IrO2@TiO:2 and oxidized Ir + TiO2 samples show a pronounced broad band ranging from
2085 cm to 1800 cm™, revealing a partially reduced IrO: catalyst.

For reduced IrO:2@TiOs, the reaction onset and maximum conversion occur at lower
temperatures than for IrO:@TiO:. Under oxidizing conditions, CO conversion on
IrO2@TiO:z starts at 100-120 °C while for reduced IrO2@TiO: it already starts at 50 °C. Full
conversion is accomplished at 220 °C (IrO2@TiOz) and 160 °C (reduced IrO2@TiOz). The
DRIFT spectra for reduced IrO2@TiO2 under oxidizing conditions evidence that the broad
shoulder is consumed preferentially as the catalyst experiences a steep activity increase at
140 °C, thus indicating that this species is the reactive CO on the surface.

Under reducing conditions, the onset of conversion is observed at 80-100 °C for
IrO2@TiO:2 and at 60 °C for reduced IrO:@TiO2. Maximum conversion is reached at 220 °C
for IrO2@TiO2 and 180 °C for reduced IrO@TiOz. IrO2@TiO: under reducing conditions
reveals a steep increase of activity at 180 °C that is accompanied by a reduction of the
catalyst as evidenced by DRIFTS.

The combination of operando DRIFTS and on-line MS therefore provide compelling
evidence that the activity of partially reduced IrO2@TiO: catalysts is significantly higher
than that of IrO2@TiOz under both oxidizing and reducing CO oxidation reaction condi-
tions.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/inorganics11030102/s1, Figure S1: Light path and tempera-
ture Detection; Figure S2: Time response of the MS system; Figure S3: DRIFTS data processing; Fig-
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ure S4: TEM of IrO2@TiOz; Figure S5: XP spectra of incomplete reduction of IrO2@TiO:2 with Hy; Fig-
ure S6: Raman spectra of It before and after reducting CO oxidation conditions; Table S1: XPS fit
parameters; Figure S7: Blank DRIFT spectra of rutile-TiO2 without active component; Figure S8:
DRIFT spectrum of CO adsorption on Ir*+TiO:2 after oxidative pretreatment.
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