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Abstract

In this work we elucidate the main steps of the CO oxidation mechanism over Au/CeO,(111), clarifying the course of CO
adsorption at a broad variety of surface sites as well as of transmutations of one CO species into another. By combining
transient spectroscopy with DFT calculations we provide new evidence that the active centers for CO conversion are single
gold atoms. To gain insight into the reaction mechanism, we employ Modulation Excitation (ME) DRIFT spectroscopy in
combination with the mathematical tool of Phase Sensitive Detection to identify the active species and perform DFT cal-
culations to facilitate the assignments of the observed bands. The transient nature of the ME-DRIFTS method allows us to
sort the observed species temporally, providing further mechanistic insight. Our study highlights the potential of combined
transient spectroscopy and theoretical calculations (DFT) to clarify the role of adsorbates observed and to elucidate the
reaction mechanism of CO oxidation over supported gold and other noble-metal catalysts.

Keywords Gold-ceria - In situ spectroscopy - Transient spectroscopy - CO oxidation - Modulation excitation spectroscopy

(MES) - Phase sensitive detection (PSD) - DRIFTS - DFT

1 Introduction

Ceria, especially in combination with noble metal nanopar-
ticles, is a widely used catalyst for oxidation reactions such
as (preferential) CO oxidation or the (reverse) water—gas
shift reaction [1-6]. Gold in particular has proven to be a
valuable choice for stable and high performing catalyst sys-
tems [7—10]. Ceria, chosen as the supporting material in this
study, is known to exhibit extensive dynamics in creating
and annihilating (oxygen) defects that are of great impor-
tance for the proposed Mars-van-Krevelen mechanism of CO
oxidation over Au/CeQO, [5, 6, 11]. Its detailed mechanistic
understanding is motivated by the CO oxidation as a pro-
totypical reaction for heterogeneous catalysis [12] but also
because of its technical relevance for the three-way cata-
lytic converter [13] as well as its potential usage for CO,

Jakob Weyel and Marc Ziemba have contributed equally.

< Christian Hess
christian.hess @tu-darmstadt.de

Eduard-Zintl-Institute of Inorganic and Physical Chemistry,
Technical University of Darmstadt, Alarich-Weiss-Str. 8,
64287 Darmstadt, Germany

activation in the context of future carbon capture and usage
(CCU) processes [14, 15]. Due to its importance for CO
oxidation, this study focuses on the signals and the tempo-
ral behavior of CO adsorbates that are readily accessible
via DRIFT spectroscopy. The CO spectral region exhibits
valuable information concerning the state of adsorbed CO,
including its bonding partner, its geometry as well as the sur-
face termination and topology of the adsorption site. These
parameters of CO adsorbates, that have also been a topic
of one of our previous studies [6] are still under debate in
literature [6, 16-23].

Although CO oxidation over supported noble metal cata-
lysts has been investigated for a long time and in numerous
studies, a profound understanding of the dynamics of the dif-
ferent CO adsorbate structures has not been achieved to date.
To this end, new mechanistic insight may be expected from a
combination of transient time-resolved DRIFT spectra with
theoretical calculations of possible adsorbate structures such
as vibrational frequencies and adsorption energies.

The special DRIFTS approach chosen in this study is
depicted in Fig. 1. We use Modulation Excitation Spectroscopy
(MES) in combination with data processing via Phase Sensi-
tive Detection (PSD), a technique first introduced by Baure-
cht and Fringeli in 2001 [24]. Following their publication,
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Fig.1 Scheme of the experimental ME-DRIFTS setup, the data processing of the measured ME into PSD spectra, and the combination of these
experimental spectra with DFT results allowing for new mechanistic insights. For details see text

interesting findings were made via the MES-PSD approach,
especially in the field of heterogeneous catalysis, shining new
light on the mechanistic course of reactions under considera-
tion [25]. In previous studies, ME-DRIFTS was applied to
(preferential) CO oxidation over supported catalysts including
ceria as well [1, 16, 22, 26, 27].

MES and PSD are used to extract the dynamics from time-
resolved spectra during periodic modulation of one process
variable (in our case the concentration of one reactant) and to
separate it from all time-constant signals (spectator species) as
well as from the statistical background noise, thus providing
valuable information on active species often hidden in con-
ventional spectra. This is achieved via Fourier transformation
of the time-resolved into phase-resolved spectra according to
Eq. (1):

1(V,9) =2/T } 1V, 1) - sin(ot + @)dt (1)

with the signal intensity /, wavenumber \N/, duration of one
period T, phase shift ¢, time ¢, and the modulation frequency
w. After comparing different modulation functions and weigh-
ing the advantages and disadvantages, a sinusoidal modulation
function was used in this work for reasons of simpler calcula-
bility. The DFT approach allows the calculation of IR active
vibrational frequencies as well as their respective adsorption
energies [6, 28]. As will be illustrated below for Au/CeO,, the
combination of transient ME-DRIFTS with theoretical DFT
studies allows to obtain a more profound understanding of the
first reaction steps of CO oxidation and especially the crucial
CO adsorption processes.
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2 Experimental Section
2.1 Catalyst Preparation and Characterization

Preparation and characterisation of the polycrystalline
ceria catalyst used in this study was described in our
previous work [5, 29, 30]. Summarizing, cerium nitrate
hexahydrate (Alfa Aesar, 99.5%) is calcined for 12 h at
600 °C (ramp of 6 °C/min). After being cooled to room
temperature, the powder is sieved (200 um) and calcined
a second time according to the protocol mentioned above.
Ceria polyhedra were obtained commercially (Sigma
Aldrich, <25 nm (BET)). In both cases, the gold load-
ing was achieved by utilizing electrolyte deposition of a
10 M HAuCl, - 3 H,O aqueous solution.

As reported previously, the commercial ceria sample
exhibits polyhedral particles with a specific surface area
of 36 m?g™!, and the sample prepared by decomposition
of cerium nitrate consists of ceria sheets with a specific
surface area of 57 m?g~! [4, 31]. Both samples show a
CeO,(111) surface termination, but the sheets additionally
possess stepped CeO,(111) sites [4, 31]. The gold loading
was confirmed by ICP-OES, revealing a gold content of
0.31 wt% for the sheets and 0.27 wt% for the polyhedra
[31]. Furthermore, our previous study on Au/CeO,(111)
sheets has revealed a large dispersion of gold due to pres-
ence of single atoms and/or smaller clusters as probed by
the CO-Au vibrations using DRIFTS [6].
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2.2 Modulation Excitation (ME) DRIFTS

ME-DRIFTS was performed on a Vertex 70 spectrometer
(Bruker) equipped with a liquid nitrogen cooled mercury
cadmium telluride (MCT) detector and a commercial
reaction cell (Praying Mantis™ High Temperature Reac-
tion Chamber, Harrick Scientific Products) with infrared
transparent KBr windows. Please note, that a more detailed
description of our basic DRIFTS setup was already given in
our previous studies [6, 32], while the additionally needed
MES setup (gas pipelines, communication channels, data
processing) is schematically depicted in Fig. 1.

For our measurements, 25-35 mg was placed in a stain-
less steel sample holder (@: 8 mm; depth: 0.5 mm). Due to
the cell geometry and the overflow of the sample, the exact
weight of the sample has hardly any influence on the cata-
lytic activity. As background, the catalyst itself was used
after 15 min pretreatment in O, atmosphere (100 mL min~"
of 10 mol% O, in Argon) at the reaction temperature of
37 °C and a subsequent gas phase modulation procedure
(identical to the desired experiment), which ensures a repro-
ducible state of the sample. The gas atmosphere during the
background measurement consisted of 10 mol% O, in Ar
(flow rate: 100 mL min~"). For our measurements we used
the rapid scan mode extension of the spectrometer software
OPUS 7.2. Spectra were measured from 850 to 3800 cm™!
with a resolution of 0.5 cm™', an aperture of 8 mm and a
mirror speed of 40 kHz. A Valco Instruments 4/2 valve
(Model E2CA, version ED), communicating with the Ver-
tex 70, is used to rapidly switch the gas flows, which are set
via digital mass flow controllers (MFCs, Bronkhorst).

During ME-DRIFTS, the sample is exposed to a feed with
constant O, content of 10 mol% of the total flow, while a CO
flux is pulsed over the sample changing from 0 to 2 mol%
(total flow rate: 100 mL/min; residual: Ar), resulting in a
conversion of 3.4% for the sheets and of 1.2% for the polyhe-
dra. Switching the valve position initially resulted in a square
wave modulation behavior of the CO concentration but due
to the residence time behavior of the setup it is better fitted
by a sine wave as shown in Fig. 1. These diluted concentra-
tions were chosen to keep the turnover low and to eliminate
the influence of possible transport effects.

The following gases are used: CO (99.997%, Westfalen),
0, (99.999%, Westfalen), and argon (99.996%, Westfalen).
One measurement series consisted of 20 periods, with a
duration of 374.2 s each. For each spectrum, five consecu-
tive interferograms were averaged, so that one spectrum
is acquired approximately every 1.5 s. To estimate poten-
tial uncertainties of the via PSD derived time values, the
MES experiment on Au/CeO, sheets was exemplary exe-
cuted three times. This resulted in a maximum deviation
of time values of 3 s, as determined based on the signal at
2092 cm™'. The other signals discussed show a maximum

deviation of 1 or 2 s (see Table S1). For some signals the
determining factor is the time resolution between two suc-
cessive measurements of 1.5 s, for some it is the maximum
deviation (see Table S1).

Intensities and peak positions were checked multiple
times and found to be constant for all of the measured
datasets.

2.3 Density Functional Theory (DFT)

The approach and methods used in this study were described
earlier [6, 30]. Briefly, calculations were performed using
the spin-polarized DFT + U approach as implemented in
the Vienna Ab initio Simulation Package (VASP, Version
5.3.5, https://www.vasp.at/), with the generalized gradi-
ent approximation of Perdew, Burke and Ernzerhof (PBE)
[33] and an U, 4 parameter of 4.5 eV for the Ce 4f states
(PBE+U/4.5 eV). The Ce (41, 5 s, 5p, 5d, 6 5), O (2 s, 2p),
Au (5d, 6 s) and C (2 s, 2p) electrons were explicitly treated
as valence states within the projector augmented wave
(PAW) method [34] with a plane-wave cutoff of 400 eV,
whereas the remaining electrons were treated as part of
the atomic cores. The CeO,(111) surface was modelled by
supercells with (3 X 3) periodicities with the calculated ceria
bulk equilibrium lattice constant (5.484 1&) [30]. A slab of
three trilayers, separated by at least a 10 A-thick vacuum
layer, was used. The slab thickness has been chosen based
on the convergence of the calculated surface energy. The
sampling of the Brillouin zone is realized by a (2x2x 1)
Monkhorst—Pack grid [35]. All atoms in the bottom trilayer
were fixed at their optimized bulk-truncated positions dur-
ing geometry optimization, whereas the rest of the atoms
were allowed to fully relax. Total energies and forces were
calculated with a precision of 10° eV and 1072 eVA~! for
electronic and force convergence, respectively. After relaxa-
tion a vibrational analysis was performed by calculating the
mass-weighted Hessian matrix using density functional per-
turbation theory (DFPT).

3 Results and Discussion

Although many features of the CO oxidation mechanism
over Au catalysts were clarified previously, some important
details are still missing, such as processes related to the ini-
tial CO adsorption and the subsequent adsorbate rearrange-
ment. To address these processes in detail, we will focus on
the CO adsorbate region ranging from 2000 to 2250 cm™!,
while other spectral regions (carbonates, hydroxyl groups)
will not be considered in this work. For completeness, full
PSD spectra as well as time-resolved spectra of the CO
region of all samples studied are shown in the Supporting
Information (see Figures S1-S4, S6-S9).

@ Springer


https://www.vasp.at/

782

Topics in Catalysis (2022) 65:779-787

Fig.2 Top: PSD spectra of x1073
the CO region of CeO, sheets 1] ] 0/°
(left) and polyhedra (right) after — 0
removal of gas-phase contribu- = T gg
tions. Bottom: Corresponding 5 0 %0
time shifts of individual spectral 120
positions —-11 150
T T T T T T T T - 180
2050 2100 2150 2200 2050 2100 2150 2200 — 210
— 240
] ] 3 — 270
100 oo — 300
o o’ — 330
0 o 0%, ° — 360
:9 50 A i o ® g % L4
L] ..
L] o ©
c".....o.. so G0
2050 2100 2150 2200 2050 2100 2150 2200
U/cm™t U/cm™!

Comparing the spectra of the two bare ceria samples (see
top of Fig. 2), it is apparent that the sheets exhibit three sig-
nals (2122 cm™!, 2156 cm™! and 2171 cm™"), but the poly-
hedra only one signal at 2156 cm™'. The latter is assigned to
CO adsorbed onto the ideal CeO,(111) surface [19, 20, 36].
The band located at higher wavenumbers, i.e. at 2171 cm™,
indicates a stronger interaction of CO with the surface,
and can therefore be attributed to CO adsorbed on reduced
CeO,(111), in agreement with the literature [18, 36]. The
location of the band at 2122 cm™! is fully consistent with
Ce’* related electronic transitions [17, 37].

Although both ceria samples show a (111) termination,
the sheets exhibit additional steps (see above), which have
been shown to have a positive influence on the reduction
behavior [31]. Thus the sheets possess more oxygen defects
than the polyhedra, which is clearly reflected in the vibra-
tional signature of the CO region.

In addition to the spectral position of each signal, MES-
PSD is furthermore able to provide information on each
signal’s transient behavior via time values, which indicate
the appearance of each signal relative to the others within
the external modulation period. The time values shown at
the bottom of Fig. 2 indicate differences between the bare
ceria samples. In fact, in case of the sheets, signals appear
within 11-15 s after turning on the reaction gas atmosphere,
whereas for lower wavenumbers on the border of the sam-
pled region, where no bands can be seen, a steep increase of
the time values is visible. For the polyhedral-related band
a time shift of about 13-20 s is detected. Again, outside
the region of this feature, time values steeply increase up
to roughly 70 s for wavenumbers lower than 2156 cm™"
and 100 s for wavenumbers higher than that. This increase
can be related to a transition from the CO adsorbate signal
to the background surrounding it, as can be seen in Figure
S5 but will not be futher addressed here as the background
holds no useful information. The time values of the signal
at 2156 cm™! appear at 11 s for the sheets and at 15 s for the
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polyhedra, respectively. Please note that these values con-
tain an experimental uncertainty of 1.5 s due to the rate of
spectra measurement (for details see Experimental) as well
as a maximum deviation between different measurements of
1 s (see Table S1). Thus the observed difference of the time
values of the 2156 cm™! signal for ceria sheets and polyhedra
appears significant; it may originate from the fact that the
surrounding of a signal has an influence on these time val-
ues. The observed deviation for the same species on sheets
and polyhedra might also be due to the fact that the sur-
rounding of a signal has an influence on these time values. In
case of ceria sheets, the signal is surrounded by other peaks
exhibiting about the same time shift. In case of polyhedra,
the signal stands alone and is weaker compared to the sheets.
This weakness is expected to be partly due to the lower sur-
face area and thus a lower number of possible adsorption
sites. However, since the gold-loaded samples (see Fig. 3)
show almost the same intensity at the same surface areas
as the bare ceria samples, it becomes apparent that there is
also a contribution from other effects, e.g. particle shape and
degree of reduction. Via an overlap, the neighboring signals
or even the background might influence the regarded signal
according to the relative intensity of it and the overlapping
contribution, thus a mixing of time values occurs, as has
been already described elsewhere [38]. Therefore it might
as well be the case that these overlap effects lead to different
time values of the same species on ceria sheets and poly-
hedra. Nevertheless, these discrepancies neither affect the
interpretations made here nor the mechanistic discussion of
the results at the end.

The top of Fig. 3 depicts the PSD spectra of gold-loaded
ceria sheets (left) and polyhedra (right). For both sam-
ples, the spectra show a similar vibrational profile and are
dominated by signals at about 2122 cm~! and 2171 cm™".
The first signal corresponds to CO adsorbed onto a gold
cluster, the second to CO adsorbed onto bare ceria, as
discussed previously [6]. The signal at around 2171 cm™!
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shows a slight asymmetry towards lower wavenumbers,
which is less pronounced for the polyhedra than for the
sheets. Vice versa the polyhedra samples exhibit a small
asymmetry towards higher wavenumbers leading to a shift
of the signal’s maximum to 2174 cm™'. A comparison to
the spectra of the bare ceria samples in Fig. 2 shows, that
the dominant CO-related band at about 2156 cm™! appears
to be blueshifted to 2171 cm™! for the gold-loaded sam-
ples. In agreement with previous studies, this behavior is
attributed to the increased number of defects formed in the
presence of gold, and consistent with the observation of
the 2171 cm™! band on the bare ceria sheets (see above)
[39]. In this context, our previous studies at the same gas
concentrations also revealed the presence of defects on
the Au/sheets by means of operando Raman and UV-Vis
spectroscopy [5]. Furthermore, both spectra show a broad
contribution at about 2133 cm~! and a small foothill at
about 2092 cm™!. Please note that a significant contribu-
tion of electronic transitions of reduced ceria, which may
be expected in the region at around 2125 cm™! [17], can
be excluded for the gold-loaded samples based on previous
isotope experiments [6].

Interestingly, the time values of the gold-loaded catalysts,
exhibit significant differences to the bare ceria samples. In
fact, as can be seen at the bottom of Fig. 3 the CO@CeO,
signals at around 2171 cm™! exhibit a time shift of 30-40s,
compared to 10-20 s for bare ceria. The CO-Au@CeO, sig-
nals on the other hand show time shifts of about 5-10 s that
are nearly the same for both gold-loaded sheets and polyhe-
dra. The increased time value of the CO@CeO, signals in
the presence of gold may be rationalized by a different type
of adsorption (see below). This is supported by the observed
increase in intensity by a factor of about 10 when gold is
added, suggesting that there is another mechanism at work
that overshadows simple adsorption from the gas phase. A
possible scenario may be based on a spillover of unreacted
CO from gold particles to the ceria surface, comparable to

the CO, formation mechanism proposed in the literature [2,
40].

According to previous studies, charge and coordination
of gold have a major influence on the CO adsorption energy
on Au/CeO, systems [41-43]. It is therefore conceivable
that larger gold clusters lead to a spillover of CO to the sur-
face, because in this case adsorption on the support may be
preferred [36, 43]. On the other hand, studies show that Au
single sites are also formed dynamically from larger gold
clusters under reaction conditions, therefore being referred
to as pseudo-single sites [11, 41]. To this end, based on DFT
calculations the adsorption of CO onto such a gold single
or pseudo-single site (E, 45 co(Au;)=— 2.58 €V) instead of
ceria (E,4,c0(CeOy) =— 0.19 eV) [6] is energetically much
more attractive [6, 40], thus a spillover seems energetically
unfavorable at first, where the adsorption energies are con-
sistent with previous studies [20, 44]. However, it is conceiv-
able that CO adsorbed on gold may orient itself towards the
ceria surface and be displaced by a second CO from the gas
phase. This assumption is supported by our DFT calcula-
tions shown in the second structure in Fig. 4 (replaced sin-
gle site) confirming (i) the displacement of CO previously
adsorbed at a gold single site by another CO molecule from
the gas phase and (ii) its relocation and migration onto the
ceria surface (Eg rep1.co(CeO,) == 0.106 eV).

This ensemble of two CO adsorbates, one adsorbed onto
a single gold atom, the other to the adjacent ceria surface,
is characterized by two vibrational frequencies at 2083 and
2096 cm~! (see Fig. 4). These two frequencies cannot be
easily separated because vibrational analysis yields primar-
ily two stretching modes involving both CO molecules. One
where both CO bonds oscillate in phase and one where they
oscillate in opposing phases. This is indicative for dipolar
interactions, as described in the literature [45-49].

A further distribution of CO molecules located at the
gold-ceria interface is expected, since CO has a more favora-
ble binding energy of — 0.19 eV on the bare ceria support.

@ Springer
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Fig.4 Top: Most stable structures for CO adsorbed on Au,,/
CeO,(111) structures from DFT together with the Bader charges
(AQ, in |e|) of the gold atom in direct contact with CO. Bottom: Cal-

This additional step offers an explanation for the consider-
ably later appearance of the CO@CeO, signals when gold
is involved. Hence, based on the observed time-shifts of the
CO@CeO, signals, the following mechanism for CO adsorp-
tion on Au/CeO, may be proposed: (i) CO adsorption onto
gold, (ii) subsequent spillover and/or displacement by gase-
ous CO, and (iii) CO movement away from the gold-ceria
interface, leading to its dispersion on the carrier. Because
of the easier adsorption of CO to gold than to CeO,, such a
spillover/displacement mechanism may largely facilitate the
surface loading with CO molecules, thus accelerating the
CO adsorption process. Such a scenario is supported by the
signal intensity for the bands at 2156 and 2171 cm™', which
is roughly ten times higher for the gold loaded than for the
bare ceria samples (see Figs. 2 and 3).

The signal of gaseous CO, (not shown here) appears
after ~20 s (maximum intensity) for the sheets and~21 s
for the polyhedra. As CO, formation occurs significantly
before the appearance of the intense CO@CeO, signals, it
stands to reason that product formation is independent of the
postulated spillover/displacement processes. Nonetheless, a
simultaneous accumulation of CO on ceria sites might still
be possible, but due to the expected low intensities for such
a species (compare the intensities in Figs. 2 and 3) their sig-
nals might either be very weak or completely absent. Based
on this fact and the spillover/displacement processes, we
may now exclude CO adsorbed on ceria to be active even
if it shows an increased intensity in the PSD spectra when
gold is present (see Fig. 3). This is in accordance with the
literature, where the inactivity of bare ceria at the chosen
reaction temperature has been clearly evidenced [5]. Thus
CO adsorption on gold appears to be strictly necessary for
catalytic activity.

Looking more closely at the spectral region attributed to
CO adsorbed on gold, the vibrational profile surrounding
the signal at around 2122 cm™! in Fig. 3 clearly indicates
several contributions. These may be rationalized by differ-
ent CO-Au species existing on the surface, ranging from

@ Springer

culated and experimental vibrational frequencies of adsorbed CO, as
well as the corresponding time values for ceria sheets derived from
PSD calculations

CO adsorbed on a single gold atom (single site), which is
considered to be the most active species [6], up to larger
gold clusters consisting of multiple atoms. To illustrate the
effect of cluster size, the vibrational frequencies and the
respective adsorption energies of several model structures
of CO on gold (Au, to Au,) were calculated using DFT
(see Fig. 4). The structures for Au, and Au; were taken
from Ghosh et al. [40], whereas Au; and Au, were part of
our previous studies [6].

According to literature, the signals at 2122 cm~! and
2133 cm™! can be assigned to CO adsorbed to gold single
sites: the signal at 2133 cm™' was often associated to CO
on a single gold atom on the surface [6], while the one at
2122 cm™! is assigned to CO on a so called pseudo-single
site, where one gold atom is slightly removed from a larger
cluster, thus forming the CO adsorption site [6]. The sin-
gle sites might as well be formed by such a dynamic pro-
cess as there has been evidence, that completely isolated
gold atoms tend to block the adsorption of CO, due to a
negatively charged Au atom [11, 40]. Thus in the follow-
ing we will refer to these sites as pseudo-single sites. The
dynamic formation of pseudo-single sites has been demon-
strated by earlier theoretical studies [6, 11]. CO on larger
gold particles gives rise to a small shoulder at 2092 cm™!
(see Fig. 3). According to our DFT calculations, it seems
to be irrelevant whether the cluster comprises two, three
or four atoms. This is illustrated in Fig. 4, showing quite
similar vibrational frequencies of 2064 and 2069 cm™! for
different cluster sizes. This underlines the impact of the
charge of the gold atom on which the CO is located on
the vibrational frequency, since this is lower for the latter
structures. Continuing this thought, further contributions
to this signal cannot be ruled out completely, as there
may be contributions due to charge transfer from vacan-
cies (formed during reaction) to gold clusters, changing
the bond strength of adsorbed CO there. Computational
evidence for such a bond weakening has been given by
Ghosh et al. [40]. Experiments by Manzoli et al. provide
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Fig.5 Proposed mechanisms
for a CO, formation on an a (.
exemplary gold (pseudo-) single
site not showing the rest of the

larger gold cluster and b CO i .
spillover, leading to the forma-
tion of CO@CeO, species. For
details see text b f I a I I
L |- |- |-

Table 1 Observed signals and their time values for gold-loaded and
bare ceria sheets and polyhedra (in brackets)

v/ em™! 1(Au/Ce0,)/s #(Ce0,)/s Assignment

2092 14 (18) N CO-Au, cluster

2122 8(9) -(-) CO-Au pseudo-single site
2122 - () 12 (-) Ce’* electr. transition
2133 9 (10) (=) CO-Au pseudo-single site
2156 24 (26) 11 (15) CO@Ce0; jgen

2171 34 (39) 10 () CO@Ce0, 1uuced

2359 20 21) N Co,

experimental indications of red-shifted CO adsorbate sig-
nals on reduced gold-ceria catalysts during CO oxidation
in the regarded spectral region [21].

Combining the above results on peak positions and signal
intensities as well as the respective times extracted via PSD,
a mechanistic picture of the first steps of CO oxidation on
Au/CeO, can be drawn (see Fig. 5). Table 1 summarizes the
relevant species and their assignment for sheets and poly-
hedra samples.

From Table 1 it is apparent, that the adsorption mecha-
nism follows the same path for sheets and polyhedra. Thus,
both samples will be discussed together in the following. A
visual representation of our findings is shown in Fig. 5. First
the adsorption of CO on pseudo-single gold sites occurs
(7-10 s), giving rise to signals at 2133 and 2122 cm™,
respectively. Conversion of these CO molecules seems to
be the main reaction route towards CO,. Next, the signal
at 2092 cm™~! is detected, which is associated with CO on
larger gold clusters and/or their CO adsorption dynamics due
to the reduction state of the surface (~ 14 s for sheets,~15 s
for polyhedra). Due to its low intensity in PSD spectra it is
unlikely that these CO molecules play a major role in the
reaction. The fact that this feature shows at least some inten-
sity may be attributed to (limited) dynamics of adsorption
and desorption when changing the gas atmosphere.

The next signal observed corresponds to gas phase CO,,
the product of the reaction, which is formed at 20 s for
sheets and 21 s for polyhedra. The proposed mechanism
for CO, formation is shown in Fig. 5a. Briefly summarized,
it consists of (i) CO adsorption onto an active gold site,

and (ii) formation and dissociation of CO, via a proposed
O),ice-Aut-CO species [6, 11, 40, 50].

After this, the signals of CO on bare ceria are detected.
Among these, first the signal of CO on the ideal surface
appears at 24 (sheets) or 26 s (polyhedra), and then the
signal of CO on the reduced surface at 34 (sheets) or 39 s
(polyhedra). As discussed above, the late appearance of
these signals indicates that they are not involved in the reac-
tion mechanism but emerge due to a spillover/displacement
mechanism, distributing unreacted CO adsorbed on gold
particles to the surrounding ceria, as depicted in Fig. 5b.
This spillover/displacement process may occur instead of
a reaction because of a possible depletion of the CeO, sur-
face of oxygen needed for CO oxidation. This depletion is
indicated by the dominant CO@CeO, signal at 2171 cm™'
which is assigned to a reduced surface. While being unreac-
tive on the ceria surface, after spillover/displacement, the
CO molecules may resemble those on bare ceria sheets (see
Fig. 2) and exhibit adsorption—desorption dynamics upon
exposure to changing gas atmospheres, thus explaining their
intensity in PSD spectra.

4 Conclusion

Summarizing this work, we were able to further elucidate
the reaction pathway of the CO oxidation, a prototype reac-
tion in heterogeneous catalysis, using gold-loaded ceria
catalysts as a showcase. We chose Modulation Excitation
(ME) DRIFT Spectroscopy, which enables detailed analysis
of the adsorbates as well as the adsorption and reaction pro-
cess, focusing on CO and CO, signals. In combination with
Phase Sensitive Detection (PSD), our transient experiments
provide new information on the active species and their tem-
poral order. Combining this experimental data with findings
from DFT (structures, vibrational frequencies), allowed us to
clarify the reaction sequence of CO adsorption and reaction
on Au/CeQ, catalysts.

Our results confirm the activity of dynamically formed
pseudo-single sites. Furthermore, we show that CO adsorbed
onto larger clusters of more than two gold atoms as well as
CO adsorbed onto ceria is not involved in the reaction mech-
anism. CO on larger clusters is excluded as active species
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due to its low intensity in PSD spectra. CO adsorbed to the
ceria support, showed high intensity signals in PSD spectra.
However, its participation in the reaction was excluded due
to its late appearance in the mechanism, i.e., after that of
the product CO,. Based on a comparison with bare ceria, its
signal intensity is rationalized by a spillover/displacement
mechanism of unreacted CO from gold to the reduced and
oxygen-depleted ceria surface.

Finally, our approach clearly demonstrates that the com-
bination of transient spectroscopic techniques, such as ME-
DRIFTS, with DFT calculations can greatly enhance our
understanding of reaction mechanisms in heterogeneous
catalysis.
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tary material available at https://doi.org/10.1007/s11244-022-01599-1.
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