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Abstract

Supported-metal (Au, Pt) ceria-based catalysts are considered as promising candidates for the
water—gas shift (WGS) reaction at low temperatures. Two main mechanisms have been
proposed in the literature, the redox and associative mechanisms. A key step in both
mechanisms has been considered to be the cleavage of O—H bonds. In this mechanistic study
the role of surface and bulk oxygen species involved in the WGS reaction over ceria supported
gold catalysts (Au/CeO2) was elucidated directly using operando Raman spectroscopy
combined with isotope labelling and supported by DFT+U calculations. Exposure of Au/CeO-
to pure Ha2!'%0 results in a complete replacement of surface '°0 ions by 30 ions as rationalized
by dissociative adsorption of H2'80 in the presence of a surface oxygen vacancy and a
subsequent backward reaction restoring lattice oxygen as '*0 and releasing H»'®O. This reaction
pathway is accessible even in the absence of CO. Exposure to reaction conditions leads to (i) a
complete disappearance of the Ce—O surface modes due to hydroxyl formation (ii) a Raman Fa,
redshift due to reduction of the ceria subsurface, leading to a change in stoichiometry from
CeO1.947-x (in argon) to CeO1.873-x (in CO/H2'%0), (iii) large amounts of %0 in the subsurface
of the ceria support due to oxygen transfer from the surface to the ceria subsurface, highlighting
the oxygen dynamics of the ceria support. While the results of this study are fully consistent
with a redox mechanism involving a reaction pathway for replenishment of surface oxygen ions
O?* from terminal hydroxyl groups (O—H) accessible also in the absence of CO in the gas phase,

other reaction mechanisms cannot be ruled out.
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reaction mechanism



1. Introduction

There has recently been increased interest in the low temperature water-gas shift reaction (LT-
WGS) to reduce the amount of CO and increase the amount of hydrogen after steam reforming
for hydrogen production, e.g., for fuel cells. ') The WGS reaction (CO + H,O — COz + H») is
equilibrium limited and exothermic (AH® = —41.1 kJ/mol) requiring catalysts active at low
temperatures to achieve low CO concentrations (<0.5 %). ! The industrial LT WGS reaction
catalyst Cu/ZnO/Al>Os is pyrophoric and shows a low thermal stability. [' As an alternative,
low loaded noble metal-based catalysts have been suggested and recent studies on the WGS
reaction over supported noble metals (Pt, Au) have shown that reducible oxides such as ceria

can greatly improve the catalytic activity at low temperatures. (2! [*]

While there is consensus about the bifunctionality of metal oxide—supported noble metal
catalysts in the WGS reaction, i.e., the participation of both the metal particles and the oxidic
support material, the detailed reaction mechanism is a matter of debate. Two types of
mechanisms have been proposed in the literature for this reaction, a redox mechanism 2! and
associative mechanisms. ) 51 According to the redox mechanism, CO adsorbed on the metal
phase is oxidized to CO; by lattice oxygen from the support, resulting in the formation of an
oxygen vacancy, which is replenished by water, giving hydrogen after O-H bond cleavage. The
associative mechanism is initiated by the interaction of adsorbed CO with terminal hydroxyl
groups on the oxide support, leading to different intermediate species, and is completed by their
decomposition to CO» and hydrogen. Proposed intermediates include formate (%), carbonate [*!

[19 and carboxyl / carboxylate 114 species.

The redox mechanism was originally proposed for ceria supported noble metals (Pt, Pd, Rh) by
Gorte and coworkers, % and later also for Au/ceria catalysts by Flytzani-Stephanopoulos and
coworkers. 2l Using infrared spectroscopy to study Rh/CeO, catalysts, Shido and Iwasawa

suggested an associative formate-based mechanism. 1% The experimental evidence for and
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against such a formate mechanism was discussed in detail by Burch et al., who considered the
experimental data available for the WGS reaction over a variety of metal oxide—supported noble
metal catalysts (Rh/CeQa, Pt/CeOs, Au/CeO2, Au/Ce(La)O2, Au/CeZrOs). ' The authors
concluded that formates were potentially the main intermediates only in the case of very low
activity catalysts, whereas a major contribution of the formate mechanism remains to be proved
for high activity catalysts. Similarly, based on their steady state isotopic transient kinetic
analysis on Pt/CeO» and Pt/CexZr1xO> catalysts, Kalamaras et al. concluded that formate should
not be considered an important intermediate. ¥/ Common to both the redox and formate
mechanisms is a water dissociation step. While previously water dissociation was reported to
be energetically important in the WGS reaction, P! B1 112181191 according to work of Vecchietti
et al. on Pt/CeO, the activation of water molecules was excluded as the rate-limiting step. [*]
(Density functional theory) DFT calculations on Au/CeO»(111) suggest water dissociation to
take place at the interface between Au and ceria with an oxygen vacancy nearby. ['?! DFT
studies on WGS reactions were briefly reviewed by Sauer and coworkers. [2% Based on DFT+U
calculations on Au/CeO»(111), the O—H-bond cleavage in O-H groups, which is crucial in both
the redox and formate mechanisms, was suggested to be energetically unfavorable with barriers
>1eV. Pl Following a similar theoretical approach, King and coworkers had earlier proposed an
associative carboxyl-based mechanism, ['* for which the rate-determining step was associated
with the decomposition of COOH (1.08 eV). In direct relation to this study, Chen et al.

calculated a reduced barrier to CO, formation by reaction of COOH with OH. ['%]

Based on this brief account of previous results on the WGS reaction over metal oxide—supported
noble metal catalysts it is apparent that, despite the progress in the field, a detailed
understanding of the mode of operation of these catalysts is still lacking. In particular, there
have been no studies directly addressing the surface oxygen dynamics of the support, despite

its crucial role for all proposed mechanisms. Furthermore, while previous studies strongly



focused on surface-related processes, our recent findings for Au/CeO, catalysts have
highlighted the importance of the subsurface dynamics for a detailed understanding of the

catalytic behavior. ?!]

In this work, we report on the role of the different surface and bulk oxygen species involved in
the WGS reaction over ceria—supported gold catalysts. Detailed analysis of the oxygen and
defect dynamics of the ceria support allows us to gain insight into the WGS reaction mechanism
from a new perspective. For that purpose, we employed operando Raman spectroscopy, which
had not been applied to WGS reaction conditions previously. The potential of in sifu and
operando Raman spectroscopy for mechanistic studies was demonstrated by performing
isotope labeling experiments. To support our assignments and to gain additional mechanistic

insight DFT+U calculations were used. %]



2. Experimental Section

2.1. Catalyst Synthesis. The ceria support exposing the CeO2(111) surface termination (see
TEM image in Figure S1 of the Supporting Information and discussion of the operando Raman
spectra) was prepared as described previously.[*¥ 24 Briefly, Ce(NO3); (Alfa Aesar, 99.5%)
was heated at a rate of 6°C/min, decomposed at 600°C for 12 h and subsequently allowed to
cool to room temperature. The resulting powder was calcined again applying the same protocol.
The specific surface area was determined to be 61 m?/g by N2 adsorption and use of the BET
(Brunauer-Emmett-Teller) model. Gold was deposited onto the ceria support via deposition
precipitation ?°! 261 by first suspending 2 g CeO; in 300 mL deionized water and adjusting the
pH value to 9 by a 0.1 M NaOH solution. Then an appropriate amount of a 10> M solution of
HAuCls3H20 (Sigma Aldrich, 99.999%), adjusted to pH 9, was added to the ceria suspension
to yield a nominal fraction of 0.5 wt% gold on ceria. After being kept at 65°C for 2 h, the
suspension was allowed to cool down to room temperature, and treated for 30 min in a sonicator.
The product was first centrifuged, then washed with 0.25% ammonia solution and water three
times, and finally dried at 85°C for at least 48 h.

2.2. Transmission Electron Microscopy. For transmission electron microscopy (TEM)
characterization of the CeO; support (see Figure S1) and Au/CeO: catalyst (see Figure S2), a
JEOL JEM-2100F (Tokyo, Japan) microscope was employed, that was equipped with a
Schottky field emitter operating at a nominal acceleration voltage of 200 kV. Energy dispersive
X-ray (EDX) spectra were recorded on an Oxford X-MAX 80 silicon drift detector (Oxford
Instruments NanoAnalysis, High Wycombe, UK) attached to the JEM-2100F. For sample
preparation a small amount of powder was dispersed in ethanol using an ultrasound bath
(Bandelin) for approximately 30 s. After the dispersion had settled for a short time, a droplet of
the dispersion was applied to a holey carbon grid (Plano); the grid was coated with carbon (Bal-

Tec MEDO010) to avoid charging under the incident electron beam.



2.3. X-ray Photoelectron Spectroscopy. For X-ray photoelectron spectroscopy (XPS) a
modified Leybold-Heraeus LHS/SPECS EA200 system was employed. XP spectra were
recorded with a Mg Ka source (1253.6 eV, 168 W) under UHV conditions (see Figure S3).
Calibration was done based on the Au 4f signal of a gold foil at 84.0 eV and the Cu 2p signal

"

of a copper plate at 932.7 eV. [2”] To account for sample charging the Ce3d u'” signal was set to

916.7 eV, 28] corresponding to a C 1s position of 284.7 eV, in agreement with literature values

for ubiquitous carbon. %!

2.4. Catalytic Activity. The catalytic activity measurements were conducted in an experimental
setup described previously. 2!l The composition of the feed gas was mixed by digital mass flow
controllers and a controlled liquid evaporation unit. The gas-phase concentration of CO was 2
vol% (abbreviated as % in the following). The gas stream was always balanced with argon to
yield a total flow of 100 mL/min. For a 8% or 10% H>O concentration in the gas-phase, 0.384
or 0.480 g/h deionized water (electric conductivity < 3 uS m™!) was dosed through the liquid
mass flow meter and evaporated into the (CO)/Ar stream by a controlled evaporation mixer. To
dose 8% H»'%0 into the gas stream, 0.422 g/h H>'80 (97 %+ 30, Eurisotop) were evaporated.
The gas-phase composition was analyzed quantitatively by Fourier transform infrared
spectroscopy (Tensor 20, Bruker, resolution: 4 cm™) by measuring a spectrum as an average of
125 scans every minute. A >6-point calibration for CO; (Crystal mixture of 1.020% + 0.020%
C02(99.995%) and N2 (99.999%), Air Liquide), CO (99.997%, Air Liquide), and H>O (electric
conductivity < 3 xS m™!) in argon (99.996%, Westfalen) allows for direct calculation of the

concentration of CO, CO», and H>O from the infrared spectra.

Additional experiments to evidence Hz evolution were performed using a heatable quartz
tubular reactor attached to an online mass spectrometer for gas-phase analysis as described

elsewhere. [2”) The catalyst (36.7 mg) was filled into the reactor. As gas feed, 2% CO/10% H,0O



balanced with He to yield a total flow rate of 50 ml/min was used. The catalyst temperature

varied between 120°C and 200°C.

2.5. Operando Spectroscopy. Operando Raman and UV-Vis spectra were measured by using
an experimental setup described previously. 2! 28] Raman spectra were recorded on an HL5R
transmission spectrometer (Kaiser Optical) using 532 nm laser excitation from a frequency-
doubled Nd:YAG laser (Cobolt). The spectral resolution is specified as 5 cm™, however, the
stability of the band positions is better than 0.3 cm™. A super notch filter allows detection of
Raman shifts starting at ~150 cm™. The laser power at the sample was adjusted to 1 mW to
avoid damage caused by the laser beam. Operando Raman spectra of the Au/CeO; catalyst were
corrected by the reflectivity Rw532 nm Of the sample as derived from the UV-Vis spectrum
following the approach by Kuba et al. *% For that purpose, a UV-Vis spectrum was measured
after each Raman spectrum. UV-Vis spectra were measured in diffuse reflection mode on an
AvaSpec-ULS2048 (Avantes) using D2 and halogen light sources. As the white standard, MgO
powder was employed in the same geometry as the sample. The sampling time was 60 s,
resulting from a 300 ms exposure time and averaging over 200 spectra. For quantitative gas-
phase analysis, a Fourier transform infrared spectrometer (Tensor 20, Bruker, resolution: 4 cm”
1) was attached to the exit of the operando cell and the effluent gas stream was analyzed by

recording infrared gas-phase spectra as described above (see Section 2.4.).

In the following, details on how the operando experiments were conducted will be given. The
given times refer to Figure 1. The catalyst (25-30 mg in a sample holder 8 mm in diameter and
0.5 mm deep) was first transferred to the reaction chamber and an ex sizu Raman spectrum was
recorded. During the measurement the bypass and the infrared gas cell were cleaned with 100
mL/min argon. Then a background spectrum for the gas-phase analysis was recorded, assuming
no residual CO, CO., and H>O in the gas cell. This was confirmed as the spectrum (baseline,

no absorption) did not change over time. An argon stream was applied to the reaction chamber
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and the sample was heated to 120°C. Residual CO, and H>O desorbed from the sample during
heating as seen by the increased CO; and H>O concentration at ~80 min. Two Raman spectra
(80 s exposure, 5 accumulations, duration: 26 min each) followed by UV-Vis spectra (300 ms,
200 averages, duration: 1 min) were recorded, while the catalyst was kept in the argon stream
at 120°C. Then the gas stream was switched again to the bypass and the sample was kept in a
stable inert, argon atmosphere. In the bypass first 2% CO and secondly 8% or 10% water was
added to the stream and the mixture was equilibrated for at least 5 min before being applied to
the reaction chamber for 1 h. Dynamic operando Raman spectra (80 s exposure, 1 accumulation,
duration: 80 s each) were taken immediately afterwards for 1 h. Alternatively, steady-state

Raman spectra (see above; duration: 26 min) were measured.

2.6. Density Functional Theory Calculations. A detailed description of the DFT calculations
of ceria model systems and vibrational analysis has been given elsewhere. [**! Briefly, we
applied spin-polarized DFT in the DFT+U approach [*! with the generalized gradient—corrected
approximation (GGA) of Perdew, Burke and Ernzerhof (PBE). [*2l The U,y value of 4.5 eV [**
was used for the Ce 4f states. The Kohn—Sham equations were solved employing the projected
augmented wave (PAW) method. ** The Ce (5s, 5p, 6s, 4f, 5d) and O (2s, 2p) valence electrons
were treated with a plane wave cutoff of 400 eV. The CeO(111) surface was modeled using a
supercell containing a three O—Ce—O trilayers (TLs) slab with the CeO> bulk equilibrium lattice
constant calculated before. 2! (6x6x1) or (3x3x1) Monkhorst—Pack grid sampling [*>) was
used for surface slabs with (1x1) or (2x2) periodicity, respectively. More than 10 A of vacuum
was added to the slab to avoid interaction between surfaces. The residual force in the structures

is 0.01 eV/A and the self-consistent field (SCF) energy converged to 10 V.

In order to calculate the mass-weighted Hessian matrix required for a vibrational frequency
calculation in the harmonic approximation, the force-constants were computed by the density

functional perturbation (or linear response) theory (DFPT) 1! technique, as implemented in
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VASP (the Vienna ab initio simulation package). *”1 8] Raman scattering activity requires
computation of the change in the macroscopic dielectric tensor with respect to each normal
mode, and thus relates to the third derivative of the energy with respect to atomic positions (see
reference [?2)). In practice, the dielectric matrix is calculated for two structures where the atoms
are displaced by either +0.005 A or —0.005 A along each normal mode vector, and derivatives
are obtained with a finite differences approach. Successive calculations of Raman activities of
normal modes were carried out using a Python script written by Fornari and Stauffer. 1>
Infrared absorption intensities were calculated from the effective charge of the ion and the
displacement vector. % To account for spectral line broadening in the calculated spectra, the

intensity of the normal mode was multiplied by a Gaussian function with a 10 cm™ full width

at half maximum (FWHM).
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3. Results

3.1. Catalyst Characterization. The 0.5 wt% Au/CeO; catalyst was characterized by electron
microscopy (see Figures S1 and S2) and XPS (see Figure S3), as has been described in detail
previously. 2! Briefly, the ceria support consists of 10—15 nm sized crystals. TEM images of
the bare ceria support reveal a CeO2(111) [*! surface termination as well as a stepped surface
with corresponding step sites. Scanning TEM (STEM) and TEM images show a small number
of gold particles with a size of 10 nm exhibiting characteristic Au(111) peaks. In agreement
with the literature, it is proposed that highly dispersed gold particles in direct contact with the
ceria support rather than the particles observable with TEM are responsible for the reactivity.
(2]

XPS analysis of the 0.5 wt% Au/CeO: catalyst revealed two Au 4f components at 84.0 and 84.9
eV, which can be assigned to Au’ and Au*, respectively. ?* [27) From quantitative analysis of
the surface composition the fraction of Au” was determined to be 30%. Analysis of the Ce 3d
photoemission revealed a fraction of 15% Ce** for Au/CeO; (see Figure S3) as compared to
13% Ce*" for the bare support. This behavior suggests a charge transfer from gold to the ceria
support as proposed by DFT+U calculations of gold adsorption on the oxidized CeOx(111)

surface. [421[43]

3.2. Catalytic Activity. Figure 1 demonstrates the activity of the 0.5 wt% Au/CeO: catalyst for
WGS reaction at 120°C. The gas-phase composition as determined by infrared gas-phase
spectroscopy is shown for varying gas feed compositions at 120°C. This setup was also
employed for the operando experiments described below (see Section 3.4.). The catalytic
activity is measured as vol% CO: determined by FTIR analysis at the outlet of the reaction cell
divided by vol% CO applied, corresponding to the conversion of CO to CO,. The conversion
(%) is shown in black, the CO concentration (%) in red, and the H>O concentration (%) in blue.

After initial exposure to pure argon (starting after ~80 min), the reaction gas mixture (2% CO,
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8% H>0) was equilibrated in the bypass (at ~155 min) and subsequently applied to the reaction
chamber (starting after ~170 min), resulting in catalytic activity as indicated by the rise in CO
concentration. The catalyst exhibited a steady-state activity of 3.5% as determined by the CO>
content in the gas stream. After 230 min, the catalyst was exposed to 8% H>O and cooled down
to room temperature in argon. Finally, the cell was cleaned from water in pure argon. Note that
the empty reaction cell did not exhibit any CO; evolution in the same CO/H>O mixture up to

175°C.

The evolution of H», which is not accessible by infrared spectroscopy, was demonstrated in a
quartz tubular reactor attached to an online mass spectrometer. At 50 mL/min total flow and
2% CO, 10% H>0 in He, the measured H> concentration is identical to the CO> concentration
in the product stream for sample temperatures between 120°C and 200°C (not shown), while
the corresponding bare ceria support was inactive. The activation energy is determined to be
46.2 = 0.9 kJ/mol between 120 and 200°C (see Figure S4), which is in line with the reported
value of 47.8 + 1.5 kJ/mol for 0.44 wt% Au/CeLaO;. (8% La) catalyst where metallic gold was

leached from the samples with cyanide. 2 [44]
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Figure 1. Gas-phase analysis by infrared spectroscopy over a 0.5 wt% Au/CeO> catalyst for
varying feed compositions. The conversion (%) of CO to COz is shown in black, the CO
concentration (%) in red and the H>O concentration (%) in blue. The reaction gas mixture (2%
CO, 8% H>0) is equilibrated in a bypass and subsequently applied to the reaction chamber at a
catalyst temperature of 120°C and at a total flow rate of 100 mL/min. The catalyst is regenerated
in 8% H>O and cooled down to 25°C in argon. In the case of operando experiments the dashed

lines indicate the end of the Raman measurements.
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3.3. Operando Raman Spectroscopy. Figure 2 depicts operando Raman spectra of a 0.5 wt%
Au/CeO; catalyst at 120°C in argon atmosphere during WGS reaction (2% CO, 8% H>0), and
in H>O (8%) showing the phonon (0—-1000 cm’!, left panel) and adsorbate (800-2300 cm™, right
panel) regions, respectively. The end of each measurement is indicated by the dashed lines in
Figure 1. The position of the most intense band (F2; mode) is given at the top left of Figure 2.
In Argon flow, the F2, band is located at 459.5 cm™! showing a significant redshift (~4 cm™) as
compared to spectra measured at room temperature. 2!1 24 In addition the F2, band position is
redshifted by ~2 cm™ as compared to the bare CeO, support. For example, the position of the
F2 band of bare ceria in argon atmosphere at 120°C is 461.7 cm™! (see Figure S7). We take the
latter F2, band position as a reference state for CeO;-x, where x accounts for intrinsic oxygen
defects in ceria. With respect to this F2; band position the stoichiometry of Au/CeO; in argon
is determined to be CeOjo947-r, and under WGS reaction conditions, as CeOjg73-x
(corresponding to an Fag position of 456.4 cm™'), based on the shift of the F2, band. For details
about the derivation of the relationship between the redshift of the F2, band position and the
stoichiometry of ceria from DFT+U results please refer to the literature. ?!! Almost the same
F»g position as in argon atmosphere is observed in water atmosphere after exposure to reaction
conditions (459.3 cm™). Obviously, the reduction of the Au/CeO, catalyst under reaction
conditions is reversible, underlining the importance of operando experiments to elucidate the
active state of the catalyst. An increased concentration of oxygen vacancies in the subsurface
region of the ceria support under reaction conditions is also indicated by the broad increase of
the defect bands at 540 and 560 cm’!, as can be seen in the left panel of Figure 2. As discussed
previously on the basis of DFT+U calculations, ??! these bands can be assigned to a Ce*"Os
coordination cube (oxygen vacancy in the second coordination sphere of Ce**) and to a
Ce**07Vo™ coordination cube (oxygen vacancy in the direct proximity of Ce*"), respectively.
Qualitatively, the increased intensity of the 560 cm™ band indicates a higher concentration of

oxygen vacancies, because the oxygen defect and Ce*" cannot avoid each other in the ceria
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lattice at higher concentrations of oxygen vacancies. The concentration is quantified by the F,

position using DFT+U calculations as described above. [??!

The longitudinal and transversal stretching modes of the CeO2(111) surface are observed at 242
and 402 cm™. 2! The longitudinal surface mode is redshifted by 4 cm™ at 120°C compared to
room temperature measurements. 2! Interestingly, both bands disappear during WGS reaction,
while their intensities in water atmosphere are very similar to those measured in argon.
Obviously, also the surface processes at the Au/CeO; catalyst are reversible in H>O. As shown
in the right panel of Figure 2, the adsorbate region is characterized by Raman bands at 1250,
1375, 1590, 1650, and 1872 cm™', besides the ceria 2LO overtone at 1170 cm™! [?2. Please note
that the 1250 cm! band is covered by the 2LO overtone. The bands at 1250, 1375, and 1590
cm’! are assigned to formate species adsorbed at the ceria surface, whereas the band at 1650

cm’!

is attributed to hydrogen carbonate species. For an unambiguous identification of
carbonate, hydrogen carbonate, and formate in the experimental spectra, these species were
modeled at the CeO»(111) surface (see Figure S6). The results of the DFT+U calculations for

carbonate 31 6] hydrogen carbonate, [*3 and formate species ! are summarized in Table 1.

The results are in agreement with those reported in the literature.

For comparison, for bare ceria one observes no shift of the F2, band position, no defect band
increase, and no formate-related bands under WGS reaction conditions. Besides, the surface
modes at 246 and 402 cm™ do not show any intensity changes at the bare ceria support (see
Figures S7 and S8 for Raman spectra during exposure to CO/H,'30, which are identical to those

measured in CO/H,'%0).
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Figure 2. Operando Raman spectra of 0.5 wt% Au/CeO; at 120°C during WGS reaction (2%
CO, 8% H>2O, red) showing the phonon (left) and adsorbate (right) regions. For comparison
spectra in argon prior to reaction (black) and in 8% H>O after reaction (blue) are shown. As the

F2¢ band is cut off, the F2, band positions are given at the top left. Spectra are offset for clarity.

Table 1. Experimental and calculated Raman properties of carbonate, hydrogen carbonate, and
formate species at the CeO(111) surface. The region printed in bold refers to the maximum
and minimum wavenumber values of the corresponding vibration based on all different
configurations. For the formate species, Raman properties of CH'®O and CH'®O adsorbed at
the Ce'®0x(111) surface are also included. (s) and (as) refer to symmetric and asymmetric
stretching modes, respectively. Oout and O, refer to larger vibrational amplitudes of the outer
oxygen or the oxygen at the lattice position, respectively. The structures and configurations are

described in Table S2, and Figure S6 depicts the most stable configurations.
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Structure DFT+U Experiment Assignment

Frequency/Region Intensity Frequency
IR Raman IR Raman
[em™] [%%] Az yl2 [em?]  [em]
CO> gas 2358 100 - 2349 v(CO») (as)
1316 v(CO2) (s)
633 3(CO2)
Carbonate 1592 100 119 1575 v(CO2) (as)
1239 27 127 1298 v(CO2) (s)
949 27 262 988 V(COrattice)
Hydrogen 3667 /3659-3672 9 339 3619 v(OH)
carbonate 1608 / 1608-1655 100 73 1620 1650 v(OCO, as)
1395/1336-1395 41 37 1393 v(OCO, s)
1178 /1170-1181 30 10 1218 d(OCOH)
1007 / 999-1008 4 25 1023 v(COs3, s)
Formate 2931/2930-2937 7 262 2937 v(CH)
2CH"O0w/ 1580/ 1580-1602 87 94 1549 1590 v(OCO, as, Oout)
Ce'®Ox(111) 1340/1338-1340 2 27 1358 1375 v(OCO, s)
(*%Orar) 1283 /1253-1283 29 45 1254 1250 v(OCO, as, Olar)
1020/1017-1020 0 52 1050 - d(HCOO)
Formate 2931 7 262 v(CH)
P2CH"%Og/ 1579 87 94 1590 v(**OC®0, as, Oou)
Ce'®0y(111) 1339 2 27 1375 v(10C™0, s)
("801a) 1253 29 45 1220 v(10C™0, as, Oar)
1018 0 52 - d(HCOO)
Formate 2931 7 262 v(CH)
2CH"™O0uw/ 1552 87 94 - v(**0C™0, as, Oour)
Ce'®0x(111) 1330 2 27 - v(180C™0, s)
("801ar) 1249 29 45 - v(180C™0, as, Oar)
1017 0 52 - d(HCOO)
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3.4. Operando Raman Spectroscopy using H'80. To gain insight into the mechanism of the
WGS reaction over Au/CeO: catalysts, operando Raman spectra were measured during
exposure of the catalyst to 2% CO/8% H'%0. As water activation and O-H bond cleavage have
been proposed as rate determining steps for the WGS reaction, the replacement of °O by 0
is expected to provide fundamental new insight into the reaction mechanism over Au/CeO»
catalysts, especially as the vibrational properties of the ceria support are altered by 30
incorporation and can be probed by operando Raman spectroscopy, as described below.
Analysis of the gas-phase composition during CO/H2'%0 WGS reaction and comparison with
literature data for rotational vibrational spectra of C'°0,, C!80,, and C'*0'¥0 ¥ reveals that
the product gas stream consists of C!0'80 after an initial short period (<3 min), in which both
C'%0; and C'®0'™0 are detected simultaneously. As no separate calibration for the C'*0'%0
concentration was done, the activity of the catalyst was estimated to be 3—4% based on C'°0,,
which is comparable to the activities obtained for experiments with H,'%O. It is expected that
the 180 isotope has only minor influence on the activity (negligible kinetic isotope effect of the

chemical reaction).

Figure 3 depicts operando Raman spectra of a 0.5 wt% Au/CeO: catalyst at 120°C during WGS
reaction with H2'30 (2% CO, 8% H»'®0, orange) together with spectra in argon prior reaction
(black) and in 8% H»'30 after reaction (dark blue) for comparison. At first sight, the operando
Raman spectra in Figure 3 resemble those obtained for the H2'%0 isotope, i.e., the longitudinal
and transversal modes of the CeO2(111) surface disappear and the defect bands at 540 and 560
cm’! increase in intensity. Interestingly, the F2, band maximum is located at 440.4 cm™, as
compared to 456.4 cm™ for the reaction with H2!'%0. This behavior can be rationalized by
considering the band at 440.4 cm™ to consist of two components representing F2, modes in
Ce!'80; and in Ce'%0,. This demonstrates that '°O of the support in gold/ceria catalyst is readily

exchanged with '*0 from H,'®0 under reaction conditions.
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Figure 3. Operando Raman spectrum of 0.5 wt% Au/CeO; at 120°C during WGS reaction (2%
CO, 8% H,'®0, orange). For comparison spectra in argon prior to reaction (black) and in 8%
H,'30 after reaction (dark blue) are shown. Because the F2, band is cut off the positions of the

F2¢ band are given at the top left. Spectra are offset for clarity.

We modeled the Ce'®02(111) surface to evaluate the effect of isotopic exchange (1°0 = '20)
of surface and bulk oxygen on the position of the surface modes and the F2; mode shifts. The
results of the DFT+U calculations of the Raman spectrum of the Ce'®0,(111) surface are shown
in Figure 4. For the surface modes, 11 and 17 cm™! redshifts are calculated for the longitudinal
and transversal surface modes, respectively, while a 24 cm™! shift is calculated for the F2, mode.
The surface and bulk phonons can likewise be treated as isolated vibrations of “°Ce!¢/180

oscillators (see Supporting Information). The shift attributed to the isotope exchange is then
20



calculated from its reduced masses as v(!*°Ce!30) = 0.9488 - v(1*°Ce'®0), corresponding to a

22 cm’! redshift of the F2, band for a Ce!'®O; lattice. A detailed discussion of the deconvolution

of the 1°0/'®0 composite F2; band reveals two components, at 456 and 436 cm™', and will be

presented in the context of the dynamic operando Raman spectra (see Section 3.5). This 20 cm’

! difference is consistent with the calculated difference for the F2, band positions of Ce!®O, and

Ce'®0;, lattices, abbreviated as '°0 Fo, and '*O Fy in the following. In fact, the deconvolution

reveals that the majority of the probed sample contains 'O lattice oxygen. Please note, that

upon switching from reaction conditions to 8% H'80, the position of the F2, band maximum

is almost maintained (see dark blue spectrum in Figure 3).

Calculated Raman Intensity
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Figure 4: Comparison of the calculated Raman spectra of the Ce!'®0,(111) (black line) and

Ce'®02(111) surface (red line). Three O—Ce-O trilayers (TLs) were considered at (1x1)

periodicity.
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As another interesting aspect of the results, Figure 3 shows that in 8% H,'30/Ar after reaction
the longitudinal and transversal mode are located at 231 and 385 cm’!, respectively. This
corresponds to 11 cm™ and 17 cm™! redshifts, respectively, as compared to the position in argon
atmosphere before the reaction. Again, this behavior is in accordance with the redshifts of 11
and 17 cm™ calculated by DFT+U for the Ce'®0x(111) surface and the estimated shifts on the
basis of the isolated Ce-'9'30 oscillator model. As a consequence, we conclude that a complete
exchange of the surface oxygen from '°0O to '*0 occurred at the Au/CeO; catalyst during the
reaction with H>'®0 as reactant, in addition to the exchange of subsurface oxygen discussed

above.

In comparison, Raman spectra of the bare ceria support recorded in the presence of CO/H,!'30
or H>'30 exhibit neither a shift of neither the F2 band nor the bands assigned to the longitudinal
or transversal ceria surface modes (see Figure S7). Furthermore, no formate-related bands at
1375 or 1590 cm™! are observed for bare ceria (see Figure S8). In contrast, the hydroxyl bands
at 3653 and 3682 cm™! (see Figure 5, left panel) shift by 10 and 12 cm™ to 3643 and 3670 cm™
at the ceria support, respectively. This behavior coincides well with the estimated isotope factor

16/17

based on isolated '°0/'80-"H oscillators of
18/19

= 0.9967. On the other hand, the Raman

spectrum of bare ceria exposed to CO / H2'%0 (see Figure 5, right panel) did not show any shifts
of the hydroxyl bands confirming the exchange of terminal hydroxyl groups (OH) upon H>'30
exposure, whereas lattice oxygen (O?") in bare ceria is not liable to isotope exchange. Please
note that the hydroxyl vibrations of the Au/CeO> catalyst could not be evaluated because of

strong fluorescence present in this type of samples.
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Figure 5: Raman spectra of bare CeO; at 120°C during exposure to WGS reaction conditions
(left panel: 2% CO, 8% H,'®0, orange; right panel: 2% CO, 8% H,'°0, red). For comparison
spectra in argon (black), in 8% H»!'%0 (dark blue left panel), and in 8% H>'°O (blue right panel)

are shown. Spectra are offset for clarity.
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In Figure 6, operando Raman spectra of the Au/CeO; catalyst during WGS reaction are
compared to in situ Raman spectra in various gas atmospheres. The black spectrum corresponds
to the spectrum of the Au/CeO> catalyst equilibrated in argon at 120°C as in Figures 2 and 3.
Please note that prior to all measurements the catalyst was equilibrated in argon at 120°C. The
red and orange spectra measured in CO/H,'°0 and CO/H2'30 have been discussed before. The
spectrum in Hz'%0/Ar (blue) resembles the spectrum in Ha2!°O/Ar after reaction (see Figure 2).
Interestingly, upon exposure of the Au/CeQ: catalyst to H»'®0 the bands assigned to the
longitudinal and transversal surface modes shift to 231 and 385 cm’!, respectively. As discussed
above this indicates that all %0 atoms of the CeOx(111) surface are replaced by 30 atoms.
Obviously for a complete isotope exchange of the surface oxygen ions (O%), exposure to H>'30
atmosphere is sufficient. Under these conditions the F2¢ band position is not shifted indicating

that only oxygen ions of the surface layer have been replaced for '*O isotopes.

The Raman spectrum recorded in CO/Ar resembles the spectrum in CO/H2'°O/Ar, i.e., the
bands assigned to the surface modes at 242 and 402 cm™! are absent, and the F2, position and
the defect band profile are identical. A similarity of the spectral behavior in CO/Ar and
CO/H,'°0O/Ar was also observed in UV-Vis absorption (see Figure S9). In contrast, for CO
oxidation reaction conditions (2% CO, 10% O.) at 120°C, the CeO(111) surface modes are
observed with the same intensity as in argon atmosphere, and the Fag band and defect band
profile mirror the behavior in argon atmosphere as well. Obviously, surface and subsurface

21]

oxygen of the Au/CeO, catalyst, withdrawn by CO oxidation in CO atmosphere, 2! are

replenished at 120°C if O, is available in the gas-phase.
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Figure 6. In situ/operando Raman spectra (phonon region) of a 0.5 wt% Au/CeO; at 120°C
exposed to argon (black), WGS reaction conditions (2% CO, 8% H>'%0, red), WGS reaction
conditions (2% CO, 8% H»'®0, orange), 10% H>'°0 (blue), 8% H,'*0, (dark blue), 2% CO
(green), and CO oxidation reaction conditions (2% CO, 10% O, brown). Prior to all
measurements the catalyst was equilibrated in argon at 120°C. The F», band is cut off and the

position of the F2g band is given at the right of the panel. Spectra are offset for clarity.
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The absence of the two surface modes can either be explained by the formation of surface
oxygen defects as discussed previously [??! or by the formation of hydroxyl groups through
adsorption of water in the surface defects. To gain insight into how water adsorption alters the
Raman spectrum of CeOx(111) —terminating ceria nanoparticles [*! we modeled the molecular
(MS1) and dissociative (HP1) adsorption of water at the CeO2(111) surface [*” as well as the
dissociative adsorption of water into an oxygen defect at the CeO»(111) surface (see Figure
S5 for structures). Table S1 summarizes the adsorption energies for the most stable
configurations, which are in agreement with the literature values. *°1 5% The calculated Raman
spectra for water adsorbed in molecular (MS1) or in dissociated form (HP1) form at the
CeOx(111) surface are shown in Figure 7. The longitudinal surface mode originally observed
at 225 cm’! shifts slightly to higher wavenumbers. However, the band completely disappears
upon water adsorption into the oxygen defect of a reduced CeOx«(111) surface and formation
of two surface hydroxyl groups (DD2, see Figures S5 D) and E) for corresponding structures),

which is predicted to be a highly exothermic process (-2.024 eV, see Table S1).
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Figure 7: Calculated Raman spectra of molecular (MS1) and hydroxyl pair adsorption (HP1)
of H>O at the oxidized CeO>(111) surface, the reduced CeO>.x(111) surface and dissociative

adsorption of H>O (DD2) at the CeO».x(111) surface with (2x2) periodicity.
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Figure 8 shows the corresponding adsorbate region of the in situ/operando Raman spectra. The
measurements were conducted in the same manner as described in the context of Figure 6. The
band at 1872 cm’' originates from residual adsorbed water and remains stable under all
conditions. Although the catalyst is exposed to H2'*O (orange and dark blue spectra) the
observed bending mode of adsorbed water is hardly affected by the isotope exchange. This can
be rationalized by the small isotope shift of the bending mode in H>'%0 (v=1588.3 cm™ Pll) as
compared to H2'%0 (v = 1594.7 cm™ %)) and the rather large bandwidth. The small and broad
band due to hydrogen carbonate at 1650 cm™ is observed most clearly in argon atmosphere.
Under reaction conditions (CO, H2'%0) formate species HCOO are formed, as indicated by the
bands at 1590 cm™ (DFT+U: 1580 cm™), 1375 cm™ (DFT+U: 1340 cm™), and 1250 cm’!
(DFT+U: 1283 cm™). The first band is assigned to an asymmetric stretching mode v(OCO, as,
Oout) involving the outer oxygen (Oout) of the formate species, the second to the symmetric
stretching mode v(OCO, s), and the third to an asymmetric stretching mode v(OCO, as, Oiar)
involving the lattice oxygen (Ou) (see Table 1). Only the latter band is shifted to 1220 cm™
upon exposure to (CO, H>'%0) suggesting, that the outer oxygen is '°O, while the oxygen at the
lattice position (Oa) in HCO'®Oyy is indeed 'O (see Table 1). Only this formate configuration
allows the bands at 1375 and 1590 cm! to remain almost stable and the band at 1250 to shifts
to 1220 cm™! in CO/H2'®0 atmosphere. Thus, the formate-related bands increase under reaction
conditions, while the hydrogen carbonate band remains stable. As the majority component of
the F2, phonon redshifts by a factor of 0.9488 due to '®0 exchange, the shift of the 2LO overtone

by the same factor from 1170 to 1118 cm™' can be rationalized.
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Figure 8. In situ/operando Raman spectra (adsorbate region) of a 0.5 wt% Au/CeO; at 120°C
exposed to argon (black), WGS reaction conditions (2% CO, 8% H,'%0, red), WGS reaction
conditions (2% CO, 8% H»'*0, orange), 10% H>'°O (blue), 8% H>'®0 (dark blue), 2% CO
(green), and CO oxidation reaction conditions (2% CO, 8% O, brown). Prior to all in situ
measurements the catalyst was equilibrated in argon at 120°C. The position of the F2; band is

given to the right of the panel. Spectra are offset for clarity.
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3.5. Dynamic Operando Raman Spectroscopy. As mentioned in the experimental section,
dynamic operando Raman spectra were measured during the initial exposure of the catalyst to
reaction conditions. Figure 9 depicts dynamic operando Raman spectra of the Au/Ce!°O,
catalyst exposed to WGS reaction conditions (2% CO/ 8% H,'®*0). Raman spectra recorded
after 3, 10, and 30 minutes are shown as orange, yellow, and red spectra, respectively. As a
reference the Raman spectrum in argon prior to reaction is depicted (black spectrum). A gradual
redshift of the maximum of the F2; band from 460 to 440 cm™ is observed. In Raman spectra
of the catalyst exposed to CO/Ar or CO/H,'%O/Ar a redshift of the Fo, band to 456 cm™ was
observed (see Figures 2 and 6), which has been assigned to an increased concentration of

(221 331 However, changes in the vacancy

oxygen vacancies in the ceria subsurface.
concentration cannot explain the observed redshift of about 20 cm™ upon exposure to
CO/H2'80. The redshift rather originates from the formation of subsurface Ce'®0,, as discussed
above. As a result, a composite Fog band is detected, originating from a '°0 F, and a redshifted
130 Fa, contribution. In fact, deconvolution of the composite F2; band by two Lorentz functions
(FWHM: 28 cm™!) yields a component located at 436 cm™ (0 Fo,) besides the fixed component
at 456 cm™! (1°0 Fy). This corresponds to a difference between '°O Fg and 80 Fag of 20 cm’!,
which is in agreement with the difference of 24 cm™! derived from DFT+U calculations (see
Figure 4) and the difference of 22 cm™! estimated from isolated '*°Ce-'%180 oscillators (see
Supporting Information). Exemplarily, the two F2g components of the red spectrum are shown
in the left panel of Figure 9 as light grey and dark grey line corresponding to '°0 F, and *O
Fag, respectively.

The right panel of Figure 9 depicts the temporal evolution of the integrated intensity of the two
F2, components as well as the 242 cm™! surface mode after exposure to WGS reaction conditions
(2% CO/ 8% H,'®0). The '°0O Fy, intensity decreases gradually reaching its steady-state

intensity after ~30 min, while the '®0 F, intensity increases accordingly. Analysis of the

longitudinal surface mode at 242 cm™! over the same time span of ~55 min reveals that the
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intensity initially drops to its steady-state intensity. So the descriptors for surface and the
subsurface oxygen species change at two different time scales. While the descriptor for the
surface, i.e., the 242 cm™! band, changes fast with respect to the timescale of the experiment,
the descriptor for the subsurface F; position changes much more slowly. This behavior
resembles the surface and subsurface oxygen dynamics obtained during room temperature CO
oxidation of the same material. *°!

The black dashed spectrum in the left panel of Figure 9 was measured at 25°C in Argon after
exposing the sample to CO/H>'®0 at 120°C and then to Argon while cooling to 25°C.
Interestingly, the position of the F2, position shifts to the position expected for 1°0 F2, and a
component assigned to '*0 Fa, is not observed. This behavior can be explained by considering
that Raman spectroscopy probes a depth that is limited to the subsurface of the ceria support.
In addition, '®0 is only introduced into the subsurface of the ceria crystal and equilibrates across
the whole crystal after reaction (see also discussion on the probe depth of Raman spectroscopy

in the Supporting Information).
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Figure 9. Left panel: Dynamic operando Raman spectra of 0.5 wt% Au/CeO; at 120°C during
WGS reaction conditions (2% CO, 8% H,'%0). For the spectrum recorded after 30 minutes
deconvolution of the F2, mode yields a '®O F,; component at 456 cm™ (light grey) and a %0
F2, component at 436 cm™' (dark grey). The black line corresponds to the spectrum in argon
before reaction at 120°C, the dashed line shows the spectrum in argon after reaction at 25°C.
Right panel: Temporal evolution of the intensity of the '°O Fa, (light grey circles), the '*0 Fa,
(dark grey triangles), as well as the 242 cm’! (blue squares) mode under WGS reaction
conditions (2% CO and 8% H>'30). Dashed lines indicate the times at which the Raman spectra

shown in the left panel were recorded.
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4. Discussion

As demonstrated in the results part, Raman spectroscopy provides a way to probe three different
type of oxygen species of ceria supported catalysts relevant for WGS reaction conditions,

besides the known reduced molecular oxygen species, superoxide (02" 4 and peroxide (02>

). [55] [56] [57]

First, surface hydroxyl groups are probed at the bare ceria support by the O—H stretching mode
with frequencies in the range 3643-3704 cm’!. These bands have previously been assigned on

[58] [59]

the basis of infrared experiments [69] and this assignment will not be further discussed

here.

Second, the longitudinal and transversal stretching modes at 242 and 402 cm! allow the surface
oxygen of the CeOz(111) surface to be probed. Based on DFT+U results, it is proposed that
either vacancy formation [??! or hydroxyl formation by water adsorption at a defective CeOa
surface (see Figure 7) leads to a decrease of the band assigned to the longitudinal stretching

mode at 242 cm™.

And third, the F2; mode provides insight into subsurface oxygen defects 153! 611 and allows a
quantification of the oxygen vacancy concentration in the ceria subsurface with the aid of
DFT+U calculations. ) In this context, the defect bands at 540 and 560 cm™ are also of interest,
which provide a qualitative interpretation of the oxygen defect concentration in the ceria

support.

Besides oxygen species, formate species are observed under reaction conditions, showing
characteristic bands at 1250, 1375, and 1590 cm™'. The formate vibrations have previously been
observed in infrared experiments. " 8 The calculated frequencies and calculated Raman cross

sections for formate, carbonate, and hydrogen carbonate species are summarized in Table 1.
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As vibrational modes are altered by isotope exchange all the above vibrational modes show a
redshift if 1°0 is replaced by 0. The shift of solid state and surface phonons was calculated
by DFT+U and it turns out that an isolated '*°Ce—'%/'30 oscillator model provides an excellent
estimate of the isotope shift. Such isolated oscillator calculations were also successfully applied
to surface hydroxyl groups, i.e., '*°O—H and '®*0-H. In addition to the solid state phonon modes,
specific vibrational frequencies were calculated for the '°0/130 isotopic analogues of formate

species (see Table 1).

To gain new insight into the reaction mechanism of the WGS reaction we studied the operando
Raman spectra upon exposure to CO/H>'®0O/Ar and CO/H>'80/Ar in great detail. First, the bare
ceria support was characterized. Upon exposure to reaction conditions (CO/H,'®0/Ar) neither
catalytic activity nor the formation of formate species is observed. Moreover, terminal hydroxyl
groups, and the bulk and surface phonons remain stable in intensity. In the literature, only minor
formation of formate species has been proposed for bare ceria on the basis of infrared
experiments. [! Interestingly, upon exposure of the ceria support to CO/H>'®0/Ar, the terminal
hydroxyl groups (O-H) show a redshift indicating an isotope exchange by '*OH for '®OH.
Obviously, the hydroxyl groups at the bare ceria support are liable to oxygen exchange at 120°C
(see Figure 5), while the lattice oxygen ions (O?) are not (see Figure S7). For comparison, in a
previous study, partial oxygen exchange in polycrystalline ceria by gas-phase O2 was observed

at and above 400°C, consistent with our results. [¢%]

In the presence of 0.5 wt% Au the behavior of the ceria support changes dramatically. Owing
to strong fluorescence the spectral region of the terminal hydroxyl groups is not accessible
anymore. On the other hand, exposure to H>'®O/Ar results in a complete exchange of surface
160 ions with '*O* ions as evidenced by the 11 and 17 cm™ shifts of the longitudinal and
transversal modes of the CeO»(111) surface (see Figure 6). Assuming that water adsorbs

dissociatively on Au/CeO> forming two hydroxyl groups, as has been proposed previously, (6%
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formation of '30 surface ions, that are not part of a terminal hydroxyl group, will be
accompanied by breaking of two terminal hydroxyl bonds and H>'%0 formation as shown in

Scheme 1.

Previously, based on DFT calculations, O-H bond cleavage has been proposed as the rate

12129 Our results demonstrate

determining step of the WGS reaction over Au/CeO; catalysts. |
that O—H bond cleavage readily occurs in H>'®0 atmosphere at 120°C. In fact, as depicted in
Figure 6, the whole surface is covered by '*0 ions leading to redshifts of 11 and 17 cm! for the
longitudinal and transversal surface modes of the CeO2(111) surface. Please note that O-H
bond cleavage can occur in the absence of CO (see Figure 6 blue and dark blue spectra); thus,
for OH bond cleavage during WGS reaction no formation of intermediates such as formate or
carboxylate species is required. This is confirmed by our operando Raman spectra revealing no
variation of formate band intensities under reaction conditions; likewise, no change of
carbonate intensities was observed. It should, however, be mentioned that the observation of
both formate and carbonate species under reaction conditions is consistent with prior
experimental [ ') and theoretical 1> [!2! studies. The fact that their intensities remain stable
strongly indicates their role as spectator species ['7! during WGS reaction over Au/CeO
catalysts.

Our results show that during exposure of the Au/CeO; catalyst to reaction conditions the
longitudinal and transversal surface modes are absent. This behavior can be attributed to oxygen
vacancy creation or hydroxyl formation at the surface based on DFT+U calculations. As the

dissociative adsorption of water into an oxygen vacancy is proposed to be a strongly exothermic

process (Eagsu,0 = —2.024 eV, see Supporting Information), (! it stands to reason that the

surface is hydroxylated rather than populated with oxygen vacancies. On the other hand, the
F2¢ band position (456.4 cm™) strongly suggests an increase in the subsurface oxygen vacancy

concentration in CO/H,'%0/Ar. For comparison, in argon the Fa, band is located at 459.5 cm’!
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(see Figure 2). The corresponding stoichiometries of the ceria support are CeO1.947-x in argon
and CeO1 73—« in reaction atmosphere, thus indicating a strongly reduced ceria subsurface. The
reduced state of the catalyst may facilitate O—H bond cleavage, but we have no direct
experimental evidence for such a relationship. In any case, based on our Raman spectroscopic
evidence for O—H dissociation, we propose as the steps following O—H bond cleavage the
transfer of the H atom to the gold particle and the subsequent combination of two H atoms. The
latter step has previously been proposed by DFT calculations. 12! Please note that such a
reaction pathway does not require the formation of a formate or carboxylate intermediate.
Summarizing, while our results are fully consistent with a redox-type mechanism, other reaction

mechanisms cannot be ruled out.

The presence of large amounts of 'O in the subsurface in CO/H>!%0/Ar, as probed by the 30
F2, band at 436 cm™ (see Figure 9), highlights the oxygen dynamics of the ceria support and
can be rationalized by a fraction of oxygen vacancies in the subsurface allowing for oxygen ion
mobility and transfer of 80 from the surface, i.e., from the adsorption site, to the ceria
subsurface. The exchange of '®0 to the subsurface happens at a slower timescale than the

adsorption and exchange at the surface (see Figure 9).

. H | :
120°C AR | g 120 ¢ “Au
ol / /Lol Jio] /7 /Y ool
CeQ,(111)

in the presence or absence of CO

Scheme 1: Reaction scheme for isotopic exchange of 30 from H»'%0 into a Ce'®Ox(111)

surface of a Au/CeQO; catalyst.
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5. Conclusions

In a mechanistic study, we explored the potential of operando Raman spectroscopy to monitor
different surface and bulk oxygen species in a ceria supported gold catalyst (Au/CeQO>) during
WGS conditions. With the aid of isotopically labeled water molecules (H>'%0) and additional
DFT+U calculations, fundamental new insight into the reaction mechanism was possible. In

particular, the following key results were obtained:

1) The ceria support of a 0.5 wt% Au/CeO; catalyst is strongly reduced during WGS conditions
and is characterized by extensive oxygen dynamics. Also subsurface oxygen ions are exchanged

with gas phase H2!'%0 at 120°C.

i1) Terminal hydroxyl groups (O—H) are volatile to isotopic exchange at the bare ceria support

but surface and bulk lattice oxygen ions (O?") are not.

iii) The modification of ceria with gold allows isotopic exchange of lattice oxygen ions (O%) of
the CeOx(111) surface even in the absence of CO. The exchange of lattice ions implies twofold

O-H dissociation.

iv) During reaction conditions over ceria—supported gold, the ceria surface is hydroxylated. O—
H dissociation is proposed to lead to transfer of H atoms to the gold particle and subsequent

formation of Hz by recombination of H atoms.

Summarizing, we provide operando spectroscopic data addressing especially the role of the
ceria support material to propose a redox-type reaction mechanism for ceria-supported gold

catalysts during WGS reaction, while associate mechanisms cannot be ruled out with certainty.
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Supporting Information
The Supporting Information cover additional characterization data, operando Raman and UV-
Vis spectra, and DFT results, as well as details on the experimental and computational

procedures.
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