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Abstract

The elucidation of reaction mechanisms is an essential part of catalysis research, providing
approaches to improving catalysts or, ultimately, to designing catalysts based on a profound
understanding of their mode of operation. In the context of CI processes, redox or/and
associative mechanisms have been proposed in the literature but their critical assessment has
been a major challenge. Here, we highlight the importance of applying a combination of
techniques suited to addressing both the redox properties and intermediate/adsorbate dynamics
in a targeted manner. We illustrate our approach by exploring the mechanism of LT-WGS over
low-loaded Cu/CeO, catalysts, using different ceria morphologies (sheets, polyhedra, cubes,
rods) to study the influence of the surface termination. While the results from operando Raman
and UV-Vis spectroscopy are consistent with a redox mechanism, there is no direct correlation
of activity with reducibility. Probing the subsurface/bulk oxygen dynamics using operando
Raman Fy analysis coupled with H,'®0 highlights the importance of transport properties and
the availability of oxygen at the surface. Transient IR spectra reveal the presence of different
surface carbonates, none of which are directly involved in the reaction but rather act as spectator
species, blocking active sites, as supported by the facet-dependent analysis. From transient IR
spectroscopy there is no indication of the involvement of copper, suggesting that the catalytic
effect of copper is mainly based on electronic effects. The results from the operando and
transient analysis unequivocally support a redox mechanism for LT-WGS over Cu/CeO:
catalysts and demonstrate the potential of our combined spectroscopic approach to distinguish

between redox and associative mechanisms in oxide-supported metal catalysts.



1. Introduction

Hydrogen plays a central role in the production of fine chemicals and in the energy sector. As
its main source is the reforming of hydrocarbons,' it will be essential to use alternative sources,
such as water splitting and the conversion of water in the framework of the water—gas shift
(WGS) reaction, in the future. In addition, the WGS reaction plays an important role in adjusting
the amount of hydrogen and carbon monoxide for fuel cell applications.? It is therefore of great
importance to find efficient and cost-effective WGS catalysts that run efficiently even at low
temperatures (<200 °C). Metal-loaded ceria has been proven to be a good alternative to the
conventional copper—zinc oxide catalysts used in industry,*® but important aspects such as the
reaction mechanism, the role of the metal, and the influence of the ceria support properties are
still a matter of debate.

In the context of the WGS reaction, but also C1 processes (e.g. reverse WGS, RWGS),
redox or/and associative mechanisms have been proposed in the literature. In the redox
mechanism, adsorbed CO is oxidized to CO; by lattice oxygen from the support, leading to
oxygen vacancy formation. The latter is replenished by water after O-H bond cleavage, while
hydrogen atoms combine to H>. Associative mechanisms are based on the formation of surface
intermediate species, starting from adsorbed CO and support hydroxyl groups, and their
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decomposition to COz and hydrogen. As intermediates, formate,” carbonate!®!!, carboxyl /

1215 and hydroxycarbonyl'® species have been proposed. In earlier work on ceria-

carboxylate
supported noble metals (Pt, Pd, Rh, Au), a redox mechanism was proposed,'”!® while later, by
use of IR spectroscopy, an associative formate-based mechanism was suggested'® and critically
discussed.?’ Based on steady-state isotopic transient kinetic analysis on Pt catalysts, formate
was excluded from being an important intermediate.®> Water dissociation was reported to be
energetically important for the WGS reaction,®!32172% but not rate-limiting, as shown for Pt!*
and Au® catalysts. Regarding Cu/CeO» catalysts, in particular the interaction of metallic copper
with oxygen vacancies (Ovac) Was reported to enhance the reactivity,?® as supported by studies
on the inverse CeO2/CuO-Cu system, where defect-rich ceria was proposed to be mainly
responsible for water dissociation and metallic copper for providing adsorbed CO for the
reaction.”’ In later studies, carbonates were proposed as intermediates using operando SSITKA-
DRIFTS?® (steady-state isotropic transient kinetic analysis—diffuse reflectance Fourier
transform spectroscopy) and in situ DRIFTS,* but in the latter study stationary measurements

in helium as background were performed, therefore not allowing a definite statement on the

mechanism. Thus, in the literature, two main mechanisms are currently being discussed for



supported metal oxide catalysts, namely the redox and associative mechanisms, and which
mechanism is ultimately the more important and dominant one is not yet fully resolved.***!
Cu/CeO; catalysts have recently received increasing attention, showing good conversions
in low-temperature (LT-)WGS.?*?*3* According to literature reports, the catalytic activity
increases with the Cu loading;*>*® therefore, most studies have focused on highly loaded
catalysts.??3337 However, normalized to the Cu content, the low-loaded catalysts show higher
conversions.’® Nevertheless, there are no detailed mechanistic studies on the loading
dependence of the mechanism itself. In addition, it is worth mentioning that the method of
loading copper onto the support has great influence on the catalytic activity, as it can affect the
copper dispersion and particle size.**3” For example, it has been shown that mesoporous
copper-cerium-titania composites prepared by chemisorption-hydrolysis exhibit a higher
activity than those prepared by incipient wetness impregnation due to the presence of finely
dispersed CuO particles.>® In this context is it worth mentioning that our previous studies on
Au/CeO; catalysts, exhibiting highly dispersed Au particles, have demonstrated facet-
dependent agglomeration of gold during reaction, limiting the WGS activity.>*4°
Previous literature studies on Cu/CeO; catalysts have highlighted the importance of the

copper oxidation state,6-3436:41

which depends on both the gas-phase environment and the
loading.>**>** On one hand, the interaction of metallic copper with oxygen vacancies (Ovac)
was reported to enhance the reactivity,?® while on the other, copper was shown to have an
oxidation state of +1 at the interface and to participate in the reaction,** as supported by other
studies, demonstrating the stability of oxidized copper under reductive conditions.*’ In addition,
a strong dependence of the state of copper on the gas phase at 180 °C was observed for 20 wt%
Cu/Ce0, i.e., mainly Cu® was detected during CO exposure and Cu" in the subsequent exposure
to an inert gas.*> At low loadings, e.g. 1 wt% Cu/CeO, the catalyst behaves differently, as
rather Cu® is observed under CO atmosphere, which is then further oxidized to Cu®" on
switching to He,* indicative of electronic metal-support interactions.

Another important parameter for the Cu—ceria interaction and the reactivity behavior is
the selection of the ceria facet. To this end, theoretical studies have revealed a dependence on

3446 which is also

the strength of the interaction of Cu with the low-index surface facets,
reflected in the catalytic activity.??>23*47 For 5 wt% Cu/CeO» catalysts, octahedra were found
to exhibit the highest WGS activity at >200 °C, followed by rods and cubes, by providing the
best Cu dispersion, the largest amount of moderately active copper oxide, and the strongest Cu—
support interaction.’ To summarize previous literature findings, the state of copper when

supported by ceria strongly depends on the copper loading, and so far a major focus has been



placed on highly loaded catalysts. Thus, various aspects, such as the dependence of the
mechanism on copper loading, oxygen/defect dynamics during reaction, and the role of copper
and its state, are not sufficiently clarified.

In this study, we address the WGS reaction mechanism of low-loaded Cu/CeQO; catalysts.
To this end, it is important to develop approaches that enable the redox properties to be
monitored on the one hand and the surface intermediate dynamics on the other. Thus, we
combined operando Raman and UV-Vis spectroscopy as well as isotopic labeling by H»'%0 to
probe (sub)surface properties. Modulation excitation (ME-)DRIFTS measurements with its
increased sensitivity towards adsorbates,*® complemented by quasi in situ XPS, allowed us to
study the support and (transient) adsorbate dynamics as well as the surface state of Cu/CeO>
catalysts in an integrated manner. Besides the mechanistic aspects, we address the role of ceria
surface facets, highlighting the importance of the support properties, and compare our findings

25,39,40

with those obtained previously for Au/CeO: catalysts, underlining the role of the

supported metal.

2. Experimental Section
2.1 Catalyst Preparation
Polycrystalline ceria sheets were prepared by thermal decomposition of Ce(NO3)s3 - 6H>O (Alfa
Aesar, 99.5 %) at 600 °C as described in our previous studies.*° Ceria cubes and rods were
prepared by hydrothermal synthesis of CeClz - 7TH20O (Alfa Aesar, 99%) and Ce(NO3); - 6H>O
(Alfa Aesar, 99.5%) in a NaOH solution (98%, Griissing GmbH) as described in our previous
studies.**! Ceria polyhedra or octahedra were purchased from Sigma Aldrich (<25 nm (BET)).
Copper was loaded onto ceria via deposition-precipitation (DP) using a 10 M CuCl, -
2H>0 solution (Sigma Aldrich, >99.5 %), by first redispersing the ceria samples in a ratio of
1:150 in deionized water and adjusting the pH to 9 using a 0.1 M NaOH solution (98%,
Griissing GmbH). Subsequently, the copper chloride solution was set to pH 8 and added to the
ceria suspension to obtain the desired loading. After the addition, the pH value was checked
again and adjusted to 9. Then, the reaction mixture was heated at 65 °C for 2 h and placed in
an ultrasonic bath for 30 min after cooling. Finally, the residue was centrifuged, washed four

times with deionized water, and dried at 85 °C for at least 24 h.

2.2 Catalyst Characterization
Transmission Electron Microscopy (TEM) and Energy-dispersive X-ray (EDX)
measurements. TEM measurements were performed on a JEOL JEM-2100F (Tokyo, Japan),



which is equipped with a Schottky field emitter and operates at a nominal acceleration voltage
of 200 kV. For preparation, the sample was dispersed in an ultrasonic bath for 30 s in ethanol
and then placed on a carbon grid (Plano). After drying, the grid was coated with carbon (Bal-
Tec MEDO010) to prevent charging by the electron beam. EDX spectra were recorded on an
Oxford X-MAX 80 silicon drift detector (Oxford Instruments Nanoanalysis, High Wycombe,
UK), which is attached to a JEOL JEM-2100F (Tokyo, Japan).

Operando Spectroscopy. The catalytic activity, operando Raman (Aex = 532 nm) and UV-Vis
as well as quasi in situ XP measurements were performed using an experimental setup that has
been described previously.?>¥305253 Briefly, for the measurements, about 20-25 mg of the
sample was placed in a stainless steel sample holder (8§ mm diameter, 0.5 mm depth) and the
catalyst temperature was set to 130 °C or 190 °C in all measurements. Due to the cell geometry
and since the gases flow over the catalyst sample, the amount of catalyst has hardly any
influence on the activity when the sample holder is fully covered. The gases CO (99.997%,
Westfalen) and argon (99.996%, Westfalen) were dosed by digital mass flow controllers
(MFCs, Bronkhorst), while H2'°0O (electrical conductivity < 3 uSm™), H2'80 (97%+ '*0,
Eurisotop) and D,'%0 (99.9% D, Sigma Aldrich) were dosed by a controlled evaporator mixer
(CEM, Bronkhorst) and a liquid mass flow meter (LFM, Bronkhorst). The total flow rate was
set to 100 mL/min. All gas compositions were balanced in argon to keep the conversion low
and eliminate the influence of possible transport effects, which allowed us to focus on the
reaction mechanism. This also applies to the DRIFTS measurements, which will be described
below.

The laser power for Raman measurements at the position of the sample was 1 mW, as
measured with a power meter (Ophir). Spectra of the catalysts were recorded with an exposure
time of 150 s and 3 accumulations. For all measurements a cosmic ray filter and an auto new
dark correction were applied, resulting in a total measuring time of about 1800 s for the
Cu/CeO;, catalysts. All Raman spectra reported in this work were normalized to the F2, band,
the position of which was determined by curve fitting using Lorentzian functions.

UV-Vis spectra were taken before and after a Raman spectrum and the measuring time
was 60 s, resulting from 200 runs with an exposure time of 300 ms each. As white standard,
magnesium oxide powder (MgO, Sigma Aldrich) was employed, which shows no absorption
between 170 nm and 1100 nm.

To analyze the gas phase and its composition, a Fourier transform infrared (FTIR)

spectrometer (Tensor 20, Bruker) was installed at the outlet of the reaction cell. The resolution



was 4 cm’!, and the measurement time was 1 minute, allowing for the accumulation of 125
spectra. Using calibration curves, the concentration of CO2 was calculated to determine the
conversion of CO. The catalytic activity is the ratio of the amount of CO», as measured by FTIR

at the outlet of the cell, to the amount of dosed CO.

Quasi in situ XPS. XP spectra were recorded on a modified LHS/SPECS EA200 MCD system
using a Mg Ka source (1253.6 eV, 168 W) as described previously.**324 The calibration of the
binding energy scale was performed with Au 4f7,=84.0 eV and Cu 2p32=932.67 eV signals
from foil samples. Prior to the measurements, the sample was treated successively with Ar,
H>O/CO/Ar and H2O/Ar at 190 °C, and the subsequent transfer of the sample into the analysis
chamber was performed without air exposure (quasi in situ). To minimize partial charging, the
sample was placed on a gold-coated stainless steel sample holder. Further sample charging was
taken into account by setting the peak of the C s signal to 284.8 eV. Survey spectra were

recorded at a resolution of 0.4 eV and detailed spectra at a resolution of 0.025 eV.

Modulation Excitation (ME)-DRIFTS. ME-DRIFTS was performed on an INVENIO
spectrometer (Bruker) equipped with a liquid nitrogen—cooled mercury cadmium telluride
(MCT) detector and a commercial reaction cell (Praying Mantis™ High Temperature Reaction
Chamber, Harrick Scientific Products) with infrared transparent ZnSe windows. Please note, a
more detailed description of our basic DRIFTS setup has already been published,’**® and the
additionally needed MES setup (gas pipelines, communication channels, data processing) is
described in [*7].

In our measurements, 25-35 mg of the catalyst was placed in a stainless steel sample
holder (8§ mm @, 0.5 mm depth). The exact weight of the sample has hardly any influence on
the catalytic activity due to the cell geometry and because the gas flows over the sample. In this
context our previous experiments on CO oxidation over Au/ceria catalysts have demonstrated
a strong resemblance of the activities obtained in the Raman/UV-Vis setup to those recorded in
the DRIFTS setup, with regard to both absolute activities and temporal behavior.’® As
background, the catalyst itself was used after 15 min pretreatment in either H>O atmosphere
(100 mL min™! of 8 vol% H>O in argon), D>O atmosphere (100 mL min™! of 8 vol% DO in
argon) or CO atmosphere (100 mL min™' of 2 vol% CO in argon) at the reaction temperature of
190 °C and a subsequent gas phase modulation procedure (identical to the desired experiment),
which ensures a reproducible state of the sample. The atmosphere during the background

measurement was the same as in the respective pretreatment. For our measurements we used



the rapid scan mode extension of the spectrometer software OPUS 8.5. Spectra were measured
from 850 cm™ to 4000 cm™ with a resolution of 0.2 cm™, an aperture of 6 mm, and a mirror
speed of 120 kHz. A Valco Instruments 4/2 valve (Model E2CA, version ED), communicating
with the INVENIO, is used to rapidly switch the gas flows, which are set via digital MFCs
(Bronkhorst).

During ME-DRIFTS, the sample is constantly exposed to one of the three feeds already
described for the pretreatment. Whereas in the case of constant H>O and D>O (both kept at
8 vol%), at the same time a flux of CO is pulsed over the sample, changing from 0 vol% to
2 vol%, in the case of constant CO (kept at 2 vol%), a flux of H2O or D>O is pulsed, changing
from 0 vol% to 8 vol%. In all cases, the total flow rate is 100 mL min™' balanced with Ar.
Switching the valve position initially resulted in a square wave modulation behavior of the
modulation gas (CO or H2O or D,0) concentration, but due to the residence time behavior of
the setup, it is better fitted by a sine wave, as already discussed in our previous work.>’

One measurement series consisted of 20 periods, with a duration of 292 s each. For each
spectrum, five consecutive interferograms were averaged, so that one spectrum is acquired
approximately every 3.7 s. This value is also used to approximate the experimental uncertainties
of the time values derived from phase-sensitive detection (PSD). For further investigations on

the stability of identical successive measurements, please refer to our previous work.>’

3. Results and Discussion

3.1 Catalyst characterization and performance

Regarding the characterization of the ceria samples, we refer to our previous studies.?*40-30:>1
Briefly, the specific surface areas of sheets, polyhedra, cubes and rods are 57, 36, 32 and
88 m?g~1, respectively. TEM images of the corresponding particles are provided in ref. [*] (cf.
Figure 1). The copper loading was determined by ICP-OES (inductively coupled plasma —
optical emission spectrometry) to be 0.42, 0.46, 0.46, and 0.45 wt% for the sheets, polyhedra,
cubes, and rods, respectively. Furthermore, no copper was detected by TEM in exemplary
measurements on sheets and cubes before and after reaction at 190 °C, the detection of which
would be an indication of larger copper clusters (not shown). However, EDX verifies the
presence of copper on the entire particles, for both large and small measuring areas (see Figure
S1). Hence, the combined electron microscopy results point to the presence of highly dispersed
copper on the surface of the ceria particles, in good agreement with the NoO—CO temperature-

programmed desorption (TPD) results of a previous study on similarly prepared Cu/CeO-

catalysts, which revealed a copper dispersion of 100 % at a loading of 1.9 wt%.8



Figure 1 summarizes WGS activities at 130 and 190 °C for the different Cu/CeO>
catalysts. At both temperatures the same trend in conversion is observed:
sheets > polyhedra > cubes > rods. Under these conditions, the bare ceria samples show no
significant WGS activity. Interestingly, the activities are very different from those of Cu/CeO-
catalysts prepared by incipient wetness impregnation (IWI),%° which is expected to result in
lower copper dispersions than the deposition-precipitation (DP) method. According to Figure 1,
polyhedra- and sheet-based catalysts gave by far the highest conversions, while for the catalysts
in ref. [*°] prepared by IWI the cubes were more active than the polyhedra, which is consistent
with literature results on 5 wt% Cu/CeO; catalysts prepared by the DP method.? It needs to be
mentioned, however, that for the catalysts used in this study, the copper loading was about ten
times smaller and thus on average smaller copper clusters are expected to be present on the
surface.?’ In any case, the observed differences in reactivity behavior highlight that, besides the
preparation method and copper loading, which may both affect the copper dispersion, also the
ceria surface termination plays a major role regarding the WGS activity of Cu/CeO; catalysts.
In this study we will focus on samples prepared by DP, since these samples show slightly higher
conversions. In the following, mostly operando measurements at 190 °C will be presented to

illustrate the largest possible structural changes.

Il 190 °C
Cu/Polyhedra :l 130°C

Cu/Cubes

Cu/Rods

4 6 8 10
CO conversion / %

o

Figure 1. Percentage CO conversion during LT-WGS of Cu/CeO: catalysts with different mor-
phologies at 130 °C and 190 °C. The catalytic activity was measured after at least 1 h on stream

in 2 vol% CO/8 vol% H>O/Ar (total flow rate: 100 mL/min).
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3.2 Copper State: Dependence on Gas Exposure

To characterize the copper state, we employed quasi in situ XP and operando UV-Vis spectros-
copy. XP spectra were recorded after pretreatment in argon, reaction atmosphere and H»>O at
190 °C (see Figure S2). Due to the small copper loading, only the Cu 2p3/2 photoemission gave
an acceptable signal-to-noise (S/N) ratio. While the binding energies of Cu® and Cu” hardly
differ, the presence of Cu?" can be identified via its slightly shifted binding energy and a shake-
up structure, as discussed previously in the context of reference substances (Cu foil, Cu.0,
Cu0).%° Our samples contain finely dispersed copper on ceria, which may show significantly
shifted binding energies as a result of metal-support interactions.®' Additionally, the copper
coverage may have an influence on the position of the Cu 2ps.» signal.®?> Nevertheless, shake-
up structures, which are indicative of Cu?’, are evident at 943 eV, especially for the sheets and
polyhedra. In the absence of the reaction mixture, electronic metal-support interactions occur,
which are expected to oxidize metallic copper.*>* Previous studies have also shown that at low
loadings (1 wt% Cu) no metallic copper is present on the surface, even during CO treatment.*’
We therefore attribute the observed Cu 2ps/» photoemission to Cu* and/or Cu?*, which is un-
derlined by our UV-Vis results discussed next, which allow changes to be detected when
switching between different gas environments.

The operando UV-Vis spectra in Figure 2 were recorded at 190 °C, successively in argon,
reaction atmosphere, water, and argon. All UV-Vis spectra show a dynamical absorption be-
havior in the visible region, which is generally characterized by Ce*'~Ce** charge transfer tran-
sitions (broad),®* absorption bands of Cu* and/or [Cu20]** species (400-470 nm), and d-d Cu**
transitions (600—-850 nm).%*%¢ Besides, copper surface plasmons may contribute to the signal
(520-580 nm), providing evidence of larger metallic copper domains (Cun),%”%® while highly
dispersed metallic copper may not be detectable by UV-Vis.

The samples show clear differences in their absorption behavior (see Figure 2), but it is
difficult to make quantitative statements, owing to the width of the bands. The sheets and pol-
yhedra (see Figure 2A) show a significantly higher absorption for wavelengths > 450 nm in
argon, which speaks for the presence of Cu" and/or [Cu20]** species. In addition, all samples
show a band at about 700 nm, which is most pronounced for the sheets but has the highest (and
broadest) absorption for the polyhedra. Since previous studies provided no evidence of metallic
copper on low-loaded Cu/CeO»,* this band can be assigned to Cu>*.%° The observations indicate

significant differences in the copper species under argon, whereby the 111 surfaces possess the

highest fraction of Cu* and Cu** on the surface, consistent with our XPS results.
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When switching to reaction conditions, all samples show a broad increase in absorbance
at wavelengths above 450 nm, indicating a reduction of the support. When CO is switched off,
this absorption feature decreases again; in the case of the polyhedra and sheets, it becomes even
lower than that detected in the argon phase prior to reaction conditions. The width of the feature
may suggest that the sheets and polyhedra are more oxidized than in the initial argon phase, in
contrast to the rods and cubes, which do not show any significant changes in the spectral profile.

To check the stability of the catalysts, we compared the UV-Vis spectra in argon before
and after applying reaction conditions. Figure 2B reveals that the rods and cubes do not undergo
any changes, while the sheets and polyhedra show a slightly higher absorption over the entire
visible range. Especially for the sheets this is noticeable in the region around 700 nm and may
be indicative of an increase in Cu®" species. Interestingly, in a direct comparison with our pre-
vious results on Au/CeOz catalysts with similar noble metal loadings, where the increase in Vis
absorption from one argon phase to the other correlated negatively with the activity,**" the
Cu/CeO; samples show an inverse behavior (see also below). In the case of the gold samples,
we could attribute the observed behavior to gold agglomeration. For the copper samples, ag-
glomeration is unlikely, as it would lead to lower activities over time, which is not consistent
with our results. We therefore attribute the observed UV-Vis behavior to an increase in the

amount of Cu* and Cu?" surface species.

A) Ar - COMH,O/Ar - HO/Ar B) before  after CO/H,0/Ar
= = =Sheets
—— - - —Rods
——— = = =Cubes
. X —— — — —Polyhedra
3 3
[v] [}
z ©
o o
o i)
T [
T T T T T T T T T T T T T T T T T T T T T T T T
300 400 500 600 700 800 900 300 400 500 600 700 800 900
Wavelength / nm Wavelength / nm

Figure 2. In situ / operando UV-Vis reflectance spectra of Cu/CeO; sheets (black), rods (red),
cubes (blue), and polyhedra (green) at 190 °C A) for different gas exposures, B) before and

after reaction conditions.
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3.3. Structural Dynamics Under Reaction Conditions

For better visualization of the dynamic changes in the UV-Vis spectra, Figure 3A shows the
absorbances at 700 nm under different gas atmospheres at 130 and 190 °C. There is a clear
dependence on the gas-phase composition and temperature. All samples reach their maximum
absorption under reaction atmosphere and show a reversible behavior in H>O or argon, as al-
ready indicated in Figure 2.

At 190 °C, the absolute increases are slightly higher than at 130 °C, but vary significantly
between the samples. Figure 3B depicts the negative correlation between the differences in CO
conversion and the absorbances under reaction conditions at the two temperatures, showing a
near-linear behavior. As mentioned above, the broad increase in absorption is mainly due to the
reduction of the support materials. Considering that there is no relation between the CO con-
versions and specific surface areas, we can conclude that defects are only a minor factor in
determining the catalytic activity; thus, a surface too rich in defects (e.g. rods) may not be ben-
eficial for WGS over Cu/CeO». This is further supported by the observation that the absolute
change in absorption upon switching from argon to reaction conditions does not correlate with
the WGS activity, consistent with previous results on CO oxidation, which have shown that the
Ce’" fraction is not correlated with activity and that the state of copper is of greater im-

portance.*?
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Figure 3. A) In situ / operando UV-Vis results for Cu/CeQO; catalysts recorded during the indi-
cated gas exposures at 130 °C (square) and 190 °C (triangle) and at a total flow rate of
100 mL/min, except for the ex situ spectra, which were taken at 25 °C. Spectra were recorded
at the beginning, after about 30 min, and after about 1 h of exposure to the indicated gas phases.

B) Correlation of the difference in CO conversion at 190 and 130 °C with the difference in
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absorbance at 700 nm, determined approximately 1 h after beginning to apply reaction condi-

tions.

Next, the results from Raman spectroscopy at 532 nm excitation will be discussed. In the
context of ceria-based catalysts, the Fog band provides important information about the oxygen
dynamics, as shown previously.3*~%% Figure 4A depicts the Fa, shifts when switching from the
first argon to the reaction phase. In addition, as part of the measurements, isotope labelling by
H,'®0 was used to follow the exchange of lattice oxygen by H2O. As discussed previously, at
constant temperature, the F, shift allows changes in the defect density of the support to be
monitored.’® The gas phase—dependent F2, positions (see Figure S3) show a behavior similar to
that described in the context of the UV-Vis data in Figure 3. However, absolute changes differ
from those in the UV-Vis spectra. For example, the polyhedra show the highest absorption in
the UV-Vis measurements, while the Fag red-shift is lowest after the sheets. This behavior may
be explained either by additional copper contributions to the UV-Vis spectra, which dominate
the Ce*'~Ce®" charge transfer transitions, or by the different penetration depths of the two meth-
ods. Closer inspection of the Fag shifts in Figure 4A when using H>'°O under reaction conditions
(blue bar) reveals the following trend regarding the F, red-shift: sheets < polyhedra < cubes <
rods. Thus, the sheets are reduced the least, while the rods are reduced the most. As the same
trend is also observed for H»'30 (black bar), the same applies to the replacement of lattice ox-
ygen by '80. Interestingly, the absolute Fa, shifts at 130 °C (not shown) are identical to those
at 190 °C despite the lower activity, which is a clear indication that the catalytic activity is not
linked to the support reducibility. This is further supported by the negative correlation of the
Fag shifts with the CO conversions, shown in Figure 4B. Based on the above findings from in
situ / operando Raman spectroscopy, we can exclude a mechanism that is only linked to the
reducibility, fully consistent with the UV-Vis results.

From the Raman spectra during reaction conditions and H»'°O exposure (see Figure S4)
it is difficult to extract further information besides the F¢ position, owing to self-absorption
(see UV-Vis results) and fluorescence effects. An exception is the detection of a feature at
around 1560 cm™! for the polyhedra and cubes, which becomes even more obvious at 130 °C
(see Figure S5) and may indicate the presence of carbonates. For unloaded samples this band is
not observed (not shown). Adsorbate signals will be discussed in more detail below in the con-

text of the DRIFTS measurements.
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Figure 4. In situ / operando Raman spectroscopic results (532 nm) showing the A) Fa, shifts
of Cu/CeO; catalysts when switching from argon atmosphere to reaction conditions
(CO/H,0/Ar; flow rate: 100 mL/min) using H>'°0O (blue) and H>'%0 (black), B) correlation

between Fog shifts and CO conversion.

An important aspect regarding the functioning of ceria-based catalysts is the mobility of
lattice oxygen and/or oxygen vacancies. To this end, it should be pointed out that all samples
exhibit an Fa, blue-shift when switching from reaction conditions to H»'%0 (see Figure S3),
demonstrating that the support is oxidized by water. Interestingly, for H»'*O a different behavior
is observed. This is illustrated by Figure 5, which depicts the F2g positions during the different
gas phases at 190 °C. It is noticeable that polyhedra and cubes do not undergo any changes in
the Fag position after reaction conditions, while the Fag positions of the sheets and rods show
blue-shifts of 11.7 and 4.8 cm™!, respectively. Compared with the blue-shifts detected after re-
action conditions in the case of H»'%0, these shifts are significantly larger for the sheets (3.0
cm™!) and slightly smaller for the rods (5.4 cm™). Before discussing the observed behavior, we
will briefly summarize the different contributions to the Fag shifts. The reduction of the support
and the exchange of '°0 by '®0 leads to a red-shift, while the opposite processes, i.e., the oxi-
dation or the exchange of '*0 by !0, lead to blue-shifts. Since each sample undergoes oxidation
(accompanied by a blue-shift) upon switching from reaction conditions to H2'°O flow, there
must be a further exchange of '°0 with 30 by H»'30 for the polyhedra and cubes, which com-
pensates the blue-shift due to support oxidation. For the rods a blue-shift is observed, which
may originate from oxidation and/or diffusion of 'O from the bulk to the (sub)surface. We
propose that in the case of the rods further exchange of '°0 with *0 (from H,!'%0) plays a minor
role in contrast to the cubes and polyhedra, since the difference in the comparison of the use of

H,'°0 and H»'®0 and the absolute shift between reaction conditions and the subsequent H>O
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phase is less than 1 cm™!. For the sheets the blue-shift is by 8.7 cm™! larger than that detected as
a result of oxidation during the H,'°O experiments. Remarkably, this behavior reveals that the
ceria sheets facilitate the transport of !0 from the bulk to the (sub)surface. In this context, it
should be pointed out that the red-shift under reaction conditions is smallest for the sheets and
thus most of the '°O is still present. In contrast, the polyhedra, which come closest to the sheets
regarding the Fo, shifts, exhibit a completely different behavior, as mentioned above. Thus, the
ceria sheets are the only support material that shows a high mobility of lattice oxygen and/or
oxygen vacancies, probably contributing to its high activity, while surface area related effects

can be excluded, since, for example, the rods have a larger surface area than the sheets.
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Figure 5. In situ / operando Raman F24 positions for Cu/CeOz catalysts exposed to the indicated

gas environments at 190 °C using H>'®O (total flow rate: 100 mL/min). The underlying spectra

were recorded at 532 nm excitation and after gas-phase exposure for about 30 min and 1 h.

ME-DRIFTS experiments were conducted to explore the adsorbate dynamics and to
assess the possibility of an associative mechanism. As potential adsorbates participating in the
reaction, carbonates (850—1800 cm™), CO adsorbates (20002200 cm™"), and hydroxyls (3400—
3800 cm!) may be expected. Figure 6 depicts the complete PSD spectra of a CO pulse
experiment (i.e., switching between 0 and 2 vol%) with a constant flow of 8 vol% H>O/Ar over
Cu/CeO; sheets. The same type of experiments was also performed for the other Cu/CeO:
samples as well as the bare supports (see Figures S6 and S7), revealing a similar overall
behavior despite differences in the spectral profiles. In Figure 6, the carbonate region is

characterized by signals at 1009, 1285, 1388, 1434, 1470, 1547 and 1597 cm!. The most intense
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2069 while

signals, at 1285 and 1597 cm™!, are attributed to the presence of bidentate carbonate,
the residual features originate from other carbonate-like species, e.g. bridged formate
species.®®’® Notably, in the CO region no signals are detected, except the contributions of
gaseous CO (see Figure S8). To this end, our previous studies have demonstrated that the
sensitive detection of adsorbed CO is not limited by the presence of the gas-phase CO
signature.’’ Thus, based on our findings from transient ME-DRIFTS-PSD, a major contribution
of CO adsorbates to the WGS reaction can be ruled out. This is in accordance to an in situ
(steady state) DRIFTS study on low-loaded Cu/CeO», which did not report any CO adsorbates
above 150 °C.* Even enhancing the time resolution in another series of experiments, in which
spectra were recorded every 0.5 s, did not lead to the appearance of any CO-related adsorbate
signals. Inverting the modulation sequence by switching H>O (between 0 and 8 vol%) at a
constant flow of 2 vol% CO/Ar reveals a minor signal at around 2109 c¢cm’!, which is
characteristic of Cu*-CO species (see Figure S8 for enlarged view and Table S1).”! Considering
that the signal is small and only appears in modulation experiments favoring its presence, we
propose CO adsorbates to have a negligible (if any) role in the WGS reaction. To further clarify
this behavior, we also performed steady-state DRIFTS measurements on the sheets (see Figure
S11). These clearly show that a band is visible at 2109 ¢cm™ under CO/Ar, but decreases
significantly under reaction conditions. The electronic contribution’ at 2025 cm™ remains
constant, which is why it does not appear in the ME-DRIFTS experiments. Thus, the steady-
state results are fully consistent with our ME-DRIFTS results.

The hydroxyl region contains signals at 3530, 3622, 3642, and 3653 cm™, as well as
contributions of combination bands of gaseous COx centered at about 3610 and 3710 cm™.”
The hydroxyl feature at 3620 cm™ is attributed to a triply bonded OH group (type III),”* while
those at 3642 and 3653 cm™! are associated with OH (type 1I-B) and OH (type 11*-B),”® which
may mutually transform into each other (see below). The assignment of the 3530 cm™ feature

is less obvious. Previously, OH features within 3520-3660 cm™ have been assigned to bi- and

tri-coordinated species,’® also consistent with our other hydroxyl assignments.
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Figure 6. PSD spectra of Cu/CeO; sheets at 190 °C. The gas-phase composition was

periodically changed from 8 vol% H2O/Ar to 2 vol% CO/8 vol% H>O/Ar.

From the PSD spectra, time values were determined, which show the sequence of signals
within one (modulation) period, thus yielding important mechanistic information (see Table 1).
The first two signals that appear correspond to the CO reactant (~23 s) and the product CO>
(~40 s), while the signals within the carbonate region show larger time values (45-50 s), as do
the hydroxides at 3530 and 3622 cm™'. The OH signal at 3653 cm™ (II*-B) increases and that
at 3642 cm™ (II-B) decreases in the more reductive phase (i.e., during CO pulsing), as would
be expected (see Table 1). On the other hand, as these signals are expected to mutually
transform into each other, it appears surprising at first that they do not appear at exactly the
same time value (with opposite sign). The observed deviation may originate from their overlap
with other signals, thereby mixing up their time values, as has been discussed in more detail
previously.>’

Taking into account the experimental uncertainty of 3.7 s for the time values, none of the
species observed in the carbonate and hydroxide region may take part in the initial formation

of the product COx.

Table 1. Results from transient IR-PSD analysis of Cu/CeO; sheets. Time values correspond to
the signal onset, and signals of decreasing bands are marked with (-). Refer to Figure 6 for the

underlying PSD spectra.
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Position / cm™! 1(Cu/Ce0y) / s Assignment

3653 73 OH (II*-B)

3642 46 (-) OH (1I-B)

3622 45 OH (1II)

3530 45 OH (type III)

2361 40 CO2(g)

2064 23 CO(g)

1597 45 Bidentate carbonate
1547 50 Carbonate species
1470 48 Carbonate species
1434 49 Carbonate species
1388 50 Carbonate species
1285 45 Bidentate carbonate
1009 46 Bidentate carbonate

To identify signals of catalytically active species, we follow a routine comprising three
main steps. In the first step, spectator signals are removed by subtracting a background spectrum
of a catalyst that has already undergone several modulation periods prior to the actual
modulation experiment and by applying a PSD to the recorded data set. In the second step, we
characterize the species that appear in PSD spectra as a result of the periodic (precursor)
concentration changes according to their temporal behavior. For a consistent picture, the
comparison of PSD spectra from different reactant modulation schemes is crucial, as
catalytically active species are expected to appear in both data sets and at comparable times.

Following our routine, additional ME-DRIFTS experiments were performed, in which
now the 2 vol% CO/Ar flow was kept constant and water was periodically pulsed, thus
switching from 0 to 8 vol% share of the total flow (see Figure S9). A comparison of the spectra
obtained with both modulation approaches (pulsing CO or H20) is shown in Figure S10. At this
point it should be noted that both cases lead to similar CO> conversions, since both modulation
conditions result in the same (dynamic) conditions that enable the WGS reaction. Temporal
analysis reveals that all of the detected signals appear or disappear more or less at the same time
as the pulsed H2O component, except those of CO; or weakly adsorbed H>O, which are delayed
by ~3-5 s (see Table S1). In the hydroxyl region, clear signals are missing (see Figure S10),
suggesting that there are no actively participating hydroxyls involved in H> formation. It should
be mentioned, however, that weak hydroxyl signals may be masked by contributions from
gaseous and weakly adsorbed water in that spectral region. Besides, the possibility of a highly
labile and fast-reacting hydroxyl species, as suggested previously, cannot be excluded.*®* When
comparing the combined results from the modulation experiments, there is no spectroscopic

evidence that would unambiguously point towards an associative mechanism. Although some
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adsorbate signals are observable in the spectra of both modulation experiments (see Figure
S10), the temporal analysis reveals that all adsorbate signals in the CO modulation experiment
are observed after product formation (see Table 1), while in the case of H,O modulation, signals
appear slightly earlier than product formation (see Table S1). Therefore, the observed behavior
may be described by adsorption / desorption processes taking place when the respective reactant
CO or H20 is pulsed over the surface, rather than a direct participation in the reaction.

The bidentate carbonate pattern observed in Figure 6 did not appear when H,O was pulsed
(see Figure S9), which was further confirmed by D>O pulsing experiments aiming at a carbonate
region less crowded by gaseous water. Although these experiments cleared the view for the
carbonate region, the findings from our HoO measurements were confirmed, i.e., that there is

no signal of an active species that might be attributed to CO» formation.

4. Discussion of the Reaction Mechanism

In the literature, two main mechanisms have been proposed for the WGS reaction over metal-
supported oxide catalysts: a redox mechanism and an associative one. The latter proceeds via
intermediates, e.g. carbonates, formates, or hydroxides.*®*!"” Furthermore, theoretical studies
on pure CeO,(111) show a combined redox—associative route.”® It has been challenging to find
operando approaches that enable a critical assessment of the reaction mechanism. Here we
propose a spectroscopic approach based on the combination of operando and transient methods.
In this context it should be mentioned that the type of mechanism depends on the properties of
the catalyst system as well as on the temperature.

Based on our spectroscopic findings, we identified several catalyst properties that may be
related to the activity of the catalyst. These include the reducibility, whose dynamics could be
followed by means of operando Raman and UV-Vis measurements; the mobility of lattice
oxygen, which could be detected by the H»'®0 Raman experiments; and the tendency to form
stable adsorbates (e.g. surface carbonates), which may block active sites. The last property is
of particular relevance for the 110 and 100 surface (rods and cubes), as demonstrated previously
by CO-TPD for bare octahedra, cubes, and rods,”® and by Raman/UV-Vis spectroscopy for low-
loaded Au/Ce0,.*° In addition, from our transient spectra, there is no evidence for the presence
of intermediates on either the support or copper, which would have supported an associative
mechanism. Instead, our results are in agreement with a redox mechanism, consistent with our
previous studies on Au/CeO; catalysts.?>*’

The operando Raman results have revealed a negative correlation of the Fag shift with the

conversion (see Figure 4B), demonstrating that the reducibility is not directly responsible for
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the activity. Based on the assumption of a redox mechanism, this finding may be related to the
fact that oxygen must be available at the surface to allow for facile oxidation of CO. To this
end, the isotope experiments have shown that in the case of sheets, oxygen is readily supplied
to the surface for CO oxidation. We therefore propose the superior LT-WGS performance of
the sheet-based catalysts to be related to the availability of surface oxygen. In fact, for the less
active polyhedra, a significantly lower diffusion of oxygen (vacancies) from bulk to surface
was observed (see Figure 5). For the cubes and rods, on the other hand, the reducibility is too
high, leading to an enhanced reactivity towards CO; and the formation of surface carbonates,
which may block active sites.

The comparison of loaded and unloaded samples clearly shows that the presence of
copper plays a major role, since none of the ceria supports exhibit any LT-WGS activity. To
this end, besides the specification of the copper oxidation state, the role of copper in the
mechanism is of importance. Starting with the last point, our transient DRIFTS measurements
provide no indication for an active involvement of copper in the reaction. While we cannot
exclude hydrogen recombination occurring so rapidly that it cannot be detected despite the use
of a transient method, we rather propose copper to change the electronic properties. This is
supported by the operando UV-Vis spectra, since, for example, the unloaded sheets and
polyhedra (not shown) do not show any significant changes in the visible range in contrast to
the loaded samples. Thus, the presence of even small loadings of copper significantly changes
the reduction properties. This is also supported by the Raman spectra, which do not show
significant F, red-shifts under reaction conditions.*

Regarding the oxidation state of copper, our UV-Vis and XPS results suggest that the
surface termination plays a role. In particular, the 111 surfaces were found to exhibit a larger
fraction of Cu?* on the surface, which we postulate as a possible reason for the higher activities
of the polyhedra and sheets.

In summary, our results are consistent with a redox mechanism in which oxidation occurs
by water, with oxygen being incorporated into the crystal lattice. This process is so fast that no
intermediates are observed. Finally, reduction takes place by CO, which immediately reacts to

COa.

5. Conclusions
In this work, we demonstrate the use of a combined operando/transient spectroscopic approach
to investigate the redox properties and the intermediate/adsorbate dynamics on supported metal

catalysts. We address low-loaded Cu/CeO; catalysts during LT-WGS reaction, providing first
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evidence for a pure redox mechanism using coupled operando Raman and UV-Vis
spectroscopy, which in turn is supported by transient ME-DRIFTS experiments. Thus,
information about bulk CeO: can be obtained using Raman and UV-Vis spectroscopy, while
UV-Vis spectra provide additional information about dispersed copper species. ME-DRIFTS
measurements are used to identify surface intermediates. To explore the facet-dependent
behavior, ceria sheets (111, steps), polyhedra (111), cubes (100), and rods (110, 100) are
studied.

Summarizing the key findings, there is no direct correlation between activity and
reducibility based on the conversion data and the operando Raman and UV-Vis results, while
the use of H>!®0 experiments underlines the importance of transport properties and the
availability of oxygen at the surface. Regarding surface processes, our transient DRIFTS
measurements do not show any active participation of copper or adsorbates in the WGS
reaction; while the presence of various surface carbonates is observed, temporal analysis reveals
their role as spectator species. However, it should be noted, that highly reactive surface
intermediates cannot be completely excluded, despite the also previously shown high sensitivity
of ME-DRIFTS.>*

With respect to copper, we can conclude that its participation in the catalysis is mainly
based on electronic effects. Such observations have also been reported in previous studies on
Cu/CeO: catalysts for various reactions.*! Even small amounts of copper (<0.5 wt%) affect the
support properties, inducing significant catalytic activities resulting from metal-support
interactions. In contrast to our earlier RWGS study over Au/CeO», no intermediates (e.g.,
carbonates, hydroxides, formates) are involved in the reaction. Furthermore, unlike our gold
catalysts from previous studies, Cu/CeQOs: is expected to be more stable, as operando Raman
and UV-Vis did not give any indication of copper agglomeration. Thus, while gold catalysts
may show a somewhat higher activity, they are more expensive and suffer from instabilities.

Our combination of operando Raman/UV-Vis spectroscopy and ME-DRIFTS is a
powerful tool to investigate a wide range of metal-supported oxide catalysts and to provide a
detailed understanding of their functioning, for example, in C1 processes such as RWGS. In
particular, our approach allows us to distinguish between redox and associative mechanisms
and to investigate their respective weight, which is of great importance to provide new
approaches towards better catalysts and, ultimately, to design catalysts based on a profound

knowledge of their structural behavior under working conditions.
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