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1 Introduction

The influence of size, metal loading and oxygen
vacancies on the catalytic performance of Au/
CeO,_, in the sunlight-powered reverse water gas
shift reactiont

Jordi Volders, ©2°¢ Sander Bossier,? Sander Stulens,?*® Bjorn Joos,*°
Thomas Vranken, 3°¢ Francesc Sastre, ©¢ Jan D'Haen, @° Ken Elen,*°
Marcel A. Verheijen,™ Pegie Cool, @9 An Hardy, @3¢

Pascal Buskens (2*3€ and Marlies K. Van Bael {2 *2b¢

This study reports the conversion of CO, and H, to CO and H,O at low temperature and low pressure (up
to 203 °C, p = 3.5 bar) using plasmonic Au/CeO,_, photocatalysts, with mildly concentrated sunlight as the
sole energy source (up to 9 kW m™). Systematic catalytic studies were carried out by varying the CeO,_,
particle size, Au particle size and loading, and the concentration of oxygen vacancies. Upon illumination, all
Au/CeO,_, catalysts showed a CO production of up to 2.6 = 0.2 mmol CO per ga, per h (104 + 8 umol
CO per gea per h), while the supports without Au did not show any activity. We determined that both
photothermal and non-thermal effects contribute to the light-driven reverse water-gas shift reaction
catalysed by plasmonic Au/CeO,.,. A photothermal contribution was found from the exponential
relationship between the CO production and the solar irradiance. In the dark, all Au/CeO,_, photocatalysts
and supports without Au produced CH, instead of CO with =97% selectivity, indicating a significant non-
thermal contribution in light. A linear dependence of catalytic activity on the accessible interface area
between CeO,_, and Au was found, which is in line with an associative formate-mediated reaction
mechanism occurring at the metal-support interface. Tuning the Vo content through thermal treatments
yielded decreased photocatalytic activity for oxidised samples, identifying them as pre-catalysts. The
stability of the Au/CeO,_, photocatalysts was evaluated, demonstrating that the catalytic performance was
affected by adsorption of H,O as a reaction product, which could be fully restored upon heating in vacuo.

emissions.’ In view of the transition to a circular, net zero
emission economy, CO, should not be seen as a waste

To this day a large majority of the world's total energy supply  product but as a feedstock for conversion into various carbon-
is provided by fossil fuels, giving rise to extensive CO,  based chemicals and fuels (carbon capture and utilisation,
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reduction in the reverse water gas shift (rWGS) reaction (eqn
(1)).">'® The rWGS reaction is endothermic and competes
with the exothermic methanation process (Sabatier reaction,
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Photocatalysis, which utilises the energy of (sun)light to
carry out the rWGS reaction at near-ambient conditions, is a
promising alternative. Traditional photocatalysts are
semiconducting materials, with ZnO and TiO, as common
examples, in which light-generated electron-hole pairs drive
reactions.’” ' A challenge for these photocatalysts is that the
majority of stable semiconductors have a bandgap energy
exceeding 3 eV, which absorbs only UV wavelengths,
excluding the majority of the solar spectrum. Possible ways
to mediate this challenge are bandgap engineering and the
use of cocatalysts.”* Plasmonic nanoparticles (NPs), which
are able to harvest a broad range of the solar spectrum, could
act as cocatalysts in tandem with a semiconductor.”**”** For
metal NPs that are much smaller than the wavelength of
incident light, the free electron gas of the metal exhibits an
oscillation with a frequency equal to that of incident light,
also known as the localised surface plasmon resonance
(LSPR). This LSPR can activate reactants through several
pathways. As a first effect, heat will be generated in the local
vicinity of the plasmonic NP through the Joule effect,
allowing for enhanced reaction kinetics. Secondly, light can
be re-emitted at the same frequency as the incident light
concentrated at specific positions at the NP surface,
dependent on particle morphology. This effect is known as
near-field enhancement which can strongly benefit photo-
activated processes or generate additional charge carriers in
the semiconductor. In a third pathway, the energy of the
LSPR can be used to promote an electron to a higher energy
level, referred to as a hot electron. When the plasmonic NP is
in junction with a semiconductor, hot electrons can be
injected into the conduction band over the Schottky barrier,
increasing the charge carrier lifetime and thus their
probability of participating in a reaction.**® Finally, the
conventional generation of electron-hole pairs in the
semiconductor by UV excitation can also occur. The local heat
generation is defined as a photothermal contribution, while
the near-field enhancement, hot electron generation and
injection and bandgap transition combined are referred to as
non-thermal contributors.*>*”~*!

CeO, is a semiconductor with a face-centred cubic (FCC)
fluorite crystal structure which is rarely fully stoichiometric
and exhibits relatively large amounts of oxygen vacancies
(Vos) in its lattice. Every Vo, results in two reduced Ce®" sites
while retaining the fluorite structure and can readily be
reversed into stoichiometric CeO,.**™*® The Vos allow for
increased adsorption of CO, and have been shown to act as
catalytic sites for rWGS on supported CeO,_,, for both redox
and associative reaction mechanisms. In the redox
mechanism, the reaction occurs at a redox site of the catalyst,
specifically at Vo sites of the support material as commonly
catalytic metals for rWGS do not readily change valence
states. In the associative mechanism, H, is dissociated at the
catalytic metal and will react with CO, adsorbed on the
support to result in carbon-containing intermediates (e.g.
formates, carbonates), which are subsequently converted to
CO."®%97°%  Additionally, it has been demonstrated that
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deposition of metal NPs, e.g. Au, on the surface of CeO,-, can
significantly decrease the required temperature to form Vps
at the surface.”’®> Due to these unique properties, CeO,
has been studied as a support®>®*7° and photocatalyst in
various applications like selective organic reactions,”' ™
hydrogen evolution reaction’® and pollutant degradation.

Several supported plasmonic materials have been
investigated as photocatalysts for sunlight-driven rWGS: Ag,*
AL® Co,% Cu,®® Fe,”®® Mo,* Ni,”° Pt,”'* Pd (ref. 91,
95-97) and Ru.”® In addition, Au has been widely reported as
a plasmonic photocatalyst due to its strong LSPR effect and
high selectivity towards rWGS. An overview of publications
reporting supported Au plasmonic photocatalysts can be
found in Table S$1.1>%2730:8%:997103 production rates are either
normalized by the mass of the photocatalyst including the
support, denoted as g.,. ', or by the mass of only the
plasmonic metal (denoted as gs, ‘). For supported Au
plasmonic photocatalysts, no specific correlations between
plasmonic Au size, loading and activity have been reported.
In addition, the Au/CeO,_, catalytic system for light-driven
plasmonic rWGS is not yet fully understood: no correlation
between photocatalytic activity and key structural properties
has been reported. Upadhye et al reported an Au/CeO,-,
photocatalyst with a CO production rate of 85.02 mmol ge.
h™, which was a significant enhancement compared to the
Au/Al,O; photocatalyst with an insulating support. They also
found the largest rate enhancement between dark and light
experiments for Au/CeO,_, compared to Au/TiO, and Au/
Al,O;. For Au/TiO, they proposed a carboxyl-mediated
associative mechanism at the metal-support interface where
the LSPR assists in dissociation of the carboxyl intermediate
or H,O formation.** Lu et al reported an Au/CeO,_,
photocatalyst with a CO production rate of approximately 7
mmol g. " h™'; they attributed the activity difference
between light and dark experimental conditions to the
plasmon-associated dissociation of H, on the Au surface.'®*

In our study, we prepared and characterized a series of
Au/CeO,_, catalysts and focused on the influence of key
structural properties of Au and CeO,-,, more specifically
particle size, Au loading and oxygen vacancies, on the
catalytic performance of Au/CeO,_, in the sunlight-powered
rWGS reaction. By the obtained results, we gained insights
on the impact of photothermal heating and the nature of
non-thermal effects contributing to the reaction.

77-81

2 Results and discussion

2.1 Characterisation

2.1.1 Hydrothermal synthesis of CeO,,. Two distinct
CeO,_, support particle sizes were synthesised using a
hydrothermal (HT) method as described in the experimental
methods in the ESLj namely large (L-HT) and small (S-HT)
particles. In summary, Ce(NOs);-6H,0 and polyvinylpyrrolidone
(PVP) were dissolved in an ethanol : water mixture (1:2 for L-HT
and 3:1 for S-HT), then transferred to a Teflon-lined autoclave
and left in an oven at 160 °C (20 h for L-HT, 14 h for S-HT).
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Finally, the solvent was evaporated in ambient air and a powder
was obtained. A sample list with a summary of characterisation
is available in Table S2i Particle sizing with dynamic light
scattering (DLS) (Fig. Slc and hf) of the as-synthesised
dispersion yielded a particle size of 376 + 6 nm and 53 + 3 nm
for L-HT and S-HT, respectively, with a confidence interval of
98%. Particle size distributions from transmission electron
microscopy (TEM) analyses (Fig. Sla, b, d and ef) yielded
particle sizes of 200 + 7 nm and 35.5 + 0.7 nm for L-HT and S-
HT, respectively, with a confidence interval of 98%. The
hydrodynamic diameter obtained by DLS is likely a larger value
than particle sizes found in TEM analysis due to the presence of
the electric double layer, organic residuals and agglomeration.
Thermogravimetric analysis (TGA) was performed (Fig. S1if)
and a weight loss of 68% and 72% was observed for L-HT and
S-HT below 450 °C, indicating a large amount of organic
material still present in the powders. This was confirmed by
attenuated total reflection Fourier-transform infrared (ATR-
FTIR) spectroscopy (Fig. S1gt), where characteristic CH and CH,
stretch vibrations (around 2900 cm™) originating from the PVP
surfactant are present in both L-HT and S-HT samples. X-ray
diffraction (XRD) (Fig. 1c) analyses of both samples exhibited
the characteristic fluorite structure of CeO, (JCPDS 65-5923).
Additional peaks can be attributed to the LaBg internal standard
(JCPDS 06-0401) which was added as a reference for accurate
peak position determination.

2.1.2 Calcination of CeO,_,. To remove organic and nitrate
impurities from CeO,_,, L-HT and S-HT the samples were
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calcined in dry air at 400 °C to result in CeO,-, powders with
large (L) and small (S) particle sizes. XRD (Fig. 1c) shows that
the CeO, fluorite crystal structure is retained for both L and
S, with increased peak intensity compared to L-HT and S-HT,
which indicates an increase in crystallinity. Crystallite sizes
calculated using Scherrer's equation can be considered
identical for both samples, viz. 12 nm and 13 nm for L and S,
respectively. Size analyses based on TEM images yielded
superstructure sizes, consisting of aggregated smaller
crystallites of 196 + 13 nm and 37 = 2 nm for L and S,
respectively, with a 98% confidence interval (Fig. 1la-d).
Calcination had no significant impact on the particle size
distribution. Brunauer-Emmett-Teller (BET) analyses were
performed on N, physisorption isotherms (Fig. S1jf) to study
the specific surface area of the samples and BET surface
areas of 81 m*> g~' and 115 m”> ¢™* were found for L and S,
respectively. The variance in specific surface area is in line
with expectations due to the difference in particle size. Thus,
it can be concluded that for L and S the crystallite sizes are
equivalent although they are assembled in differently sized
superstructures, meaning that differences between L and S
samples could solely be attributed to the differences in
surface area. ATR-FTIR (Fig. S1gf) shows that stretching
vibrations of organic compounds can no longer be observed
for L and S samples. Following peak attributions by Li
et al.'® (Table S3t), the characteristic CeO, vibrations and
vibrations of bidentate and unidentate carbonates are
observed for both L and S samples as well as adsorbed H,O.
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Fig. 1 (a) Particle size distributions of L CeO,_, support from TEM analysis with lognormal fit. (b) Representative TEM image of L CeO,_, particles.
(c) XRD diffractograms of L-HT, S-HT, L and S CeO,_, particles with LaBg as internal standard. Intensity is normalised on the wt% of sample in the
sample/LaBg mixture. Graphs have been stacked for visual clarity. The * denotes an impurity peak of the Al sample stage in the L sample. (d)
Particle size distributions of S CeO,_, support from TEM analysis with lognormal fit. (e) Representative TEM image of S CeO,_, particles. (f) H,-TPR
profiles of S and L CeO,._, particles; graphs have been stacked for visual clarity.
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Additional vibrations of bridged carbonates are found for the
S sample, which are not present in the L sample. Diffuse
reflectance UV-vis spectroscopy was performed in order to
study the optical properties of the CeO,_, samples (Fig. 2c).
One absorption band around 400 nm is observed for both L
and S samples, attributed to the bandgap of CeO,_,. Tauc
analysis (Fig. S1ht) was performed on the UV-vis spectra to
obtain the bandgap energy, resulting in 3.26 + 0.03 eV for L
and 3.15 + 0.03 eV for S samples, with a 98% confidence
interval. The redshift in bandgap energy for the S sample
may be the result of a larger amount of Vos due to an
increase in surface area. Raman spectroscopy (Fig. S2a and
bf) shows the F,, mode of the fluorite structure at 462.8
em ™ and 462.2 cm ™ for L and S, respectively. Transverse
(TO) and longitudinal optical (2LO) overtones are also
observable for both samples at around 260 cm™' and 1200
em™', respectively. Additionally, a small peak, often referred
to as the defect band (D) which can be related to Vgs, is
observable around 600 cm™', with no significant difference
between L and S samples.'” Finally, a small peak is
observable at around 725 cm™" which could be attributed to
adsorption of oxygen species. The reduction behaviour of the
ceria powders was investigated by hydrogen temperature-
programmed reduction (H,-TPR) measurements (Fig. 1f and
Table S4t). Two reduction domains were identified for both
samples. The first reduction domain at 300-500 °C can be
attributed to formation of Vps at the CeO,-, surface,
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consisting of two peaks: around 350 °C, reduction at the
particle surface, then at around 450 °C, formation of Vgs at
the sub-surface.'® A second reduction domain starting at
about 700 °C is attributed to the formation of Vs in the bulk
of CeO,-,. Integration of peaks below 500 °C shows 391 pmol
g H, uptake (41.8% of total H, uptake at the CeO, .
surface) and 480 pumol g™ H, uptake (55.2% of total H,
uptake at the CeO,-, surface) for L and S, respectively, which
aligns with the BET results. Thus, TPR results indicate that a
larger quantity of Vps at the surface can be formed for S
CeO,_, due to an increased surface area.

2.1.3 Au deposition on CeO,_,. Au was deposited on L and
S CeO,-, using a deposition-precipitation method with
chemical reduction as described in the experimental methods
in the ESLj resulting in 4Au/L and 4Au/S samples, respectively.
A sample list with a summary of characterisation is available in
Table S2.f The deposited Au content was quantified with
inductively coupled plasma-optical emission spectroscopy (ICP-
OES), resulting in a loading of 4.0 + 0.8 wt% Au and 3.8 + 0.9
wt% Au for 4Au/L and 4Au/S, respectively, with a confidence
interval of 95%. High-angle annular dark-field scanning TEM
(HAADF-STEM) analyses (Fig. 2a and e) were performed to study
the size and morphology of the deposited Au nanoparticles. The
HAADF contrast between Au and CeO,_, could not be used to
distinguish the locations and dimensions of the Au NPs, as
thickness variations of the CeO,-, particles themselves lead to
similar contrast differences to those between Au and CeO,_,.
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Fig. 2 Representative HAADF-STEM image, EDX mapping in STEM mode and Au particle size distribution from TEM analysis with lognormal fit of
(a) 4Au/L, (d) 4Au/L-O, (e) 4Au/S and (h) 4Au/S-O Au/CeO,_, samples. CeO,_, is coloured blue and Au is coloured red in EDX mapping, lower
magnification shown for (a) and (d) to illustrate CeO,_, size particle difference. (b) XRD diffractogram of 4Au/S-O. (c) Reflective diffuse UV-vis
spectra of L, 4Au/L, 4Au/L-O, S, 4Au/S and 4Au/S-O samples; graphs have been stacked for visual clarity. Ho-TPR profiles of (f) 4Au/L-O, 4Au/L-R
and 4Au/L and (g) 4Au/S-O, 4Au/S-R and 4Au/S; graphs have been stacked for visual clarity.
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Therefore, energy-dispersive X-ray (EDX) spectroscopy mappings
performed in STEM mode for all samples to
unambiguously identify the Au nanoparticles. Au particle sizes
of 3.5 £ 0.2 nm and 3.6 = 0.3 nm were determined for 4Au/L
and 4Au/S, respectively. XRD (Fig. S3a and bt) was performed
on the 4Au/L and 4Au/S samples which revealed that the fluorite
crystal structure of CeO, was retained while Au could not be
observed, likely due to the small Au NP size and a low
diffraction volume of present Au. Diffuse reflectance UV-vis
spectroscopy (Fig. 2c) was performed, and in addition to the
CeO, bandgap, the characteristic plasmonic absorption band of
Au was observed with a minimum reflectance at 531 nm and
530 nm for 4Au/L and 4Au/S, respectively. Tauc analysis could
not be performed on spectra of Au/CeO, samples due to
spectroscopic overlap of the Au plasmonic absorption band with
the CeO, bandgap. Raman spectroscopy (Fig. S2a and bf) was
performed with a 785 nm laser source instead of a 532 nm laser
source, but a large loss in peak intensity was observed due to
strong visible light self-absorption in the sample, severely
reducing the detection limit. The characteristic F,, peak can be
observed at 460.5 cm ' and 461.7 cm™' for Au/L and Au/S,
respectively, which is a slight redshift compared to L and S. The
TO peak can still be observed around 265 cm ™ and the D band
consists of two components: one around 550 cm ' and one
around 600 cm™*. The former has been reported to be
specifically linked to the presence of Vps.'°'®” However,
attempts to determine V content in the Au/CeO,-, did not yield
dependable results due to variations between samples and the
aforementioned strong self-absorption. In H,-TPR (Fig. 2f and g
and Table S41) the reduction of bulk CeO,-, remained
unchanged, and the position of the sub-surface reduction peak
at 450 °C remains for both Au/L and Au/S. However, the
formation temperature of Vps at the particle surface is
drastically lowered by the addition of Au at <150 °C; a small
peak remains at 350 °C, likely due to some inhomogeneity
where surface CeO, is not located close to Au. The peak at 150-
250 °C can similarly be attributed to formation of sub-surface
Vos which is lowered due to addition of Au. Furthermore,
integration of the peaks below 500 °C (Table S4}) shows that
both Au/L and Au/S have significantly less H, uptake, 18.7%
and 31.7% respectively, for the formation of surface Vps
compared to L (41.8%) and S (55.2%), indicating that a
significant number of Vos is already present in the catalysts
upon Au deposition. Additionally, a significantly larger number
of sub-surface Vs are also present in 4Au/L (60 umol H, per g
surface uptake and 86 umol H, per g, 0.27 ratio) compared to L
(83 umol H, per g surface uptake and 308 umol H, per g, 0.69
ratio), indicating that Au deposition has a significant impact on
sub-surface reduction.

2.1.4 Thermal treatment of Au/CeO,_,. In order to
independently study the impact of both CeO,-, size and Vs
in the Au/CeO,_, catalysts, catalyst materials were thermally
treated for 2 h at 500 °C in dry air to minimise Vo content,
which resulted in 4Au/L-O and 4Au/S-O from 4Au/L and 4Au/
S, respectively. Additionally, the 4Au/L and 4Au/S catalysts
were thermally treated for 2 h at 500 °C in 5% H, in N, in

were
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order to increase Vo content and study its impact on
catalysis, resulting in 4Au/L-R and 4Au/S-R, respectively. A
sample list with a summary of characterisation is available in
Table S2;§ HAADF-STEM analyses (Fig. 2d and h) were
performed to study the size and morphology of the deposited
Au. Au particle sizes of 5.1 + 0.3 nm and 4.9 + 0.4 nm were
determined for 4Au/L-O and 4Au/S-O, respectively. Particle
growth of Au NPs occurred during thermal treatment, which
resulted in larger average sizes compared to as-synthesised
4Au/L and 4Au/S. This was not the case for 4Au/L-R and 4Au/
S-R (Fig. S4c and dt), where no significant change in particle
size was observed at 3.0 + 0.3 nm and 3.8 + 0.4 nm,
respectively. XRD (Fig. 2b) was performed for 4Au/L-O
without an internal standard. In addition to diffraction peaks
of CeO, (JCPDS 65-5923), one characteristic Au (JCPDS 04-
0784) diffraction peak at a 26 value of 38.19°, corresponding
to hkl values of (111), could be observed. Further peaks were
not observable due to low intensity and the Scherrer method
could not be used to estimate the Au crystallite size due to
low peak intensity. For 4Au/L-O, 4Au/S-O, 4Au/L-R and 4Au/S-
R with an internal standard (LaBe) no significant changes
were observable compared to 4Au/L and 4Au/S. Diffuse
reflectance UV-vis spectroscopy (Fig. 2c) was performed and
the plasmonic absorption band of Au was observed slightly
redshifted to 547 nm and 568 nm for 4Au/L-O and 4Au/S-O,
respectively. For the 4Au/L-O sample an additional shoulder
could be observed at 695 nm. A small redshift is expected
due to particle growth, while the strongly redshifted shoulder
is a possible result of partial agglomeration of Au. No
significant change in plasmon absorption bands after
reductive thermal treatment were observed for 4Au/L-R and
Au/S-R (Fig. S4bt). The catalysts' specific surface area was
investigated with BET (Fig. S1jf), resulting in BET surface
areas of 62 m”> g”*, 86 m> g*, 59 m*> g”* and 84 m* g for
4Au/L-O, 4Au/S-O, 4Au/L-R and 4Au/S-R, respectively. A
decrease of specific surface area for all samples compared to
L (81 m*> g ') and S (115 m” ¢™") is likely a result of the Au
deposition process and subsequent thermal treatment. The
significant difference for the Au/CeO,_, with large and small
CeO,_, remained. Raman analyses (Fig. S2a and bf) yielded
F positions of 459.2 cm ™', 460.8 cm ™, 460.7 cm ™" and 461.3
em™ for 4Au/L-O, 4Au/S-O, 4Au/L-R and 4Au/S-R, respectively.
D positions at around 550 cm™ and 600 cm™ were observed
as well, and similar to 4Au/L and 4Au/S, no assessment of
Vos could be made from these results. H,-TPR results
(Fig. 2f and g and Table S4t) indicate the same reduction
peak for all samples above 700 °C, attributed to the bulk Vg
formation. The reduction peak at around 450 °C from sub-
surface Vo formation is absent in all samples, fully lowering
this peak to 200 °C. This was possibly due to some surface
restructuring during thermal treatments, which could not be
reached during the mild conditions of the Au deposition.
Furthermore, 4Au/L-O (25.7% surface H, uptake) and 4Au/S-O
(30.6% surface H, uptake) show a very intense reduction peak
at 125 °C compared to 4Au/L-R (16.0% surface H, uptake)
and 4Au/S-R (20.6% surface H, uptake), integrations of which

This journal is © The Royal Society of Chemistry 2025
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(Table S4t) indicate that the thermal treatments are adequate
to tune Vs in the catalysts.

2.1.5 Au size variation in Au/CeO,_,. To study the impact
of the plasmonic Au on the light-driven rWGS reaction, Au
loadings of 0.4 wt%, 1.5 wt% and 6.0 wt% Au were deposited
on the S CeO,-, sample using two different deposition-
precipitation methods, producing samples denoted 0.4Au/S,
1.5Au/S and 6Au/S. An alternative deposition-precipitation
method for the synthesis of 0.4Au/S was utilised in order to
achieve a smaller Au particle size (<2 nm), which is below
the minimum that can be achieved with the synthetic
method using urea (3.5 nm). No further thermal treatment
was performed so as to not influence Vgs, as the same S
CeO,-, sample was used as support material. A sample list
with a summary of characterisation is available in Table S2.}
The Au content for each sample was determined using ICP-
AES, resulting in 0.41 + 0.02 wt% for 0.4Au/S, 1.57 + 0.08
wt% for 1.5Au/S, and 5.75 + 0.4 wt% for 6Au/S, with a
confidence interval of 95%. HAADF-STEM analysis
(Fig. 3a and b) was carried out to study the size and
morphology of the deposited Au. Equivalent Au particle sizes
of 3.9 £ 0.3 nm and 3.5 + 0.3 nm were determined for 1.5Au/
S and 6Au/S, respectively. No individual Au particles could be
identified for construction of a size distribution. This was
due not only to the aforementioned poor contrast but also to
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Fig. 3 Representative HAADF-STEM image, EDX mapping in STEM
mode and Au particle size distribution from TEM analysis with
lognormal fit of (a) 1.5Au/S and (b) 6Au/S. CeO,_, is coloured blue and
Au is coloured red in EDX mapping. (c) Diffuse reflective UV-vis spectra
of 0.4Au/S, 1.5Au/S and 6Au/S; graphs have been stacked for visual
clarity.
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the low loading and very small Au particle size (<2 nm) of
the 0.4Au/S sample (Fig. S4af), requiring high spatial
resolution EDX mappings with long acquisition times,
leading to time-consuming mappings in which no particles
appeared to be present in the scanned areas. However, as this
synthesis is adapted from a work previously reported by our
group where better contrast between Au and TiO, allowed for
particle size determination, an Au particle size of 1.6-1.7 nm
is expected.”>”” Diffuse reflectance UV-vis spectroscopy
(Fig. 3c) was performed in which the CeO, bandgap was
observed in the near-UV region (<400 nm) and the LSPR peak
of Au was observed with a minimum reflectance at 533 nm,
532 nm and 526 nm for 0.4Au/S, 1.5Au/S and 6Au/S,
respectively. These values are comparable with the
observations above for 4Au/S and 4Au/L. XRD (Fig. S3cf) was
performed on 0.4Au/S, 1.5 Au/S and 6Au/S and no significant
differences could be observed compared to 4Au/S.

2.2 Catalysis

2.2.1 Irradiance variation. The catalytic activity of Au/
CeO,_, photocatalysts for the light-driven rWGS reaction was
investigated using reaction conditions described in the
experimental methods in the ESLf In summary, unless
otherwise noted, a solar simulator provided illumination of 9
kW m™ (9 suns, AM1.5) and no external heating was applied.
The reactor was operated in flow mode with a gas flow of 8
ml min™*:8 ml min':4 ml min™ H,:CO,:N, at 3.5 bar. No
other products besides CH, and CO were detected, and no
reactivity was observed for bare L and S supports upon
illumination, while they solely produced CH, when externally
heated to 180 °C without illumination. Confidence intervals
of 98% are shown for catalyst activity. A summary of catalyst
activity and selectivity is shown in Table S5.f

Accurate temperature measurements are essential for
differentiating between thermal and non-thermal contributions.
The catalyst temperature (Fig. 4c and S5at) was measured with
a thermocouple in the reactor vessel, a thermocouple at the
bottom of the catalyst bed and fibre Bragg grating (FBG)-based
fibre optic sensors inside the catalyst bed, as reported in a
previous work (Fig. 4d and e).”® A temperature difference of
almost 100 °C is observed between the FBG result at the top of
the catalyst surface compared to the thermocouple at the
bottom of the catalyst bed. Furthermore, the presence of
photothermal contributions in the reaction was investigated by
studying the influence of light variation on the CO production,
where the irradiance was varied between 6 kW m™> and 9 kw
m~? (AM1.5) (6 and 9 suns). In order to eliminate the
contribution of the semiconductor to the reaction, a UV cutoff
filter (<395 nm) was mounted in the light path during
additional experiments. All catalysts possess selectivity towards
CO of more than 98%. An exponential relationship
(Fig. 4a and b) is observed for 4Au/L-O, 4Au/S-O, 4Au/L-R and
4Au/S-R, confirming the presence of a photothermal
contribution in all catalysts. As heat generated by plasmonic
particles is linearly dependent on the incident light intensity, an
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Fig. 4

(a) CO production of 4Au/S-R and 4Au/S-O under varied illumination using AML.5 filter and AM1.5 + UV cutoff filter, (b) 4Au/L-R and 4Au/

L-O under varied illumination using AM1.5 filter, (c) temperature of reactor vessel, bottom of the catalyst bed and top of the catalyst of 4Au/S-R
irradiance variation experiments. Schematic (d) and photo (e) of the FBG-based fibre optic sensors inside the catalyst bed and thermocouples in
the reactor; the figure has been adapted from a previously published work.2® Reaction conditions: mixture of CO,: H: N, (8 ml min™t:8 ml min*:
4 ml min™) at 3.5 bar pressure, 200 mg Au/CeO,_, photocatalyst, varied irradiance from solar simulator (AM1.5 with and without UV cut-off filter).

exponential increase in activity is expected with light variation
for photothermal processes, following Arrhenius' law.*® No
significant production (refer to Fig. Seat for a simplified
representation) difference can be observed between large (4Au/
L-O and 4Au/L-R) and small (4Au/S-O and 4Au/S-R) CeO,_,
support samples, indicating that there is no direct significant
impact of CeO,-, surface area on the photocatalytic activity.
From this it can be deduced that the pathway for the sunlight-
driven rWGS reaction over Au/CeO,., is presumably not
progressing through a redox mechanism, but instead through
an associative mechanism, which aligns with reports in the
literature.”>'*" Using the temperature at the catalyst surface
from FBG, it was possible to calculate the apparent activation
energy for the light-powered reaction using the Arrhenius
equation (Fig. S7a-c}). Apparent activation energies of 1.2 K]
mol ™, 1.0 k] mol™, 1.2 k] mol™ and 0.8 k] mol " were obtained
for 4Au/L-O, 4Au/S-O, 4Au/L-R and 4Au/S-R, respectively. When
making use of the UV cutoff filter, apparent activation energies
of 1.0 k] mol™ and 1.7 k] mol " were found for 4Au/S-O and
4Au/S-R, respectively. The apparent activation energy values
obtained above are all very low compared to previously reported
photocatalytic apparent activation energies of 146 kJ mol ™" for
Au/CeO, (ref. 103) and 29 kJ mol™ for Au/TiO, in the same
reactor setup,”’ so an exceptionally active photocatalyst with
very fast CO production would be expected. This, however, was
not the case. A possible explanation could be that only a small
fraction of the catalyst material is producing a significant
amount of CO, while the majority of the catalyst material is not
active, possibly amongst others due to limited light penetration
into the catalyst bed (small skin depth). This can be

492 | Catal Sci. Technol, 2025, 15, 486-500

demonstrated by examining the temperature depth profile
within the catalyst bed during reaction (Fig. S5bf). The
temperature of the 4Au/S-R photocatalyst upon 9 kW m™>
illumination is 203.3 °C at the surface, 197.8 °C at 0.15 mm
depth, 193.3 °C at 0.30 mm depth and only 171.9 °C at 0.50
mm depth. Then, following Arrhenius' equation, about half CO
production rate is expected at 0.30 mm depth and <10% CO
production rate is expected at 0.50 mm depth. This was further
confirmed by studying CO production (as a function of
illuminated area) in relation to catalyst loading in the reactor
(Fig. S8t). No homogeneous spread of catalyst over the holder
could be achieved with catalyst loadings <50 mg, and from 60
mg catalyst loading onwards a plateau in CO production is
reached. This confirms that the vast majority of photocatalytic
activity takes place at the surface of the photocatalyst bed.
Another observation is a significant decrease in CO
production for 4Au/S-R (Fig. 4a) when making use of the UV
cutoff filter, paired with a significant increase in apparent
activation energy, indicating a substantial contribution of
CeO,_, light absorption above bandgap. This difference in
apparent activation energy could indicate a different rate-
determining step in the catalytic cycle. This was not observed
for 4Au/S-O under the same reaction conditions, where no
impact of UV contribution was obtained. Wang et al'®!
recently reported that the plasmonic rWGS reaction over Au/
Al,O; is driven by an associative mechanism with both
carboxylic and formate intermediates and Vs acting as active
sites. For smaller Au NPs (4.3 nm and 6.7 nm) the
mechanism was found to be mainly dominated by mono-
and bridged formate intermediates. The rate-determining

This journal is © The Royal Society of Chemistry 2025
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step was identified as the decomposition of HCOO* into CO*
and OH* species, resulting in a cumulation of the formate
intermediates on active sites during reaction. Applying this
mechanism to our results, it can be interpreted that for 4Au/
S-R the rate-determining step is similarly the dissociation of
the formate intermediates, with an accumulation of these
formate intermediates at the V, sites. A reasonable
explanation for the lower apparent activation energy upon UV
illumination stems from additional charge carriers being
generated in the semiconductor which aid in dissociation of
the formate intermediate to form CO. In contrast, 4Au/S-O is
in fact a precatalyst, as the active sites for catalysis, which are
Vos at the catalyst surface, still need to be generated, which
lowers overall catalytic activity. No significant impact of UV
irradiation is observed, indicating that UV-generated charge
carriers generated in the CeO,., do not significantly
contribute to the formation of oxygen vacancies compared to
the LSPR effect.

Compared to Au/TiO, catalysts under similar reaction
conditions and without external heating, our catalysts are
outperformed in activity by Au/TiO, with small Au nanoparticles
(1.6 nm).>>*” The CO selectivity is similarly high (>98%). For
AU/TiO, catalysts with larger Au nanoparticles (6 nm, 16 nm)
that activity is in the same range as for the Au/CeO,-, catalysts
reported in this manuscript.*® Direct comparison with Au/Al,O,
and Au/SiO, is not possible, since the catalysts reported in the
respective studies were both illuminated and externally heated
to temperatures between 300 °C and 400 °C.5>1%0%02 In g
previous study on Au/CeO,, Lu et al. reported a higher activity,
albeit at a significantly higher irradiance of 32.0 kW m™.'%

2.2.2 Dark reaction. When catalysis was performed without
illumination, and using external thermal heating to 180 °C
(Fig. 5), using L, 4Au/L-O, 4Au/L-R, S, 4Au/S-O and 4Au/S-R, a
dramatic switch in selectivity of >97% towards CH, was
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Fig. 5 CO and CH,4 production rates of L, 4Au/L-O, 4Au/L-R, S, 4Au/
S-O and 4Au/S-R in the dark, thermally heated to 180 °C and no
illumination. Reaction conditions: mixture of CO,:H,:N, (8 ml min™*:
8 ml mint:4 ml min?) at 3.5 bar pressure, 200 mg Au/CeO,_,
photocatalyst, no illumination and reactor heating to 180 °C.
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observed for all samples. The highest catalyst activity was
achieved with bare support L and S, indicating that a redox
mechanism is likely at play in dark conditions. The lower CH,4
production upon deposition of Au, and higher activity of S
compared to L, correlates well with the surface areas found in
BET analysis of 4Au/L-O, 4Au/L-R, 4Au/S-O and 4Au/S-R
compared to L and S, respectively. An explanation for this
dramatic  shift in selectivity at comparable reaction
temperatures could be the absence of non-thermal
contributions by the plasmonic particles upon illumination,
generating charge carriers that allow for desorption of CO
before further reduction to CH,, as proposed in earlier
WOrl(.25’27’30’35’85

2.2.3 The impact of Au particle size and loading. The
catalytic activity (Fig. 6a) of the 0.4Au/S, 1.5Au/S and 6Au/S
samples was investigated and CO production rates of 3.9 +
0.7 mmol CO per ga, per h, 1.0 + 0.1 mmol CO per g, per h
and 1.7 + 0.2 mmol CO per g,, per h were obtained,
respectively. CH, production rates were 0.09 + 0.02 mmol
CH,4 per gay per h, 0.017 + 0.002 mmol CH, per g, per h and
0.0054 + 0.0005 mmol CH,; per g, per h, respectively,
resulting in a CO selectivity of 99.4%, 98.3% and 99.7% for
0.4Au/S, 1.5Au/S and 6Au/S. A higher CO production per gram
of Au (ga, ") for smaller Au particles is in line with the results
of our previous study on TiO,-supported Au.*° However, our
aim was to correlate the catalytic activity in the rWGS to
physical properties of the catalyst. As noted above, V,, sites at
the interface of the Au NP and the support are the likely
active sites in the catalytic reaction. Therefore, the interface
between Au NPs and the support was investigated and was
quantified to be linearly dependent on the circumference of
the base of a hemispherical Au NP on the support (in order
to consider strong metal-support interaction). Based on this
assumption, we calculated the circumference of the contact
area of the Au hemisphere on CeO,_, and multiplied this by
the number of Au particles present in the catalyst (using Au
loading by ICP and volume per hemisphere). For all three
catalysts with different Au loading, we then divided the CO
production rate by (number of Au particles x circumference).
In addition, the relationship with the number of contact
points, which scales with the number of Au particles in the
catalyst, was investigated similarly assuming hemispherical
Au particles.

The calculated values (Table S6t) represent catalytic
activity normalised on the interface area between metal and
support (scales linearly with the sum of circumferences of
the base of all hemispherical Au NPs) (Fig. 6¢) and
normalised on the number of Au particles (Fig. 6b). The total
volume of Au in the sample was considered. When
normalising the CO production with respect to the weight of
Au (Fig. 6a), significantly different values are obtained for the
samples (0.4Au/S, 1.5Au/S and 6Au/S), which is also the case
when normalising with respect to the number of Au particles.

This indicates that the Au weight or the number of Au
particles are not directly determining the CO production rate.
However, when the CO production rate is normalised on the
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Fig. 6 CO production of 0.4Au/S, 1.5Au/S and 6.0 Au/S normalised on (a) mass of Au, (b) circumference of Au particles and (c) number of contact
points (amount of Au particles). Reaction conditions: mixture of CO,:H,: N, (8 ml min™:8 ml min™:4 ml min™?) at 3.5 bar pressure, 200 mg Au/
CeO,_, photocatalyst, 8.54 kW m2 illumination from solar simulator (AM1.5).

interface area between metal and support, no significant
differences were observed. This indicates that the CO
production rate may scale directly with the number of active
sites, which aligns with the associative mechanism reported
above. As such, the CO production rate is expected to
increase linearly with the number of active sites as it will
increase the dissociation of formate intermediates. As a
verification, the same calculations were performed for 4Au/L-
O, 4 Au/L-R, 4Au/S-O and 4Au/S-R (Fig. S6bf) and similarly no
significant differences between samples could be observed,
indicating that the difference in CO activity between reduced
and oxidised samples could be attributed to Au particle
growth in oxidised samples. These observations underline
careful consideration when choosing a plasmonic metal
deposition method on semiconducting supports for the
sunlight-driven rWGS, as the activity of the photocatalyst is
strongly dependent on the interfacial sites.

2.2.4 Catalyst stability. Spent catalysts of Au/L-O, Au/S-O,
Au/L-R and Au/S-R were characterised after catalysis with
HAADF-STEM (Fig. S9a, ¢, d and ff) and no significant
differences were observed compared to the as-synthesised
catalysts. Diffuse reflectance UV-vis spectroscopy (Fig. S9b¥)
shows no difference in the Au LSPR absorption band for 4Au/
L-R and 4Au/S-R. However, for 4Au/L-O and 4Au/S-O the
redshifted shoulder discussed for the fresh catalysts, which
was attributed to formation of Au dimers during particle
growth during the thermal treatment, reduces in intensity.
This could be an indication that the temperature in the
plasmonic dimer NPs during catalysis is adequate to coalesce
these Au dimers into spherical particles, which are only
slightly redshifted compared to the smaller Au NPs. However,
not enough energy is present for Au particles to migrate over
the surface, so no additional particle growth takes place.
Raman spectra (Fig. S2¢t) did not yield significantly different
results compared to the as-synthesised catalysts. We studied
the difference in the amount of oxygen vacancies in oxidized
and reduced catalysts under catalytic conditions. Comparing
H,-TPR results obtained for reduced catalysts 4Au/L-R and
4Au/S-R before and after catalysis demonstrates that the
percentage of H, uptake increases after catalysis, indicating a

494 | Catal. Sci. Technol., 2025, 15, 486-500

partial loss of oxygen vacancies. Before catalysis, the
percentage of H, uptake was 16.0% and 20.6% for 4Au/L-R
and 4Au/S-R, respectively (Fig. S9e and Table S4t). After
catalysis, this increased to 18.2% and 22.5%. For the oxidized
catalysts 4Au/L-O and 4Au/S-O, the percentage dropped
during catalysis from 25.7% to 16.7% and from 30.6% to
24.3%, respectively. Therefore, the applied reaction
conditions during catalysis influence Vops.

The stability of CO production of the 4Au/S-R catalyst was
investigated over 38 h (Fig. 7a). Initially a CO production rate
of 2.42 + 0.06 mmol CO per gy, per h was obtained, and after
38 h 1.59 + 0.05 mmol CO per g, per h was observed,
resulting in an activity loss of 34%. This loss in activity could
be fully attributed to H,O accumulation on the surface at Vo
sites, effectively poisoning the active sites for rWGS. The
reactor was left at 90 °C under vacuum for 2 h and then
allowed to cool, allowing the catalyst to fully regenerate. A
CO production rate of 2.53 + 0.09 mmol CO per g,, per h was
found upon illumination. Similar results were found for 4Au/
S-O over 15 h (Fig. S107), with an initial CO production rate
of 1.87 + 0.06 mmol CO per g4, per h and a CO production
rate of 0.84 + 0.06 mmol CO per ga, per h after 15 h with an
activity loss of 55%. The -catalyst could similarly be
regenerated under vacuum at 90 °C for 2 h and a CO
production rate of 1.7 + 0.1 mmol CO per g, per h upon
illumination. On-off experiments were carried out to probe
catalyst stability with a fluctuating irradiance (Fig. 7b). The
lamp was turned on for 1 h and then turned off for 1 h per
cycle. 4 of these cycles were performed during one day. The
catalyst remained under dark conditions at room
temperature overnight. The following day, 4 more cycles were
performed. Similar losses of CO production due to
accumulation of H,O at the catalyst surface were observed. In
practical application, the catalyst may be regenerated, e.g. by
thermal treatment or in vacuo. Furthermore, for equilibrium-
limited reactions such as the rWGS process, adsorption of
water as a reaction product increases the conversion by
shifting the equilibrium according to Le Chatelier's principle.
Sorbents and/or membrane technology are applied to achieve
this and facilitate CO, capture and utilization."%®

This journal is © The Royal Society of Chemistry 2025
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(a) CO production of 4Au/S-R over 38 h, CO production after regeneration in vacuum at 90 °C has been appended at 40 h, and (b) CO

production of 4Au/S-R during on-off experiments, the lamp was turned on-off every hour. Reaction conditions: mixture of CO,:H,: N, (8 ml
min~:8 ml min™*: 4 ml min™) at 3.5 bar pressure, 200 mg Au/CeO,_, photocatalyst, 8.54 kW m™2 illumination from solar simulator (AM1.5).

2.2.5 Reaction mechanism. The results obtained from the
catalysis study clearly demonstrate that the role of plasmonic
Au in the Au/CeO,_,-catalyzed rWGS reaction is essential. It
contributes in two ways: (i) plasmon-induced charge carriers
induce rapid desorption of CO from the catalyst surface,
avoiding further reduction to CH,, and (ii) electron-phonon
coupling leads to an increase in temperature thereby
increasing the reaction rate. Furthermore, the influence of
UV irradiation on the reaction rate obtained with reduced
Au/CeO,_, catalysts and the linear dependence of the reaction
rate on the interface area between metal and support suggest
that catalysis takes place at the interface of Au and CeO,,,
pointing out to an associative mechanism for the plasmon-
catalyzed rWGS reaction. A proposed reaction mechanism,
mediated by monobridged formate, is shown in Fig. 8,
following the proposed mechanism of plasmonic-driven

Fig. 8 Proposed associative monobridged formate-mediated reaction
mechanism for the plasmonic-driven rWGS reaction over Au/CeO,_,
upon illumination. In fully oxidised catalysts, the rate-determining step
(blue 1) is the plasmonic-driven generation of vacancies near Au NPs.
For catalysts with a reducing treatment, the rate-determining step
(blue 2) is proposed to be the dissociation of the formate intermediate.
Atoms are labelled as Au (gold), C (black), H (white), O (red).

This journal is © The Royal Society of Chemistry 2025

rWGS over Au/Al,O; as recently reported by Wang et al.'®!
The activation energy of the Au/CeO, ,-catalyzed rWGS
reaction is very low (1-2 kJ mol™"), which is paradoxical given
the low CO production rate. This may be explained by the
limited number of active sites on the catalyst combined with
the very limited light penetration depth. Future work should
focus on detailed investigation of the active sites. An in-depth
study of the dependence of the reaction rate and activation
energy on the size of the Au particles, whilst keeping the light
penetration depth constant by tailoring the Au loading, may
further contribute to identifying the catalytically active site.
In analogy to the recent work by Duan and coworkers, these
kinetic data, together with mesokinetic modeling, may
provide a quantitative description of active site
characteristics."*%'"°

3 Conclusion

We successfully produced CeO,_, support materials by
hydrothermal synthesis and decorated them with Au
nanoparticles on their surface. For systematic -catalytic
studies, we produced materials with varying CeO,_, particle
size, Au particle size and loading, and concentration of
oxygen vacancies. In addition to conventional compositional
and structural characterization, we determined the H, uptake
of these materials as a function of temperature to shed light
on the concentration of oxygen vacancies before and after
catalysis. We determined that both photothermal and non-
thermal effects contributed to the light-driven rWGS reaction
catalysed by plasmonic Au/CeO,_,. Upon illumination, all Au/
CeO,_, catalysts tested in this study produced CO with a
selectivity of >98% at low catalyst surface temperatures (up
to 203 °C). The supports without Au were inactive. The
exponential relationship between the CO production rate and
the irradiance confirms the contribution of photothermal
heating. For all tested catalysts, low apparent activation
energies were obtained (0.8-1.7 kJ mol™). The contrasting
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low overall activity of the tested catalysts (up to 2.6 + 0.2
mmol g h™") is amongst others due to the limited light
penetration depth. UV light only contributed to the
performance of reduced catalysts. Their oxidized counterparts
remained unaffected. The latter is likely due to the fact that
oxidized Au/CeO, is merely a precatalyst, for which the
formation of oxygen vacancies to form the actual catalyst is
rate determining. For the reduced catalysts, we assume that
the decomposition of formate intermediates is rate
determining (associative mechanism). In the dark, all Au/
CeO,_, catalysts and the supports without Au formed CH,
instead of CO. The latter indicates that plasmon-induced
desorption of CO plays a vital role in preventing further
reduction to CH,. Systematic studies with varying Au loading
and particle size show a linear dependence of the catalytic
activity on the accessible interfacial area between CeO,_, and
Au. This observation is in line with the proposed associative
mechanism for which the rate-determining decomposition of
formate takes place at the metal-support interface. An
assessment of the catalyst stability in steady-state and
fluctuating operating conditions demonstrated that the
catalytic performance was affected by adsorption of H,O as
reaction product, which could be reversed upon heating in
vacuo. For spent catalysts, we observed that the concentration
of oxygen vacancies substantially increased for oxidized Au/
CeO,, whilst it remained similar for their reduced
counterparts. This confirms the formation of active catalyst
by reduction of the oxidized precatalyst. Structural changes
were not observed for spent catalysts, indicating good
stability under the applied reaction conditions.
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