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Abstract (EN): This thesis explores the synthesis, characterization, and photocatalytic
performance of plasmonic Au/CeQO.— catalysts for the reverse water gas shift (rWGS) reaction.
Phase-pure CeO.x was synthesized using both static and rotating hydrothermal methods,
resulting in similar particle sizes and crystallinity. Gold nanoparticles were deposited via a Sn?*-
assisted seeded growth method, yielding uniformly dispersed Au particles below 7 nm.
Systematic variation of Au and Sn precursor concentrations revealed that the gold loading could
be tuned, while the particle size remained largely unaffected. Catalytic testing demonstrated
that illumination significantly enhances CO production. Although activity increased under light
and heat, the synthesized catalysts were less active than reference Au/CeO2x and Au/TiO;

systems, possibly due to excessive Sn coverage limiting access to oxygen vacancies and Ce*
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sites. Additionally, one catalyst (S7-S) showed signs of instability after reaction, indicated by

a colour change and changes in optical properties.

Abstract (NL): In dit onderzoek zijn plasmonische Au/CeO2.x-katalysatoren gesynthetiseerd,
gekarakteriseerd en getest voor de lichtgedreven reverse water gas shift (rWGS)-reactie.
Fasepuur CeO.x werd succesvol bereid via zowel statische als roterende hydrothermale
synthese, waarbij vergelijkbare deeltjesgroottes en kristalliniteit werden verkregen. Goud
nanodeeltjes (< 7 nm) werden afgezet via een Sn?*-geassisteerde ‘seeded growth’-methode, wat
zorgde voor een gelijkmatige verdeling van goud op het oppervlak. Door systematische variatie
van de Au- en Sn-precursorgehaltes kon de goudbelading effectief worden aangepast, terwijl
de grootte van de gouddeeltjes grotendeels constant bleef. Katalytische testen toonden aan dat
CO-productie aanzienlijk toeneemt onder gelijktijdige verhitting en belichting. De katalytische
activiteit bleef echter lager dan die van referentiekatalysatoren op basis van Au/CeQO.x en
Au/TiO,, mogelijk als gevolg van overmatige Sn-bedekking die actieve plaatsen (Ce3* en
zuurstofvacatures) op het oppervlak afschermt. E€én katalysator (S7-S) vertoonde na reactie een
kleurverandering en spectrale verschuivingen, wat wijst op mogelijke instabiliteit. Deze
bevindingen benadrukken het belang van een gebalanceerde Sn-concentratie voor zowel

prestaties als structurele stabiliteit van Au/CeQ,.x-katalysatoren.

1. Introduction

Reducing carbon dioxide (CO2) emissions has emerged as one of the most pressing
challenges in addressing climate change.! Closing the carbon cycle by converting CO, back
into fuels can help reduce CO: levels in the atmosphere and allow CO. to be reused.
Incorporating carbon capture and utilisation (CCU) strategies can help capture emissions and
turn them into valuable products, contributing to a more sustainable carbon economy.2 Carbon
monoxide (CO) is, for instance, a valuable chemical building block used, together with H; as
syngas, in the synthesis of fuels and chemicals.® Albeit, CO- is relatively inert and chemically
stable due to its linear structure with strong double bonds between carbon and oxygen atoms,
making its conversion to the more reactive CO an energy-intensive process. Efforts to convert
CO: into useful products have gained significant attention, with the reverse water-gas shift
(rWGS) reaction (Eq. 1) being one of the most promising reactions for converting CO: into
co.t

rWGS CO, + H, 5 CO + H,0 AH,0ex = + 412K mol™t (1)



Sabatier reaction  CO, + 4H, —» CH, + 2H,0  AH,9gx = —165.0 kf mol™!  (2)
The thermally induced catalytic rwGS reaction is thermodynamically challenging since
it is an endothermic process with equilibrium limitations. Below 600 °C, methane (CHa) is the
primary product generated by the exothermic Sabatier reaction (Eq. 2). To achieve CO
selectivity, the rWGS reaction typically requires temperatures above 600°C, which thus
competes directly with the methanation reaction. However, these high-temperature conditions
pose several challenges, including catalyst deactivation due to coke formation and sintering.>”
Photocatalysis, which harnesses the energy of sunlight to perform the rWGS reaction
under near-ambient conditions, presents an attractive lower-temperature replacement for high-
temperature thermal catalysis. Within photocatalysis, semiconductor-based photocatalysts have
been widely studied for their ability to generate charge carriers upon light absorption and
subsequently drive chemical reactions.® However, their absorption range restricts their
efficiency, especially since stable oxidic semiconductors primarily operate in the UV region
(~4% of the solar spectrum). To improve this, recent research has focused on incorporating
plasmonic metallic nanoparticles (NPs), which play a significant role in plasmon catalysis.
These NPs enhance visible light absorption through localized surface plasmon resonance
(LSPR), a collective oscillation of conduction electrons in metal NPs when excited by light at
their interface with the surrounding environment.®
LSPR can boost reaction yields and improve spatial precision by enabling targeted
activation of specific areas within a reaction mixture, and enhance temporal precision by
allowing for precise control over the timing and duration of reactions. LSPR in semiconductor
supported metallic nanoparticle catalysts produces four key effects that are highly advantageous
for the activation of reactants:®
(1) Excitation of hot charge carriers, where the energy from LSPR promotes electrons to higher
energy states, resulting in the injection of hot electrons into the antibonding orbitals of
neighbouring reagent molecules. When a plasmonic nanoparticle is attached to a
semiconductor, hot electrons can cross the Schottky barrier into the conduction band,
prolonging the charge carrier lifetime and enhancing their likelihood of participating in
catalytic reactions.
(2) Heat generation due to the Joule effect (ohmic losses), which increases the catalyst's surface
temperature, accelerating reaction Kinetics.
(3) Conventional UV-induced electron-hole pair generation in semiconductors.
(4) Near-field enhancement where light is concentrated at specific positions on the NP surface

depending on particle morphology, leading to an increase in the local density of photons
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per unit volume. The near-field enhancement effect can significantly enhance photo-

activated processes or generate additional charge carriers when combined with a

semiconductor.>’
This combination of non-thermal contributors (1,3 and 4) and photothermal heating (2) provides
new opportunities to control and enhance chemical processes.® The size of plasmonic NPs
significantly affects LSPR, making their deposition on supporting materials to maintain their
small size a necessity.® These supports not only hold the NPs but also boost the catalyst's surface
chemistry by improving the adsorption and activation of reactants critical for CO, conversion.
Additionally, the electronic properties of the support can modify the catalyst's optical
characteristics, facilitating solar energy capture.

Numerous research groups have investigated plasmonic NP catalysts supported on a
variety of materials for facilitating the solar-powered rWGS reaction, with Au NPs supported
on metal oxides as most promising candidates.>® Au exhibits strong LSPR properties and can
catalyse the rwGS reaction under visible light irradiation. A photocatalyst consisting of Au
NPs on CeO,-« nanorods has been shown to achieve a CO production rate ten times higher
under photocatalytic conditions compared to thermal catalysis.’® This increased activity is
attributed to plasmon-assisted hydrogen splitting on the Au surface, highlighting the divergence
in performance under different experimental conditions. Another study compared various
supports and found that the Au/CeO, photocatalyst exhibited the highest light/dark
enhancement compared to Au/TiO, and Au/AlO3z.** For Au/TiO,, this was explained by a
carboxyl-mediated associative mechanism at the Au/TiO; interface, where LSPR enhances
carboxyl decomposition or hydroxyl hydrogenation. Literature indicates that smaller gold
particles can exhibit enhanced catalytic activity compared to larger ones due to their higher
surface area-to-volume ratio and increased number of active sites.® Ceria, a n-type
semiconductor, plays a crucial role in stabilizing the gold nanoparticles and providing oxygen
vacancies (Vos), which enhance the activation and conversion of CO2.12 Its face-centered cubic
(FCC) fluorite structure is typically non-stoichiometric, as oxygen vacancies readily form under
reducing conditions.®!* These vacancies are charge-compensated by the reduction of Ce** to
Ce**, while the crystal structure remains intact. Vs are reversible under oxidizing conditions

Despite the progress made in Au NP-supported plasmonic photocatalysis, significant
knowledge gaps remain, particularly regarding the precise role of particle size, distance and
shape, and in modulating the LSPR and enhancing catalytic activity. Size is a crucial factor in
plasmonic catalysis.*®> Smaller nanoparticles (NPs) have a higher surface-area-to-volume ratio,

which increases catalytic activity. Additionally, the balance between absorption and scattering
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IS size-dependent, with absorption being important for generating hot electrons and holes. This
affects the efficiency of plasmonic catalysis. To study size effects accurately, nanoparticles with
controlled sizes within an optimal range are needed, but achieving this control is challenging.
For spherical nanoparticles, this size dependence is relatively weak.® As a result, spherical
nanoparticles exhibit only limited variation in their resonance frequency, allowing them to
absorb only a small portion of the visible solar spectrum. A way to tune the resonance frequency
is by changing the geometry of the NPs from spheres to e.g. plates (disks). For plate-like
structures, the resonance frequency is influenced by the plate's thickness, width and surface
area.®

To our knowledge, the effect of Au nanoparticle size and loading on the performance of
plasmonic Au/CeO: catalysts in the sunlight-driven rWGS reaction has not been thoroughly
studied. Therefore, this study aims to fill these gaps by synthesizing and characterizing a range
of Au/CeO,. catalysts with controlled particle size and loading. UV-vis-NIR
spectrophotometry will be used to study LSPR behaviour and catalytic testing will assess the
impact of Au particle size and loading on the catalytic performance in the light-powered rwWGS

reaction.

2. Experimental methods
2.1 Hydrothermal synthesis of CeO,.x

CeO2. particles were synthesised via a hydrothermal method adapted from Volders et
al.!? In a standard synthesis, cerium(I11) nitrate hexahydrate (Ce(NO3)3-6H.0; 4.397 g, 10.12
mmol; Thermo Scientific Chemicals, 99,5%) and polyvinylpyrrolidone (PVP; 2.490 g, 22.4
mmol monomer units; average molecular weight 8,000; Acros Chemicals) were dissolved in an
81 mL solvent mixture of ethanol (27 ml, VWR Chemicals, 99.8%) and ultrapure water (54 ml,
Milli-Q, Millipore, Billerica, MA, USA; 18.2 MQ-cm) in a 100 mL beaker fitted with a lid.

The solution was sonicated for two minutes in an ultrasonic bath (Fisherbrand,
FB15057) to facilitate PP dissolution, and subsequently stirred using a magnetic stirrer under
ambient conditions for one hour, with the beaker remaining covered. The mixture was then
divided equally among three Teflon-lined stainless steel autoclaves (Parr Instrument Company,
Model 4744, 45 mL capacity), with 27 mL transferred into each vessel.

Hydrothermal treatment was performed at 160 °C for 20 hours in a convection oven
(Binder, ED series 53) either under static (S) conditions or with rotation (R). After completion,
the autoclaves were allowed to cool naturally to room temperature within the oven. The rotating

experiments were conducted to assess whether variation in particle size could be reduced
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compared to the results reported in the study by Volders et al.}? The resulting dispersions were
centrifuged (10000 rpm, 5 minutes, 20 °C) three times with ultrapure water and once with
ethanol to remove residual soluble species. The collected solids were subsequently dried
overnight under ambient conditions. After drying, the remaining material was ground using a
mortar and pestle to obtain a fine powder suitable for thermal treatment.

The obtained powders were subjected to calcination in flowing dry air at 400 °C for two
hours in an alumina crucible, using a heating rate of 3.1 °C min! and an air flow rate of 0,6 L
min’t. This thermal treatment removed residual organic compounds and yielded a white to pale
yellow CeO».x powder. The samples were cooled to room temperature inside the tube furnace.

To reduce the effect of variability between synthesis batches, materials from repeated
preparations were combined before continuing with the following synthesis steps. Static and
rotating samples, however, were processed independently and not combined at any stage.

2.2 Au seeding on CeO.. support

Au/CeO2.« particles were synthesised via a seeding method adapted from Mann et al.®
In a typical procedure, CeO2 particles were dispersed in ultrapure water (Milli-Q, Millipore,
Billerica, MA, USA; 18.2 MQ-cm) and added to an aqueous solution containing tin(II) chloride
(SnCly; 98%, Honeywell Research Chemicals), hydrochloric acid (HCI, 37%, VWR Chemicals),
and additional ultrapure water, with ratios detailed in Table 1 and Supporting Information (SI)
1: Au seeding on CeO».x support. The resulting mixture was stirred at room temperature for one
hour to facilitate the deposition of tin species onto the CeO2.x surface.

The dispersion was centrifuged (10,000 rpm, 5 min, 20 °C) three times with ultrapure
water, after which the resulting pellet was redispersed in ultrapure water using an ultrasonic
bath to ensure complete homogenisation. The pH of the Sn/CeO,.x dispersion was then adjusted
to 6 by the slow addition of 1 M agueous ammonia, prepared from concentrated ammonia
solution (25%, VWR Chemicals), under continuous stirring.

The Sn/CeO..x dispersion was added to a solution of gold(lll) chloride hydrate
(HAUCI4-xH20, 99,995% trace metals basis, Sigma-Aldrich) and potassium carbonate (K.COs,
>99.0%, Sigma-Aldrich) in ultrapure water. Formaldehyde solution (CH-O; 37%, Merck) was
subsequently added as the reducing agent. The mixture was stirred and heated to 80 °C for one
hour. Following the reaction, the dispersion was cooled to room temperature and centrifuged
(10,000 rpm, 5 min, 20 °C) three times with ultrapure water to remove residual soluble species.
The resulting wet Au/CeO..x pellet was dried overnight at 80 °C in a convection oven (Binder,

ED series 53) to obtain a dry powder, which was subsequently ground using a mortar and pestle.



Table 1. The different Au seeding synthesis with the theoretical gold content and equivalents of CeO».
x SNCl2 and HAUCI, - x H20. More information see SI 1.

Au seeding W1t% Au Eq CeO2x Eq SnCl2 Eq HAuCls - x H20
S1 55 1.0 0.76 0.05
S2 55 1.0 0.77 0.05
S3 55 1.0 0.77 0.05
sS4 2.9 1.0 0.39 0.03
S5 6.9 1.0 0.97 0.06
S6 55 1.0 154 0.05
S7 55 1.0 4.30 0.05

2.3 Characterization

Transmission electron microscopy (TEM) analysis of the CeO,.x particles was carried
out using a FEI Tecnai Spirit transmission electron microscope operated at an accelerating
voltage of 120 kV. The powder samples were first dispersed in ethanol and sonicated for one
minute. Subsequently, five droplets of the suspension were deposited onto a TEM grid and
allowed to dry under a lamp prior to imaging. The particle size of CeO2.x was determined using
MATLAB in combination with the CircleFinder package, based on the analysis of at least 50
particles across multiple TEM images. Scale bars were measured in pixels, and the extracted
particle sizes were subsequently converted to nanometres.

High-resolution imaging of the Au/CeO, catalysts was carried out using a JEOL ARM
200F transmission electron microscope equipped with a probe corrector and operated at 200
kV. Microstructural characterisation was performed in high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) mode. Elemental composition was
assessed via energy-dispersive X-ray spectroscopy (EDX) using a Centurio silicon drift detector
(100 mm? active area). For EDX mapping, full spectral data were acquired over 256 x 256 pixel
grids at varying magnifications. To minimise electron beam damage, 50-100 frames were
recorded and summed per map, with a dwell time of 0.1 ms per pixel per frame. The resulting
maps were used for elemental identification, and particle size distributions were determined
from the associated HAADF-STEM micrographs recorded under consistent magnification
conditions. The particle size of the Au nanoparticles was determined manually using ImageJ
(Fiji), by measuring at least 40 individual particles across multiple STEM-EDX images. Scale
bars were converted to pixel units, and the measured particle sizes were subsequently expressed
in nanometres.

Diffuse reflectance UV-Vis spectroscopy was carried out using a Cary UV-Vis-NIR

spectrometer (Agilent Technologies). A polytetrafluoroethylene (PTFE) reference was used to



establish the baseline corresponding to 100% reflectance, while the zero-reflectance point was
defined in the absence of the sample holder. For each measurement, ~2 mg of sample was
thoroughly mixed with ~500 mg of potassium bromide (KBr; Uvasol®, Merck, for IR
spectroscopy) and loaded into the sample holder. Reflectance spectra were recorded in scan
mode over the 300-800 nm wavelength range at a scan rate of 10 nm/s.

The gold content in the Au/CeO» catalysts was quantified by inductively coupled
plasma—optical emission spectrometry (ICP-OES) using a PerkinElmer Optima 330 DV
simultaneous spectrometer (PerkinElmer, Waltham, MA, USA). Prior to analysis, the samples
were digested in a Milestone microwave digestion system using 10 mL of a mixed acid solution
comprising hydrochloric acid (=37%, TraceSELECT, Honeywell Chemicals), nitric acid (69.0—
70.0%, J.T. Baker), and hydrofluoric acid (40%, AnalaR NORMAPUR®, VWR) in a volume
ratio of 3.17:1:1.71, respectively. For calibration, a 1000 ppm gold standard solution (Merck)
was diluted to prepare 1, 2, 5, and 10 ppm standards in 5% HNOs. Sample solutions were
similarly diluted to final concentrations of 1 or 10 ppm. All measurements were performed in
triplicate to ensure reproducibility.

Powder X-ray diffraction (XRD) analysis was performed using a Bruker D8
diffractometer equipped with Cu Ka radiation (A = 1.5406 A). Data were collected in reflection
mode over a 20 range of 10° to 130°, with a step size 0f 0.05° and a counting time of 0.6 seconds
per step.

2.4 Plasmon catalysis

Catalytic tests were conducted using a custom-designed reactor equipped with a quartz
window at the top to enable light irradiation. Approximately 80 mg of catalyst was
homogeneously distributed onto a quartz filter (Whatman QM-A filter discs, 2.2 um pore size,
quartz) positioned within the irradiated area, which measured approximately 2.14 cm?.
Illumination was provided by a 300 W xenon arc lamp (LOT-Quantum Design, LSB531),
delivering an intensity equivalent to approximately 9 suns.

In a typical experiment, the catalyst was loaded into the reactor, which was subsequently
evacuated and purged before being filled with a gas mixture consisting of hydrogen (Hz; Air
Liquide, P0232), carbon dioxide (CO2; Air Liquide, P1209), and nitrogen (N2; Air Liquide,
P0271) at flow rates of 8 mL min, 8 mL min?, and 4 mL min, respectively. The reactor
pressure was maintained at 3.5 bar using a backpressure regulator.

Prior to the start of each experiment, three gas chromatograph GC runs were performed
to purge the system and ensure complete removal of excess O2 from the reactor. The xenon

lamp was switched on to preheat the system concurrently with the activation of the gas
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chromatograph without illumination of the catalyst. Each experiment followed a stepwise
procedure: 30 minutes of light irradiation alone, followed by 30 minutes of simultaneous
irradiation and heating at 150 °C, then 30 minutes at 250 °C with continued irradiation, and
finally 30 minutes of thermal treatment at 250 °C in the absence of light. Reaction products
were analysed using an Agilent 990 Micro GC equipped with two thermal conductivity detector
channels: an MS5A stainless steel column for the detection of Hz, Oz, N2, CH4, and CO, and a
PORAPLOT U column for CO- and higher hydrocarbons (C,"). Peak areas were converted to

concentrations in ppm using calibration curves, with N> used as the internal standard.

3. Results and discussion
3.1. CeO2 synthesis: rotating vs. static

Two distinct hydrothermal synthesis approaches were employed to synthesise CeOz.y:
one conducted under rotating (R) conditions and the other under static (S) conditions, with
multiple syntheses performed for each approach.

TEM images show that the CeO.x particles exhibit a predominantly spherical
morphology, though slight faceting at the edges gives them a more squared-spherical
appearance for both the rotating and static (Figure 1a/b and SI 2 Figure S5). The images shown
correspond to synthesis 3 for each condition, while additional images from the other syntheses
are included in the Supporting Information. Particle size analysis, based on TEM measurements
across all three syntheses per approach, revealed average particle sizes of 121.1+1.13 nm for
R-CeO.x and 119.7+4.95nm for S-CeO., representing aggregates composed of smaller
crystallites. While the mean particle size remained comparable between the two conditions
(~120 nm), the standard deviation was markedly lower in the rotating synthesis. This suggests
that autoclave rotation promotes a narrower particle size distribution, likely due to enhanced
homogeneity in temperature and solute transport during the hydrothermal process. Notably,
these results represent a substantial reduction in both average size and variability when
compared to the static hydrothermal synthesis reported by Volders et al.*?, which yielded
particles of 196 + 13 nm. The use of a smaller autoclave in the present study, for both static and
rotating conditions, may also have contributed to the observed reduction in particle size, as
smaller reaction volumes generally allow for more uniform heat and mass transfer, promoting
controlled nucleation and limiting particle overgrowth.

The powder XRD patterns of all CeO>.x samples synthesised under static and rotating
hydrothermal conditions exhibit a series of peaks that are consistent with the cubic fluorite
structure (Fm-3m) of cerium dioxide (CeO3), as indexed by JCPDS 65-5923 (Figure 1c and Sl
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6 Figure S10). The diffractograms shown correspond to synthesis 3 under both static and
rotating conditions, while additional diffractograms from the other syntheses are provided in
the Supporting Information. The most intense reflection occurs at 20 ~ 28.5°, corresponding to
the (111) plane. Additional peaks observed at approximately 33.1° (200), 47.5° (220), 56.3°
(311), 59.1° (222), 69.4° (400), and 76.7° (331) further confirm the formation of phase-pure
Ce02.171° A small peak near 20 = 44°, present in almost all patterns, originates from the sample
holder. In conclusion, no secondary phases or impurities were detected, and no discernible shift
in peak positions was observed between static and rotating syntheses, indicating that the
crystallographic structure remains unaffected by the rotation. The crystallite sizes of the
statically and rotationally synthesized CeO>.x samples were calculated using the Scherrer
equation based on the (111) diffraction peak at 20 ~ 28.5°. The statically synthesized samples
exhibited an average size of 20.28+1.51 nm, while the rotationally synthesized samples
measured 19.75+1.72 nm. The small difference falls within the range of experimental
uncertainty. Under the given synthesis conditions, rotation does not appear to significantly
affect crystallite size.

a) | 3R 200 nm b) " 3s 200 nm

100
c) Fluorite structure of CeO, (JCPDS 65-5923) d) R-CeO,,

80 +

| o . 60 1

Intensity (a.u.)

40 +

Reflectance (%)

20 +

10 35 60 g5 300 400 500 600 700 800
20 (%) Wavelength (nm)

Figure 1. a) TEM image of 3R-CeO,- particles. b) TEM image of 3S-CeO,- particles. ¢) XRD
diffractogram of 3S and 3R are shown, where the numerical prefix indicates the synthesis batch. Samples
sharing the same number correspond to static and rotating syntheses derived from the same precursor
batch. A minor peak observed at approximately 44° 20 originates from the sample holder and is not

associated with the CeO,.« phase. d) Diffuse reflectance UV-Vis spectra of a mix of R-CeO-.y.
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Diffuse reflectance UV-Vis spectroscopy was performed to evaluate the optical
properties of the R-CeO.x sample (Figure 1d). The spectrum displays a sharp increase in
reflectance beginning around 400 nm, which is characteristic of the intrinsic band gap
absorption of CeO,.x. This edge corresponds to the transition from the valence band (O 2p) to
the localized Ce 4f states near the conduction band, and is typically associated with a band gap
in the range of 3.0-3.2 eV, consistent with reported values for ceria.?>?* The optical band gap
of the R-CeOz particles is estimated using Tauc analysis of the diffuse reflectance UV-Vis
data (SI 3 Figure S6). Assuming an indirect allowed transition, the Tauc plot was constructed
by plotting (F(R)hv)'/? against photon energy (hv), where F(R) is the Kubelka-Munk
function. The band gap energy is determined from the intercept of the extrapolated linear
portion of the absorption edge with the x-axis, yielding a value of approximately 3.0 eV.

3.2. Gold seeding on ceria support

Gold was deposited onto both S- and R-CeOz.x supports using a seeded growth method
involving chemical reduction. In this procedure, Sn?* ions introduced via SnCl, were first
adsorbed onto the CeO».x surface to create defined nucleation sites. These Sn-modified surface
regions enhance the chemical affinity for Au®* species and facilitate site-selective gold
nucleation. Upon the subsequent addition of formaldehyde, Au®* ions from HAUCI, are reduced
to metallic Au® and preferentially deposit at Sn-enriched sites, resulting in improved dispersion
and control over particle formation. The introduction of Sn?* also alters the redox environment
at the ceria surface. Sn?* donates electrons to the ceria lattice, leading to partial reduction of
Ce* to Ce** and the formation of oxygen vacancies.???3 This redox interaction may influence
the density of oxygen vacancies and electronic properties of the support, which are critical
parameters in catalytic performance (next section). To investigate the influence of synthesis
parameters on gold loading and particle size, a series of Au/CeQO. catalysts was prepared using
controlled variations, including replicate syntheses, co-variation of Sn and Au concentrations,
and adjustments in Sn content while keeping Au constant.

The amount of deposited gold was determined by inductively coupled plasma optical
emission spectroscopy (ICP-OES), yielding measured loadings of 5.7 wt% + 0.08 wt% for
sample S3-R (abbreviation for; Au seeding 3 on rotating CeO2) and 8.2 wt% + 0.17 wt% for
sample S5-S. For the remaining samples, ICP-OES measurements could not be performed;
therefore, theoretical gold loadings, calculated from the precursor quantities used during
synthesis, are reported instead. The theoretical values for S3-R and S5-S are 5.5 wt% and
6.9 wt%, respectively. These results indicate that the actual gold loading on the CeO2.« surface
was approximately 3.6% higher for S3-R and 18.8% higher for S5-S compared to the theoretical
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estimates. This deviation may be attributed to partial loss of the ceria support during the Sn
deposition and centrifugation steps, resulting in an increase in gold content relative to the
remaining support material.

To examine the size, morphology and loading of Au nanoparticles, HAADF-STEM was
conducted. However, distinguishing Au from the CeO>.x support using HAADF contrast alone
proved challenging, as intensity variations arising from changes in particle thickness were
similar to those typically associated with elemental contrast. Therefore, EDX was employed in
STEM mode for all samples to enable clear elemental identification and spatial localisation of
both Au and Sn on the CeOx surface. The EDX maps confirm the presence of both Au
(visualised in red) and Sn (visualised in green) across the support (Figure 2 and Sl 4 Figure
S7). The HAADF-STEM-EDX images shown correspond to synthesis S6-R, while additional
images from the other syntheses are provided in the Supporting Information. In particular, the
Sn signal appears broadly distributed, covering nearly the entire surface of the CeO. particles.
Particle size was determined from STEM-EDX images by measuring individual gold
nanoparticle diameters and generating corresponding size distribution histograms. Across all
samples, the average gold nanoparticle diameter remains below 7 nm, confirming nanoscale
dispersion throughout the catalyst series. The reproducibility of the synthesis method was
assessed by comparing three catalysts prepared under identical conditions (S1-S, S2-R, and S3-
R). Although all three samples show well-dispersed gold nanoparticles, differences in average
size and distribution are evident. S2-R displays the smallest and most uniform particles, while
S1-S shows larger particles and a broader distribution, including diameters above 10 nm. S3-R
falls in between, with intermediate size and variation. These observations suggest that, although
the synthesis reliably yields sub-7 nm gold particles, reproducibility in size and uniformity
remains limited, indicating a need for further optimization of the procedure. To investigate how
increasing both Sn and Au precursors affects gold loading, samples S4-S (2.9 wt% theoretical
loading), S3-R (5.7 wt% ICP-OES), and S5-S (8.2 wt% ICP-OES) were compared. A clear
increase in gold surface coverage is observed, confirming that higher precursor amounts lead
to higher Au loading. This demonstrates the effectiveness of the seeded growth approach for
tuning gold content. Despite this trend, particle size measurements show a mix of particle sizes
within each sample, indicating that growth is not yet fully controlled. Additionally, since Sn-
only mappings already show high surface Sn coverage, the surface likely provides sufficient
nucleation sites. This suggests that increasing Au alone, even without more Sn, could still
enhance gold loading. To study the effect of SnCl. concentration on gold deposition, samples
S3-R (0.77 eq Sn), S6-R (1.54 eq Sn), and S7-S (4.30 eq Sn) were synthesized with the same
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amount of HAuCl4 (0.05 eq). EDX maps show no clear increase in Au surface coverage with
rising Sn content, and no change in Sn signal is observed. This aligns with the findings
discussed above, suggesting that the CeO.x surface is already saturated with Sn at lower
concentrations. Au particle sizes are comparable within experimental uncertainty:
5.36+1.87 nm (S3-R), 4.38 = 1.69 nm (S6-R), and 5.07 = 1.72 nm (S7-S). More systematic and
controlled studies using lower Sn concentrations and varied Au amounts are needed to better
control gold size and loading, as the current dataset does not allow definitive conclusions about
these trends. Based on the STEM-EDX images, the average distance between gold
nanoparticles in all plasmonic Au/CeO,.x catalysts is greater than the threshold required for
plasmonic coupling. This means that coupling between localized surface plasmons does not
occur. Plasmonic coupling typically arises when the gap between adjacent particles is less than
approximately half the particle diameter, allowing their electromagnetic fields to interact.?*2°
When this happens, hybridization of plasmon modes leads to a redshift and broadening of the
LSPR band.

a)

0 2 a4 6 8 10 12

Particle size (nm)

IMG1(frame1) —— 20 nm AuM 20 nm

Figure 2. a) Typical HAADF-STEM image and corresponding STEM-EDX elemental maps of S6-R
with a theoretical gold loading of 5,5 wt%. In the EDX mapping, Ce is shown in blue, Sn in green, and

Au in red. b) Histogram of gold nanoparticle size distribution for S6-R, determined from STEM-EDX

images. The data shows an average particle size 4,38 + 1,69.

Table 2. Particle size and standard deviation for the various Au/CeQ.. catalysts and minimum position

of the plasmonic absorption band based on diffuse reflectance UV-Vis spectroscopy.

Au/CeOz catalyst: S1-S S2-R S3-R S4-S S5-S S6-R S7-S
. . 6.77 + 435+ 5.36 + 323+ 421+ 438+ 5.07 +
Particle size (nm)
2.13 1.16 1.87 1.04 1.12 1.69 1.72
Plasmonic absorption band
528 546 544 544 538 544 544

minimum (nm)
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Figure 3. a) Diffuse reflectance UV-Vis spectra of S1-S and S6-R. b) Zoomed-in diffuse reflectance
UV-Vis spectra of S1-S and S6-R, highlighting the plasmonic absorption band. The LSPR minima are
marked with a star.

Diffuse reflectance UV-Vis spectroscopy was used to investigate the plasmonic
properties of the Au/CeO2.x samples. All spectra exhibit a characteristic plasmonic absorption
band associated with metallic gold, typically centred between 530 and 600 nm (Figure 3, Table
2 and SI 5 Figure S8). Among all samples, only S1-S displays a noticeably broader LSPR band,
while the spectra of the remaining catalysts appear quite similar in shape and position.
Therefore, only S1-S and S6-R are shown in the main figure for clarity, as the others closely
resemble the spectrum of S6-R. Notably, sample S1-S exhibits a slight blue shift in its
plasmonic absorption minimum (528 nm) compared to S6-R (544 nm), despite having larger
Au particles. The reproduction syntheses S2-R and S3-R, prepared under the same conditions
as S1-S, show minima similar to S6-R. We currently have no clear explanation for this
observation. The diffuse reflectance UV-Vis spectra reveal a noticeable shift in the absorption
band edge when comparing R-CeOz.«x to the Au/CeQO2.x catalysts. While R-CeO2.x shows an
absorption around ~410 nm, all Au/CeO>.x catalysts exhibit a shift toward shorter wavelengths
(~370-390 nm), indicating a blue shift in the absorption edge (SI 5 Figure S8b). This suggests
an apparent increase in bandgap energy upon gold deposition. Tauc analysis was attempted for
the Au/CeO. catalysts to estimate their optical bandgaps. However, unexpectedly lower
bandgap values were obtained at lower wavelengths, which is contrary to the typical behaviour
where higher-energy (shorter-wavelength) absorption corresponds to larger bandgaps. This
irregularity likely stems from the overlap between the strong plasmonic absorption band of Au
and the intrinsic CeO,.x absorption edge. The plasmonic background interferes with the baseline

of the Tauc plot, making accurate extrapolation unreliable. Furthermore, the LSPR minima
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occur at approximately the same wavelength for all samples, indicating that no redshift is
observed. This suggests that the average interparticle spacing is too large to allow for significant
plasmon-plasmon coupling, which is consistent with the interparticle distances observed in the
STEM-EDX images.

3.3. Plasmon catalysis

3.3.1. Impact of Au loading on catalytic performance

Photocatalytic testing of the Au/CeO2.x materials for the light-driven rwWGS reaction
was carried out according to the procedure detailed in the experimental section. For all
experiments, CO was the only reaction product detected under all tested conditions; no
formation of CH4 was observed. The catalytic activity of unmodified R-CeOz.x, S6-R (5.5 wt%
Au and 4.8 £ 1.69 nm) and S7-S (5.5 wt% Au and 5.07 £ 1.72 nm) was investigated and
compared with the catalytic activity of Au/CeOz.x (3.67 wt% Au and 8.27 + 3.10 nm) by Volders
(V-) et al*? and Au/TiO; (2.95 wt% Au and 1.6-1.7 nm) by Sastre (S-) et al.?® (Figure 4 and
Table 3).

The unmodified R-CeO2-x support showed no measurable photocatalytic activity under
light irradiation alone. However, a very minor amount of CO was produced when the support
was externally heated to 250 °C under simultaneous illumination and without illumination.

All modified catalysts display low activity under illumination alone (9 suns) without
external heating. Upon increasing the temperature to 150 °C and further to 250 °C under
illumination, a significant enhancement in CO production rate is observed across all catalysts,
showing that thermal input is essential for achieving high catalytic activity. When the light is
turned off while maintaining the temperature at 250 °C, the CO production rate drops
substantially. However, the activity does not fall back to the baseline level observed under
room-temperature illumination alone. For the remainder of this discussion, we will focus only
on the "light off + 250 °C" and "light on + 250 °C" conditions

Under thermal conditions (250 °C, light off), both S7-S and S6-R exhibit similar CO
production rates. This comparable performance can be attributed to their equivalent theoretical
Au loading and similar Au particle sizes. Nonetheless, both catalysts are significantly less active
than Volders’ Au/CeO2x system (~1.2x higher activity), and especially Sastre’s Au/TiO,
which shows a markedly higher activity (~14x).

The relatively low activity of S6-R and S7-S compared to V-Au/CeO2.x may be
attributed to Sn loading, since the particle size of the Au particles of VVolders is higher. Although
Sn?* facilitates partial reduction of Ce** to Ce®*, excessive surface coverage by Sn might hinder

catalytic activity. Overloading may result in the masking of catalytically active Ce®* sites and
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V,s, both of which are essential for CO; activation. Ce®" plays a central role in the redox cycle,
enabling electron donation to adsorbed CO- species and stabilising intermediates necessary for
CO formation.
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Figure 4. CO production profiles for (a) 5,5 wt% Au S6-R, (b) 5,5 wt% Au S7-S, (c) 3.6 wt% Au on
CeOz« synthesised following the method of Volders et al., and (d) 2.97 wt% Au on TiO; synthesised

according to Sastre et al. The plasmonic photocatalytic tests were carried out under four sequential

conditions: 30 minutes of light irradiation only, followed by 30 minutes of combined irradiation and

heating at 150 °C, then 30 minutes of irradiation at 250 °C, and finally 30 minutes of thermal treatment

at 250 °C in the absence of light.

Table 3. CO production rates 5,5 wt% Au S6-R, 5,5 wt% Au S7-S, 3.6 wt% Au on CeO,« Synthesised

following the method of Volders et al., and 2.97 wt% Au on TiO> synthesised according to Sastre et al.

Catalyst Light on Light on Light on Light off
+RT +150 °C +250 °C +250°C
(mmol gta, ) (mmol gta, h?) (mmol gtas %) (mmol gtas )
S6-R 0,00 + 0,00 6,27 £ 2,03 142,34 + 4,37 10,32 £ 1,84
S7-S 0,00 + 0,00 8,79 £ 0,52 144,55 + 2,09 15,38 £ 0,13
V-Au/CeO2x 4,20+ 0,48 116,62 + 19,23 616,44 + 35,16 33,82 £ 6,95
S-AU/TiO2 32,70 £ 2,50 327,60 £ 7,65 850,65 + 8,18 243,23+ 4,44
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The comparatively lower performance of Au/CeO.« under thermal (dark) conditions,
relative to Au/TiO,, can be attributed to the strong binding of CO at oxygen vacancy sites on
Ce02x.1*?" These vacancies, while beneficial for CO- reduction, can also act as product sinks
by stabilizing CO too strongly, thereby hindering desorption. TiO2, with fewer and less reactive
oxygen vacancies, enables more facile CO desorption under thermal conditions.

The catalytic CO production rates at 250 °C under light irradiation are significantly
higher than those measured without illumination for all catalysts. Improved performance in
photocatalytic experiments compared to thermal-only conditions arises from the combined
effects of e.g. photogenerated charge carriers and localized photothermal heating. However, the
magnitude of enhancement varies between systems. For the S6-R and S7-S catalysts, photo-
enhancement factors with respect to thermal experiments of approximately 13.8x and 9.4x were
calculated, respectively. This effect is even more pronounced for the V-Au/CeO,.x reference
catalyst (~18.2x), while the S-Au/TiO, system shows the lowest enhancement (~3.5x).

This variation indicates that the extent of photo-enhancement is not solely determined
by the presence of plasmonic Au, but is also strongly influenced by the properties of the support
material. Reduced CeO».x appears to benefit more under illumination due to its ability to absorb
visible light through oxygen vacancy-induced states, as well as its redox-active Ce®*/Ce** cycle,
which may interact synergistically with hot electrons from Au to promote CO: activation. In
contrast, TiO2, despite its wide bandgap and low oxygen storage capacity, exhibits a higher
overall thermal performance, though its relative photo-enhancement is less pronounced.

3.3.2. Continuous increase in catalytic performance

Another observation is the gradual increase in CO production rate over time within each
measurement condition for the catalysts of this study compared to the reference. Steady-state
conditions are not reached within the duration of each measurement step. This behaviour could
be related to the progressive activation of Vos, which may require time under reaction
conditions to become catalytically active. The oxidation state of cerium in the CeO2.x support
plays a critical role in determining the catalytic activity of Au/CeO..x catalysts.'? In thermally
oxidized CeO, cerium exists predominantly in the Ce** state, resulting in a fully oxidized lattice
with minimal Vos. As Vos are key active sites for many catalytic reactions, the lack thereof
renders Au/CeO, primarily a precatalyst. During catalytic operation, Vos must first be
generated, typically through reduction processes, which delays activity onset and can reduce
overall catalytic performance. In contrast, reduced ceria, which contains a higher proportion of
Ce*", inherently possesses more oxygen vacancies and thus provides a more active surface for

catalytic processes.
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At the same time, it is important to consider the role of Sn?*, which is introduced to
facilitate gold nanoparticle nucleation. Sn?* can also promote the reduction of Ce** to Ce®*,
thereby increasing the initial concentration of oxygen vacancies. This raises the question of
why a gradual activation is still observed if vacancy sites are already present. One possible
explanation is that while Sn?* enhances reducibility locally, it may also partially block or occupy
surface sites, thereby limiting their catalytic accessibility at the start of the reaction.

3.3.3. Catalyst stability

A clear colour change was observed for the S7-S catalyst after plasmonic catalysis,
shifting from purple to green. This change is accompanied by a notable alteration in the DR-
UV-Vis spectrum (SI5 Figure S9), where the plasmonic absorption band becomes less
pronounced after the reaction. Such spectral changes suggest modifications in the surface or
structural properties of the catalyst. Possible explanations include agglomeration or reshaping
of gold nanoparticles, oxidation state changes in gold or ceria, or alterations in the density of
oxygen vacancies. As the other catalysts did not show this behaviour, it points to a stability
issue specific to S7-S. Further studies are necessary to identify the exact cause of this

transformation and its potential effect on catalytic performance.

4. Conclusion

In summary, hydrothermal synthesis of CeO2x under both rotating and static conditions
yielded phase-pure, cubic fluorite-structured nanoparticles with similar mean particle sizes
(~120 nm). However, rotation significantly reduced size variability, likely due to enhanced
temperature and solute homogeneity. Crystallite sizes (~20nm) remained unaffected by
rotation, suggesting minimal impact on primary crystallite growth. TEM analysis revealed
consistent morphology across methods, while XRD confirmed structural purity with no phase
impurities or peak shifts. Optical characterization of R-CeO2x revealed a band gap of ~3.0 eV,
consistent with known ceria properties. Overall, autoclave rotation offers a simple yet effective
means to enhance particle size uniformity.

Gold was deposited onto both S- and R-CeO..x supports using a seeded growth method
involving Sn** pre-treatment and chemical reduction with formaldehyde. STEM-EDX mapping
confirmed homogeneous Sn surface coverage and localized gold nucleation across all samples.
Average gold particle sizes remained below 7nm, indicating good dispersion, although
reproducibility in particle size and uniformity remains limited. Tuning the Au and Sn precursor
amounts showed that gold loading increases with increasing precursor concentration, as verified

by ICP-OES and supported by STEM-EDX imaging. However, particle growth remains only
18



partially controlled, with size distributions varying within samples. Further increasing Sn alone
did not significantly impact gold size and distribution, likely due to surface saturation with Sn.
The diffuse reflectance UV-Vis spectra confirmed consistent plasmonic absorption across all
catalysts, with no evidence of plasmon coupling, as interparticle distances exceeded the
coupling threshold.

The plasmonic Au/CeQO..x catalysts demonstrated clear photocatalytic activity for the
light-assisted rwWGS reaction, with CO as the sole product. Unmodified CeO,« showed almost
no measurable activity, confirming the necessity of gold for catalytic function. Among the
prepared catalysts, S6-R and S7-S (both 5.5 wt% Au) exhibited moderate performance but
remained significantly less active than benchmark systems such as V-Au/CeO..x and S-Au/TiOs.
This reduced activity, despite similar Au particle sizes, may be attributed to excess Sn?*. While
Sn?* promotes gold deposition and enhances reducibility by converting Ce** to Ce®*, it may
also block active surface sites such as Vs, which are essential for CO. reduction.

All CeO2.x based catalysts displayed a substantial photo-enhancement in CO production
under illumination, with factors of ~13.8x (S6-R) and ~9.4x (S7-S). This enhancement arises
not only from the plasmonic properties of Au but also from the redox-active CeO.-x support. Its
visible-light absorption and Ce**/Ce** redox cycling enable synergistic interactions with hot
electrons from Au, thereby promoting photocatalytic CO: reduction. In contrast, TiO2 exhibited
higher baseline thermal activity but lower photo-enhancement (~3.5x), reflecting the limited
contribution of its support under light irradiation.

A gradual increase in activity over time was observed for all CeO.x-based catalysts,
suggesting a transformation from an initially inactive, Ce**-rich precatalyst into a more active
state as oxygen vacancies become accessible during the reaction. This activation process, even
in the presence of Sn**, points to dynamic restructuring of the catalyst surface.

Post-reaction analysis revealed degradation of the S7-S Au/CeQO,.x catalyst, including a
colour change and diminished plasmonic absorption, likely due to gold agglomeration or
alteration of the support. This highlights the need to further investigate catalyst stability under
operating conditions.

To further optimize the plasmonic Au/CeO.x catalysts, future experiments should
explore the effect of increasing the ratio of Au with respect to Sn, as well as reducing the Sn
concentration compared to the current synthesis. These adjustments may allow for better control
over gold loading and size. Moreover, the influence of Sn on the generation and accessibility
of Vs should be systematically investigated. Hydrogen temperature-programmed reduction

(H2-TPR) is a valuable tool for this purpose, as it enables indirect quantification of oxygen
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vacancy concentrations through analysis of ceria reducibility. This technique would help clarify
whether Sn reduces the formation of catalytically active surface vacancies, as is currently
assumed.

Although enhanced CO production was observed under illumination, this cannot be
conclusively attributed to a purely photothermal effect. Non-thermal mechanisms, such as
direct photoexcitation or hot electron transfer, may also contribute, or act in combination.
Further experimental work is needed to verify this, for example by evaluating the catalytic
activity as a function of light intensity, using wavelength-selective filters, or implementing
accurate in-situ temperature measurements inside the catalyst bed. These studies are essential
to distinguish between thermal and non-thermal contributions and to gain a deeper
understanding of the underlying mechanisms of plasmon-enhanced catalysis.
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Supporting information
SI 1: Au seeding on CeO2.x support
Table S4. Au seeding 1 on CeO,. support. Theoretical gold content is 5.5 wt%.

Reagent Amount MW Moles Equivalents
(g/mol) (mol) (vs. CeOz2x)

STEP 1

CeO2x 49,8 mg 172,11 289,35 1,0

Milli-Q 2mL X X X

STEP 2

SnCl, 41,9 mg 189,60 220,99 0,76

HCI (37%) 100 pL X X X

Milli-Q 20 mL X X X

STEP 3

HAuCls * x H20 5mg 339,79 14,71 0,05

K,CO3 5mg 138,21 36,18 0,13

Milli-Q 20 mL X X X

STEP 4

CH20 (37%) 5,41 mL X X X

Table S5. Au seeding 2 on CeO, support. Theoretical gold content is 5.5 wt%.

Reagent Amount MW Moles Equivalents
(g/mol) (mol) (vs. CeO2x)

STEP 1

CeO2x 49,6 mg 172,11 288,19 1,0

Milli-Q 2mL X X X

STEP 2

SnCl, 42 mg 189,60 221,52 0,77

HCI (37%) 100 pL X X X

Milli-Q 20 mL X X X

STEP 3

HAuCls* x H20 5mg 339,79 14,71 0,05

K.CO3 5mg 138,21 36,18 0,13

Milli-Q 20 mL X X X

STEP 4

CH20 (37%) 5,41 mL X X X
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Table S6. Au seeding 3 on CeO,., support. Theoretical gold content is 5.5 wt%.

Reagent Amount MW Moles Equivalents
(g/mol) (mol) (vs. CeOz2x)

STEP 1

CeO2« 197,3 mg 172,11 1146,36 1,0

Milli-Q 8 mL X X X

STEP 2

SnCl, 168 mg 189,60 886,08 0,77

HCI (37%) 400 pL X X X

Milli-Q 80 mL X X X

STEP 3

HAUCls * x H20 20 mg 339,79 58,86 0,05

K.CO3 20 mg 138,21 144,71 0,13

Milli-Q 80 mL X X X

STEP 4

CH20 (37%) 21,64 mL X X X

Table S7. Au seeding 4 on CeO,. support. Theoretical gold content is 2,9 wt%.

Reagent Amount MW Moles Equivalents
(g/mol) (mol) (vs. CeO2x)

STEP 1

CeO2x 197,1 mg 172,11 1145,20 1,0

Milli-Q 8 mL X X X

STEP 2

SnCl, 84 mg 189,60 443,03 0,39

HCI (37%) 200 pL X X X

Milli-Q 48 mL X X X

STEP 3

HAuCls* x H20 10 mg 339,79 29,42 0,03

K.CO3 10 mg 138,21 72,35 0,06

Milli-Q 40 mL X X X

STEP 4

CH20 (37%) 10,82 mL X X X
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Table S8. Au seeding 5 on CeO.. support. Theoretical gold content is 6,9 wt%.

Reagent Amount MW Moles Equivalents
(g/mol) (mol) (vs. CeOz2x)

STEP 1

CeO2« 196,6 mg 172,11 1142,29 1,0

Milli-Q 8 mL X X X

STEP 2

SnCl, 210 mg 189,60 1107,59 0,97

HCI (37%) 500 pL X X X

Milli-Q 100 mL X X X

STEP 3

HAUCls * x H20 25 mg 339,79 73,57 0,06

K,CO3 25 mg 138,21 180,88 0,16

Milli-Q 100 mL X X X

STEP 4

CH20 (37%) 27,05 mL X X X

Table S9. Au seeding 6 on CeO2.x support. Theoretical gold content is 5,5 wt%.

Reagent Amount MW Moles Equivalents
(g/mol) (mol) (vs. CeO2x)

STEP 1

CeO2x 198,4 mg 172,11 1152,75 1,0

Milli-Q 8 mL X X X

STEP 2

SnCl, 337 mg 189,60 1777,42 1,54

HCI (37%) 800 pL X X X

Milli-Q 80 mL X X X

STEP 3

HAUCls * x H20 20 mg 339,79 58,86 0,05

K,CO; 20 mg 138,21 144,71 0,13

Milli-Q 80 mL X X X

STEP 4

CH20 (37%) 21,64 mL X X X
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Table S10. Au seeding 7 on CeO» support. Theoretical gold content is 5,5 wt%.

Reagent Amount MW Moles Equivalents
(g/mol) (mol) (vs. CeOz2x)

STEP 1

CeO2« 199,1 mg 172,11 1156,82 1,0

Milli-Q 8 mL X X X

STEP 2

SnCl, 942,5 mg 189,60 4970,99 4,30

HCI (37%) 800 pL X X X

Milli-Q 80 mL X X X

STEP 3

HAUCls * x H20 20 mg 339,79 58,86 0,05

K.CO3 20 mg 138,21 144,71 0,13

Milli-Q 80 mL X X X

STEP 4

CH20 (37%) 21,64 mL X X X
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Sl 2: TEM analysis of R-CeOzxand S-CeO2.x
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Figure S5. TEM images of R-CeO.x and S-CeO. particles obtained from various hydrothermal

syntheses.
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SI 3: Tauc analysis on R-CeOz
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Figure S6. Tauc plot derived from diffuse reflectance UV-Vis data of R-CeO».x particles. The optical
band gap energy was estimated by extrapolating the linear region of the curve to its intersection with the

photon energy axis.
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Sl 4: HAADF-STEM-EDX
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Figure S7. Typical HAADF-STEM image and corresponding STEM-EDX elemental maps of a) S1-S,
b) S2-R, ¢) S3-R, d) S4-S, e) S5-S and f) S7-S. In the EDX mapping, Ce is shown in blue, Sn in green,

and Au in red.
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SI 5: Diffuse reflectance UV-Vis of Au/CeO2.x
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Figure S8. a) Stacked diffuse reflectance UV-Vis spectra of different Au seedings. b) Diffuse

reflectance UV-Vis spectra of CeO, and all Au seedings showing the bend-edge.
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Figure S9. Diffuse reflectance UV-Vis spectra of sample S7-S before and after plasmonic photocatalysis.

The catalyst exhibited a noticeable colour change to green following the reaction.
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SI 6: Powder XRD from static and rotating hydrothermal synthesis of CeO2.x
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Figure S10. Powder XRD of the different synthesis conducted under static (S) and rotating (R)

conditions.
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