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Fiber Bragg based — fiber optic sensors were applied in operando to monitor the temperature of illuminated
plasmonic catalysts at various depths inside the catalyst bed during light-driven CO, hydrogenation. Multipoint
temperature measurements showed that single-sided illumination induced a pronounced vertical temperature
gradient, which remained stable throughout the reaction. This behaviour was observed in two light driven re-
actions: the exothermic Sabatier reaction catalysed by Ru/Al,O3 and the endothermic reverse water gas shift
reaction catalysed by Au/TiOq. The temperature gradient, attributed to a combination of limited light pene-
tration depth and poor thermal conductivity of the catalyst bed, must be taken into account in kinetic studies.
Metal loading and gas composition had a strong influence on the temperature gradient, while gas flow rate and
reaction heat had a negligible effect. For catalyst temperatures up to 250 C, radiative heat loss accounted for
approximately 15 % of the incident light power. Our study demonstrates that accurate in operando temperature
monitoring at multiple positions inside the catalyst bed is essential to distinguish between thermal and non-
thermal contributors in plasmon catalysis.

1. Introduction

Plasmon catalysis, referring to the utilization of plasmonic nano-
particles for light-driven catalytic processes, emerged around 15 years
ago. Seminal work in this field of research include the Au catalyzed
steam reforming of ethanol by Psaltis and coworkers [1], Ag catalyzed
oxidation of ethylene, CO and NHj by the group of Linic [2], Au cata-
lysed oxidation of benzyl alcohol by Scaiano et al. [3] and the plasmon
induced H; dissociation on Au/TiOy by the groups of Halas and Nord-
lander [4]. Plasmon catalysis utilizes the resonant response of free
electrons in metal nanoparticles induced by the electric field of the
incident light, called the localized surface plasmon resonance (LSPR)
[5]. The LSPR can be tailored by the type of metal, the size, shape and
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architecture of the metallic nanoparticles, their interparticle distance
and the refractive index of the surrounding medium [6]. The LSPR
excitation causes a strongly enhanced electromagnetic field at the sur-
face of the nanoparticle [7-12]. Initially excited electrons rapidly
thermalize (within 100 fs — 10 ps) and equilibrate via electron-electron
scattering, resulting in a hot Fermi-Dirac distribution [13]. Interactions
between the hot electrons and phonons of the metal lattice result in an
increase of the lattice temperature. In addition to heating with a high
degree of spatiotemporal control, two non-thermal effects can also
contribute. The first is plasmonic field-driven catalysis, which is based
on a resonant energy transfer between the plasmonic nanoparticle and a
reactant molecule [13]. This requires an energy overlap between the
plasmonic field and the HOMO-LUMO gap of the reactant molecule. In
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plasmonic field driven catalysis, the resonant energy transfer forces the
atoms of the reactant to reconfigure to accommodate the potential en-
ergy surface, which can end with a chemical reaction in the excited state.
Alternatively, the reconfigured reactant decays back to the ground state
with additional vibrational energy, which lowers the reaction barrier.
The second non-thermal contributor is hot carrier-driven catalysis,
which implies that plasmon-mediated hot carriers are transferred to an
adsorbed molecule [13]. Due to the rapid thermalization of hot elec-
trons, direct transfer to adsorbed molecules is inefficient. The lifetime of
hot charge carriers can be significantly prolonged by transferring them
to an adjacent semiconductor and trapping them in the semiconductor’s
conduction band. This spatial separation will prevent hot charge carrier
recombination, resulting in the lifetime extension. In conclusion, illu-
minated plasmonic nanoparticles are efficient nanosources of heat, light
and electrons, which can be applied to influence light-driven catalytic
chemical processes.

One of the most intensively studied areas of plasmon catalysis is
(sun)light-driven catalytic CO, hydrogenation, with CH4 and CO as the
two main reported products. Preliminary techno-economic assessments
show great potential for sunlight-powered, plasmon catalytic CO and
CH4 production as important processes in the transition of the chemical
industry towards climate neutrality [14,15]. CH4 has been extensively
studied by various groups [16-25]. An extensive set of plasmonic cat-
alysts has been reported for the light-driven Sabatier reaction. This re-
action is exothermic, claiming that plasmon catalysis lowers its
activation barrier and facilitates this reaction under milder conditions
when compared to conventional thermal catalysis. Reported plasmonic
catalysts include Rh/TiO2 by Liu and coworkers [26], supported Ni
nanoparticles by Sastre et al. [27] and rod-shaped [28] and spherical Ru
nanoparticles [25,29] for sunlight-driven CO2 methanation. Rod-shaped
Ru nanoparticle catalyst reached a CH4 production rate of 52 mmol CH4
gre-h! using sunlight as sole energy source (10.1 kW-m~2) [28]. For the
spherical Ru nanoparticle catalysts, the highest production rate was
5.09 mol CH, gre-h™ (5.9 % Ru w/w, 6.2 kW-m ™2 irradiance) [16,29].

CO or syngas (mixture of CO and Hy) is a strategically important
target, as its production relies on endothermic reactions such as the
reverse water gas shift (rWGS) reaction or dry reforming of methane
(DRM). Additionally, syngas is a key feedstock for the synthesis of a wide
range of products, including methanol, gasolines and fine chemicals.
This production is done via well-established technologies such as
Fischer-Tropsch or low-pressure methanol reaction. The production of
green syngas will offer a viable pathway to defossilize these industries.
In the light-driven rWGS reaction, typical plasmonic catalysts are
nanoparticles (NPs) of Au or alloys supported on metal oxides like TiOo,
Aly03, SiO2 or CeOy.4[30-35]. Without additional heating, the highest
CO production rate achieved by our group is 429 mmol-gas-h~}[31]. To
achieve this reaction rate, the synthetized plasmonic catalyst consisted
of 1.5 nm Au NPs with a narrow particle size distribution, supported on
pure anatase TiOy, under 14.4 suns (14.4 kW-m~2) solar simulated
irradiation. Under light irradiation, the CO selectivity was 98 %. In
contrast, the selectivity switched to CH4 under conventional heating
(dark experiments). This phenomenon was attributed to the rapid
desorption of CO under illumination, driven by plasmon-induced
charges that prevent its further reduction to CH4. Besides Au/TiOy
only Au/CeO,. yielded CO production using light as sole energy source
without the need for adding conventional heating. However, the highest
reported activity (3.9 mmolgaih ') was two orders of magnitude lower
than that of Au/TiO,.

For DRM, Halas and coworkers reported Cu-Ru alloy NPs as plas-
monic catalyst [36]. They reported that the energy efficiency of the
process increased with the irradiance of their white light source and
reached a maximum of about 15 % at 160 kW-m 2, an order of
magnitude higher than typical irradiances for the rWGS reaction. Ozin
et al. reported a Ni-CeO3-CePO4 nanorod[37]. Under white light irra-
diation with an intensity of 48.1 kW-m~2 and additional heating at 350
°C, they reported an apparent turn over frequency of 1.08 x 107>
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mol-m~2h~! with low deactivation rates.

Distinguishing between the different contributors to plasmon-
mediated reactions, along with accurately quantifying the thermal
contribution to plasmon catalytic conversions, and identifying their re-
action mechanism is vital for fundamental understanding, rational
process development and the successful scale up of this technology. To
achieve this, adequate monitoring of the catalyst bed temperature at
multiple positions during light irradiation is essential. Typically, ther-
mocouples or IR cameras are used, however these methods have limi-
tations in accuracy. Thermocouples can heat up if they are directly
exposed to light, are bulky, and have a relatively large mass compared to
the catalyst bed. Additionally, ensuring good thermal contact with the
catalyst is challenging. On the other hand, IR thermal cameras only
capture the top surface temperature of the catalyst bed and their accu-
racy depends on the emissivity of the plasmonic catalyst, which varies
with the catalyst composition and temperature. To overcome these
limitations, we have recently developed fiber Bragg grating-based fiber
optic sensors (FBG-FOS). These sensors offers several advantages: they
are significantly thinner than thermocouples, have a much lower mass,
and do not absorb light. Additionally, multiple FBG-FOS can be posi-
tioned at various depths inside the catalyst bed, enabling precise and
distributed temperature measurements [38]. This technology is suited
for measuring temperature at the microscale, and therefore comple-
mentary to spectroscopic techniques like Raman or X-ray absorption fine
structure (XAFS), which can be applied to determine surface tempera-
ture at the nanoscale [39]. We have previously demonstrated these
FBG-FOS for monitoring the temperature of supported plasmonic Ru and
Au NP catalysts under light illumination in non-reactive condition (ex
situ) [38]. In the present study, we aim to employ FBG-FOS to monitor
the temperature of illuminated plasmonic catalyst beds under reaction
conditions (in operando), investigating the influence of key parameters
such as light intensity, metal loading of the catalyst, feedstock compo-
sition and flow speed on the thermal characteristics of the catalyst bed,
and their impact on the catalytic process. To elucidate the effect of the
reaction heat on the catalyst bed temperature, we have selected one
exothermic (Sabatier) reaction and one endothermic (rWGS) reaction as
model reactions. These reactions are studied using previously developed
spherical Ru/Al;,03[29] and Au/TiO3[30] plasmonic catalysts, respec-
tively, reported by our group. We anticipate that the insights gained
from this study will be widely applicable to light-driven plasmon cata-
lytic processes, and contribute to advance the resolution of the ongoing
debate on thermal vs. non-thermal contributions.

2. Results and discussion
2.1. Catalyst synthesis and characterization

The two types of catalysts, Ru/AloO3 and Au/TiO,, were synthesized
via thermal decomposition and deposition-precipitation methods,
respectively, as described in the experimental section and as previously
reported[29,30]. The metal loading was determined by Inductively
Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES), yielding a
2.3 wt% and 2.5 wt% loading of Ru and Au, respectively. The size and
the shape of the supported NPs were characterized by High-Angle
Annular Dark Field - Scanning Transmission Electron Microscopy
(HAADF-STEM). Representative images are shown in Fig. 1, Figure S1
and Figure S2. The average Ru and Au particle size and size distribution
were determined by measuring at least 250 NPs.

For Ru/Al;03, we observed Ru nanospheres with an average diam-
eter of 0.87 nm randomly distributed of over the Aly,Os support
(Figure S1c), whereas for Au/TiO» the average Au nanoparticle diameter
was determined to 2.44 nm (Figure S2). Additionally, for the Ru cata-
lyst, two extra samples with higher Ru loadings were synthesized with
Ru content of 3.4 % and 7.8 % with similarly sized Ru NPs (Figure S1).
The powder X-ray diffraction (XRD) analysis confirmed the presence of
metallic Ru, observed at 38.4°, 42.1°, 44.0°, 69.4°, 78.4°, 82.2°, 84.7°,
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Fig. 1. Catalyst Characterization. a) XRD pattern of the Ru/Al,O3 nanocatalyst [Ru COD 9017842, Al,O3 COD 2107301; b) XRD pattern of the Au/TiO nanocatalyst
[TiO, 01-073-1764, Au 00-004-0784]; c) Diffuse reflectance UV-Vis-NIR spectra for TiO, (red) and Au/TiO, ( dark blue), Al,O3 (light blue) Ru/Al,O3 (yellow); d)
Representative HAADF-STEM image of the 2.3 wt% Ru/Al,O3 catalyst; ) Representative HAADF-STEM image of the Au/TiO, catalyst.

and 85.9°, and the y-Al,03 peaks are displayed at 31.9°, 37.6°, 39.5°,
45.7°, and 66° (Figure S3a). For the Au/TiO catalyst, the diffraction
pattern showed peaks at 39.2°, 47.8°, 62.4° and 75.5° attributed to the
anatase TiOy support and the peaks at 27.4°, 54.26°, 68.9° and 69.8°
attributed to the rutile TiO, support, and the peaks at 38.2°, 44.4° and
77.7° correspond to metallic Au (Figure S3b). Figure S3c and h show the
diffuse UV-visible reflectance spectra for Ru/Al,O3 and Au/TiO,
respectively, displaying a broad absorption band in the range of 300 —
800 nm for both catalysts.

2.2. Sunlight promoted Sabatier reaction

To validate the developed FBG-FOS for in operando temperature
monitoring, and assess the temperature distribution across the catalyst
bed, a continuous flow experiment was performed using 2.3 wt% Ru/
Al,03 as a plasmonic catalyst under simulated solar light irradiation (7.8
suns) without conventional heating (Fig. 2). CH4 was the only product
detected under light irradiation with a constant production rate of
81.29 mmol-m~2h~L, Temperature measurements were taken at the
catalyst surface (Typ) and at a depth of 0.15 mm (Tp,;5) and 0.50 mm
(Tp.5) using three accurately positioned FBG-FOS sensors. Additionally,
a thermocouple was placed underneath the quartz filter supporting the
catalyst to measure the bottom temperature (o). Both the FBG-FOS
sensors and the thermocouple were integrated into a catalyst holder
previously developed and reported by our group (Figure S3) [38]. When
the light was switched on and the catalyst bed illuminated, the catalyst
temperature increased rapidly, stabilizing within 3 min. As displayed in
Fig. 2, Tygp reached 191° C, Ty 15 and Ty 5 reached 188 C and 180' C,
respectively, while Ty, reached 115 C. In contrast, the reactor temper-
ature, measured with a thermocouple located 2 cm above the catalyst
bed (Figure S4), remained nearly constant at 30' C. When the light was
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Fig. 2. Catalyst bed temperature and CH4 production rate as function of time
for the CO, photomethanation without conventional reactor heating. Reaction
conditions: mixture of Hy:CO4:N, (4:1:0.625) with a flow rate of (96:24:15) ml-
min~! at 1.5 bar pressure (2.3 wt% Ru/Al,O3, 200 mg total catalyst mass,
AM1.5 irradiance (7.8 sun = 7.8 kWem 2)).

switched off at 125 min, the catalyst temperature decreased rapidly,
returning to room temperature within 4 min. Under illumination, the
catalyst bed shows a vertical temperature difference of 76 C (Top —Tpor)-
This vertical temperature gradient is due to the limited light penetration
depth (skin depth) of the catalyst (Figure S4) combined with its poor
thermal conductivity. Optical transmission through a gradually
increased catalyst layer thickness is measured to determine the light
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penetration depth in the catalyst bed. From the transmission the skin
depth is determined, as 0.01 % transmission compared to reference. The
skin depth of Ru/Al,O3 is measured to be 0.02 mm as shown in
Figure S3d. In conventionally heated control experiments in dark all the
measured temperatures remained uniform at the set point temperature
confirming that the thermal gradient is due to the catalyst top illumi-
nation. Thermocatalytic experiment in dark at 150 °C was performed
resulting in a CH, production rate of 82.6 mmol-m~2h™!. Under these
conditions, no vertical temperature gradient across the catalyst bed was
observed, as shown in Figure S6.

The relationship between the light irradiance and the catalyst bed
temperature was studied for 2.3 % Ru/Al;03 within the range of 3.5-7.8
suns (Fig. 3). Experiments at different light intensities are often carried
out in plasmon catalysis to study the relationship between activity and
irradiance, which can help to distinguish between thermal and non-
thermal contributors[40]. As shown in Fig. 3, the catalyst temperature
exhibited a linear increase with increasing irradiance. Ty, followed a
linear rise from 108 C to 196 C as the intensity increased. The vertical
temperature gradient across the catalyst bed also became more pro-
nounced under higher irradiance: Ty, — Tp5 increased from 6 C under
3.5 suns to 9'C under 7.8 suns. This effect was even more significant for
Tiop — Thor which increased from 44 C to 88 C. As previously discussed,
this gradient is attributed to the shallow skin depth of the plasmonic
catalyst and the low thermal conductivity of the porous catalyst bed. The
methane production increases exponentially with irradiance, following
Arrhenius law. This behaviour indicates the presence of a strong pho-
tothermal contributor and supports the previously proposed mechanism
[29].

The impact of the Ru loading on the thermal characteristics of the
illuminated catalyst bed was studied for 3 different metal loadings. The
Ru content, determined by ICP, was 2.3 %, 3.4 % and 7.8 %, respec-
tively. The catalyst bed temperature and methane production rate were
studied under 7.8 suns irradiance. As shown in Fig. 4, under identical
light irradiation conditions, Ty, increases by 23'C, rising from 198 C at
2.3 wt% Ru loading to 221°C at 7.8 wt% Ru loading. This indicates that
the Ru NPs strongly absorb light resulting in a reduction of skin depth
with increasing Ru loading, generating more heat in the top layer of the
catalyst bed. In contrast, the Ru loading hardly affects Ty, The vertical
temperature gradient Ty, — Tpo: increases with increasing Ru loading
from 92.3 C for 2.3 wt% Ru loading to 110.9'C at 7.8 wt% Ru loading.
The catalytic activity also increases with Ru loading due to the higher
number of Ru NPs per m? surface area and the enhanced Tiop. The CHy
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Fig. 3. Catalyst bed temperature and CH, production rate as function of light
intensity for the CO, photomethanation without conventional reactor heating.
Reaction conditions: mixture of Hy:CO42:Ny (4:1:0.625) with a flow rate of
(96:24:15) ml-min~! at 1.5 bar pressure (2.3 wt% Ru/Al,03, 200 mg total
catalyst mass, AM1.5 irradiance).
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Fig. 4. Catalyst bed temperature and CH4 production rate as function of Ru
loading for the CO, photomethanation without conventional reactor heating.
Reaction conditions: mixture of H5:CO2:N5 (4:1:0.625) with a flow rate of
(96:24:15) ml- min~! at 1.5 bar pressure (2.3 wt% Ru/Al,03, 200 mg total
catalyst mass, AM1.5 irradiance (7.8 sun = 7.8 kWem™2)).

production rate shows exponential increase with the catalyst bed tem-
perature as expected (Fig. 3). The apparent activation energy (Ea) was
calculated using the two extreme temperatures measured across the
catalyst bed, viz. Typ and Tpy. When Ty, was used, an Ep of
75.08 kJ-mol~! was obtained, whereas using Tpor yielded an E4 of
95.62 kJ-mol . The real Ey lies between these values, emphasizing the
importance of accurate temperature measurements.

To check the influence of feedstock gas composition on the catalyst
bed temperature, the reactor was supplied with pure gases (N5, CO2, and
Hy) as well as with three reaction mixtures with varying Hy:CO2:Nj ra-
tios from 4:1:0.62, 1:1:0.25 to -0.25:1:0.15, while maintaining a total
constant flow of 135 ml min~". The catalyst temperature was strongly
affected by the gas composition as shown in Fig. 5. T, strongly
depended on the gas supplied, increasing 123.6 C when N2 was used
(Top = 278.8 C) instead of Hy (Tp = 155.2 C). These temperature dif-
ferences can be attributed to the variations in the gas thermal conduc-
tivity, as Hy (0.1805 W-m 1.K™1) [41] has about 7 times higher thermal
conductivity than N3 (0.0258 W-m~1-K™1) [41] and 10 times higher than
CO5 (0.01655 W.m LK D [41] enabling Hj to act as an efficient heat
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Fig. 5. Catalyst bed temperature and CH4 production rate as function of
feedstock gas composition for the CO, photomethanation without conventional
reactor heating. Reaction conditions: 1.5 bar pressure (2.3 wt% Ru/Al;Os,
200 mg total catalyst mass, AM1.5 irradiance (7.8 sun = 7.8 kWem2)).
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conducting medium in comparison, transporting heat away from the
catalyst bed. The supplied gas has a strong effect on the catalyst bed
temperature, acting as thermal insulator or heat dissipator. Since pure
gases were used, no reaction occurred, meaning that the catalyst bed
temperature was not influenced by any reaction heat contributor. When
different reaction mixtures were supplied to the reactor, the catalyst bed
temperature increased by increasing the COy concentration in the gas
reaction mixture. Ty, increased by 83.1°C, rising from 194.6'C with the
4:1:0.62 (H5:CO4:N5) mixture to 277.7 C with the 0.25:1:0.15 (H5:CO»:
Ny) mixture. However, Tpo presents a lower increase of 27.8 C as in the
previous experiments due to the vertical temperature gradient. The
methane production rate increased 8.7 fold from 88.29 mmol-m~2h~?2
to 773.2 mmol-m 2h~?2 as the H, fraction in the mixture decreased,
leading to a higher catalyst bed temperature. The heat released by the
exothermicity of the reaction also increases by the same factor, from
14.57 kJ- m2h7! to 127.58 kJ- m~2h~! which corresponds to just
0.45% of the total light energy input (28,080 kJm~2h™') and is
therefore negligible. To further investigate whether the gas flow direc-
tion influenced the catalyst bed temperature, the gas flow was reversed,
supplying it from the bottom flowing upward. Similar catalyst bed
temperatures were observed regardless of the flow direction, indicating
that the flow direction had no significant impact on the achieved tem-
perature (Figure S5).

The influence of the feedstock gas flow on the catalyst bed temper-
ature was studied using pure N5 and a reaction mixture of Hy:CO2:N3 in a
4:1:0.625 ratio. The flow rates supplied to the reactor were varied from
20 % to 200 % of the standard used flow rate (100 % = 135 ml- min_1).
The catalyst was irradiated under 7.8 suns. Ny was used to study the
catalyst bed temperature without any possible increase of the catalyst
bed temperature coming from the exothermicity of the reaction. As
shown in Fig. 6a, when N3 was used, the catalyst bed temperature
remained constant, with only a slight decrease of the catalyst tempera-
ture at 200 % flow. This indicates that the gas flow rate has a minimal
impact on the catalyst temperature within the studied range. A similar
trend was observed under reaction mixture conditions where a stable
catalyst temperature was maintained across the flow range achieving a
constant methane production rate (Fig. 6b).

2.3. Sunlight promoted rWGS reaction

Finally, to demonstrate that the developed FBG-FOS technology is
also applicable to in operando monitoring of endothermic reactions, the
light-driven rWGS reaction was selected as a model system. The catalyst
bed temperature was investigated at varying irradiance using 2.5 wt%
Au/TiO; as plasmonic catalyst. The skin depth of this catalyst was 0.10 —
0.12 mm. As previously reported by our group, Au/TiOy selectively
promotes the CO production. Consistent with the results obtained from
the Sabatier reaction, a direct correlation between light intensity and
catalyst bed temperature was observed across all measured points in the
catalyst bed (Fig. 7). Typ increased linearly from 136 C to 256 C as the
irradiance was raised from 3.5 suns to 7.8 suns. Additionally, the cata-
lysts vertical temperature gradient became more pronounced at higher
irradiance. Specifically, Ty, — To.5s increased from 12.3°C under 3.5 suns
to 20.2°C under 7.8 suns. These results confirm that the FBG-FOS sensor
is capable of accurately monitoring the catalyst temperature in an
endothermic light-powered reaction. Furthermore, CO was the only
product detected and its production rate followed an exponential in-
crease with the catalyst temperature, consistent with Arrhenius behav-
iour. This corroborates our previous reported results [30,31]. Also in
case of the endothermic rWGS reaction, the impact of the reaction heat is
negligible (0.11 % compared to the incident photon flux).

2.4. Radiative heat loss

The intensity of thermal radiation emitted by the catalyst material is
described by the Stefan-Boltzmann law. For a Ru/Al;O3 catalyst with a
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Fig. 6. Catalyst bed temperature as function of total flow: a) Ny; b) reaction
mixture. Reaction conditions: 100 % flow= 135 ml-min~! at 1.5 bar pressure
(2.3 wt% Ru/y-Al,03, 200 mg total catalyst mass, AM1.5 irradiance (7.8 sun
= 7.8 kWem™2)).

Ru loading of 3.4 % w/w, we measured the emissivity as function of
temperature between room temperature and 226 C (Figure S6). At room
temperature, the emissivity was above 0.95. With increasing tempera-
ture, the emissivity decreased to 0.88 (120 C), 0.78 (172 C) and 0.70
(226 C). This implies that in the temperature range between 120°C and
226° C, which is representative for the catalyst bed temperature in the
light driven Sabatier reaction, the radiated heat to the top space ranges
between 0.59 and 1.23 kWem 2. This equals about 15 % of the power of
the light source (7.8 kWem2). Similar considerations will apply to the
Au/TiOy catalyst used for the light powered rWGS reaction, since
catalyst temperatures and emissivity are in the same range as for Ru/
Al;03. The measured emissivity values for Au/TiOy were 0.87 (130 C),
0.79 (184 C) and 0.75 (242 C).
Key implications of the results for plasmon catalysis studies

1. When distinguishing between thermal and non-thermal contributors
to light-driven plasmon catalytic conversions, single point tempera-
ture measurements of the catalyst bed and thermal reference ex-
periments at a single, uniform catalyst temperature do not suffice.
Upon single side illumination, a significant vertical temperature
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Fig. 7. Catalyst bed temperature and CO production rate as function of light
intensity for the light-driven rWGS reaction without conventional reactor
heating. Reaction conditions: mixture of H:CO5:N; (1:1:0.25) with a flow of
(60:60:15) ml-min~' at 1.5 bar pressure (2.5wt% Au/TiO,;, 200 mg total
catalyst mass, AM1.5 irradiance (1 sun = 1 kWem2)).

gradient occurs, which remains upright during reaction and needs to
be taken into account when comparing kinetics of light driven pro-
cesses to reference experiments in dark.

2. When studying the reaction kinetics of light-driven plasmon catalytic
conversions, it is of vital importance to take convective heat losses
into account. Systematically changing the concentration of one of the
reactants whilst keeping the other reactant concentrations constant
results in a significant change of catalyst temperature, which com-
plicates determination of the reaction order and needs to be taken
into account.

3. When studying the reaction kinetics of light-driven plasmon catalytic
conversions, it is essential to determine the skin depth of the catalyst
bed as function of the concentration of metal NPs. Increasing the
number of metal NPs not just increases the number of active sites, but
typically also reduces the skin depth, localizes heat generation in a
thinner layer at the surface of the catalyst bed and changes the top
surface temperature and temperature gradient. This effect must be
taken into account when performing mechanistic studies of light-
driven plasmon catalytic conversions.

4. Radiative heat loss from the catalyst cannot be neglected. Even at
relative low catalyst temperatures (up to 250C), radiative heat loss
from the catalyst to the surrounding space above the catalyst is about
15 % of the incoming light power. This radiative heat loss increases
exponentially with the temperature, as described by the Stefan-
Boltzmann law, and must be considered when further increasing
the irradiance. To accurately quantify the radiative heat loss, the
emissivity of the catalyst must be determined. Importantly, the
emissivity of the catalyst is temperature dependent and should be
determined accordingly.

3. Conclusions

The present study demonstrates that FBG-FOS sensors are effective
tools for in operando monitoring of the temperature at multiple points
inside illuminated plasmonic Ru/Al;O3 and Au/TiO; catalyst beds.
Using these sensors, we identified the presence of a significant vertical
temperature gradient in the catalyst bed during the exothermic and
endothermic light promoted Sabatier reaction (catalyst = Ru/Al03)
and reverse water gas shift reaction (catalyst = Au/TiO3), respectively.
These gradients must be considered when distinguishing between
thermal and non-thermal contributors to light-driven plasmon catalytic
conversions. Furthermore, we demonstrated that the temperature
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gradient is a combined result of the shallow skin depth and poor thermal
conductivity of plasmonic catalysts. Whilst metal loading and gas
composition strongly influenced the temperature gradient, the impact of
gas flow rate and reaction heat was negligible. For catalyst temperatures
up to 250C, the radiative heat loss was about 15 % of the power of the
incoming light. These findings highlight the potential that FBG-FOS
sensors have for an accurate temperature monitoring and underscore
the importance of accurately monitoring both the catalyst’s surface
temperature and vertical temperature gradient in plasmonic catalysis,
both from a fundamental understanding and application and scale up
perspective.

4. Photocatalytic tests

The CO; photoreduction experiments were performed in a tailored
photoreactor system. The reactor was irradiated through a quartz win-
dow on top. N was used as internal standard for quantification. The
applied light source was a solar simulator (Newport Sol3A) equipped
with an AM1.5 filter, with a tunable light intensity up to 7.8 kW-m 2
(=7.8 suns). To measure the catalyst bed temperature, a ring was
developed with 3 FBG — FOS sensors to measure the temperature dis-
tribution inside a plasmonic catalyst bed at 3 different depths in the
catalyst bed (Figure S4b). The light attenuation, heat capacity and heat
conductivity of FBG-FOS have a negligible influence on photothermal
heating and the thermal characteristics of the catalyst bed (Supporting
Information, S3). A similar component was previously reported in more
detail[38]. The total thickness of the catalyst bed is typically 0.8 mm.
The distance between the outmost two fibres is 0.5 mm. The corre-
sponding depths for the 3 sensing points are (Ty), at a depth of 0.15 mm
(Tp.15) and 0.5 mm (Ty 5) using FBG-FOS. Additionally, a thermocouple
was placed underneath the quartz filter supporting the plasmonic
catalyst to measure the bottom temperature (Tp,) (Figure S4a). A
scheme of the system is provided in the ESI Figure S4c. The reactor
temperature was measured using a second thermocouple (T,). The
standard error of FBG-FOS, including experimental uncertainty, was
determined by measuring the catalyst bed temperature in 9 independent
experiments. In each experiment, 200 mg of fresh 2.3 wt% Ru/Al;0O3
catalyst was loaded and irradiated under 7.3 suns in static N, conditions.
The standard errors of the FBG-FOS were 0.83 C for Ty and Tp, 15, and
1.27 °C for Ty 5. In the experiments under illumination, simulated sun-
light was used as sole energy source without conventional heating of the
reactor. Time zero was defined as the moment when the light was
switched on.
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