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Sunlight-powered reduction of CO2 to fuels and chemicals is a
promising strategy to close the carbon loop and facilitate the
energy transition. In this research, we demonstrate that Au
nanoparticles supported on TiO2 are an efficient plasmonic
catalyst for the sunlight-powered reverse water-gas shift (rWGS)
reaction. A maximum CO production rate of
429 mmol ·gAu

� 1 ·h� 1 with a selectivity of 98% and an apparent
quantum efficiency of 4.7% were achieved using mildly
concentrated sunlight (1.44 W·cm� 2 equals 14.4 sun). The CO
production rate showed an exponential increase with increasing
light intensity, suggesting that the process is mainly promoted
by a photothermal effect. Thermal reference experiments with
the same catalysts promoted CH4 formation, dropping the CO
selectivity to 70%. Thus, mildly concentrated sunlight can
efficiently and selectively enhance the promotion of the rWGS
reaction without using external heating.

Reduction of CO2 to fuels and chemicals is an important
technology that will contribute to achieving a carbon neutral
society.[1] CO2 can be considered as a non-toxic, cheap and
abundant feedstock to make synthetic fuels and chemicals.
However, its activation requires high amounts of energy.
Several technologies to convert CO2 into fuels and chemicals
have emerged in the last decades, such as biochemical,
electrochemical, thermochemical, plasma chemical and
photochemical.[2–6] Photocatalysis aims to directly harvest (sun)
light and transfer its energy to convert CO2 into fuels and
chemicals.[7–11] Different products can be targeted through (sun)
light-powered CO2 hydrogenation, with methane (CH4) and
carbon monoxide (CO) as the main target products.[12–18]

Recently, plasmonic hydrogenation of CO2 to CH4 [Sabatier
reaction, Eq. (1)] has been reported with high production rates
using Ru and Ni based catalysts at low catalyst bed
temperatures.[18–32] CO is an interesting product to target due to
the great potential it offers as a building block to synthesize
long chain hydrocarbons through the well-established Fischer-
Tropsch synthesis (FTS). CO2 is hydrogenated to CO via the
reverse water-gas shift (rWGS) reaction [Eq. (2)]. The combina-
tion of the rWGS reaction and the FTS constitutes a two-step
process which has potential to become a green technology for
the production of synthetic fuels with large demand using CO2

as a feedstock.[33–36]

CO2 þ 4H2 !CH4 þ 2H2O DH298K ¼ � 165:0 kJ mol� 1 (1)

CO2 þ H2 Ð COþ H2O DH298K ¼ 41:2 kJ mol� 1 (2)

The rWGS reaction is endothermic and limited by equili-
brium. With thermocatalysis, at temperatures below 600 °C, CH4

is the main formed product through an exothermic reaction
which is the main competing process of the rWGS reaction.[36–37]

Traditionally, to increase the CO selectivity to around 80%,
temperatures above 800 °C are required.[37] This can lead to
particle sintering, coke formation and a fast catalyst deactiva-
tion. Cu, Rh and Pt based catalysts have shown the highest
activities of all the high-temperature resistant catalysts
reported.[38–40] As an alternative, photocatalysis aims to use
photoactive materials which can harvest sunlight to either
increase their (local) temperature or excite a charge carrier in
order to catalyze the reaction either photothermally or
photochemically.[41–45] Conventionally, semiconductor materials
have been used as photocatalysts but they can only harvest
light in the UV region, which corresponds roughly to 4% of the
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solar spectrum. To improve the light harvesting at different
frequencies, metallic nanoparticles (NPs) which display plas-
monic behavior under light irradiation are a promising upgrade
to these materials. Determining the role of the different
mechanisms involved in the process and differentiating be-
tween the thermal and non-thermal contribution to the overall
catalytic performance is of great interest from both scientific
and application perspective.[43–58] Here, we contribute to identify
the various physical mechanisms involved in the plasmonic
sunlight-powered Au/TiO2 catalyzed rWGS reaction.

Only few groups have reported on the rWGS reaction under
light irradiation. Noble metal catalysts based on Au and Ag
have been reported to have the highest activities. Huber et al.
studied the performance of Au NPs supported on different
metal oxides at 400°C under visible light irradiation
(5216 Wm� 2), reporting an apparent quantum efficiency with
Au/TiO2 of 5% and a CO production rate of
2663 μmol ·gcat

� 1 ·min� 1.[59] Several catalysts based on Au and
Ag NPs supported on TiO2 were studied by Tahir et al.,
unravelling the potential of different TiO2 morphologies and the
use of bimetallic catalysts. They investigated Au/TiO2 nano-
structures, with maximum activity of 4144 μmol ·gcat

� 1 ·h under
150 mWcm� 2 light intensity irradiation.[60–62] Some earth-abun-
dant metals can promote the rWGS reaction but with lower CO
productions rates.[63–64] Ouyang et al. studied several group VIII
metals supported on Al2O3, demonstrating the potential of Fe-
based plasmonic catalysts, which promoted the rWGS reaction
with an activity of 19.2 mmol ·g� 1 ·h� 1 under irradiation of a
300 W Xe lamp.[63] The group of Halas reported that Al/Cu2O
was active for the CO2 reduction to CO getting a production
rate of 10 μmol · cm� 2 · s� 1 under highly concentrated laser light
irradiation (10 W·cm� 2) without additional external heating.[64]

In this study, we report a catalyst based on Au NPs
supported on anatase TiO2 (Au/TiO2) which selectively promotes
the formation of CO from CO2 and H2 with the sole energy input
of slightly concentrated sunlight. We attribute the excellent
results to the great sunlight-harvesting ability of this catalyst,
caused by the localized surface plasmon resonance (LSPR) of
the Au NPs, which capture a large portion of the solar spectrum.
Based on combined experimental and theoretical analyses, we
propose that the mechanism promoting the reaction involves a
synergistic contribution of photothermal and photochemical
processes. The main contribution to the activity results from the
Au NPs acting as nano-heaters to enhance the reaction photo-
thermally, while charge transfer processes are crucial to desorb
the formed H2O and CO from the Au/TiO2 catalyst surface. We
see the possibility to operate at low catalyst bed temperature
and almost ambient reactor temperature (<30 °C) as a unique
feature for the scalability of the process into an industrial
application, which can efficiently reduce CO2 to CO with a
selectivity of 98% and a quantum efficiency of 4.7%.

The Au/TiO2 catalyst was prepared via a deposition-
precipitation method (see Experimental Section). The Au
content was determined by Inductively Coupled Plasma-Atomic
Emission Spectroscopy (ICP-AES) obtaining a value of 3.12 wt%
Au. The particle size distribution was determined based on
images from High-Angle Annular Dark Field Scanning Trans-

mission Electron Microscopy (HAADF-STEM). A representative
image is shown in Figure 1a. The Au particle size distribution
follows a lognormal distribution, with an average particle size of
1.6 nm (Insert Figure 1a). Figure 1b displays a representative,
crystalline Au NP, present on the surface of a TiO2 crystal. The
interplanar distance in the Au NP is 2.37 Å�0.02 Å, correspond-
ing to the (111) spacing. The (111) lattice planes are perfectly
aligned with the (101) TiO2 planes. The diffuse reflectance
spectra (UV-Vis) were measured for the TiO2 and Au/TiO2

particles and are presented in Figure 1c.
As it can be observed, the TiO2 only absorbs in the UV

region (<400 nm) while the Au/TiO2 has a broad band
absorption in the UV and visible region due to the plasmonic
nature of the Au NPs. The maximum absorbance was observed
in the range between 500 and 600 nm, corresponding to the
LSPR frequency of Au nanospheres. The X-ray diffraction (XRD)
pattern confirms the main presence of the TiO2 anatase based
on the positions of the diffraction peaks (Figure 1d). The
characteristic diffraction peaks of Au were detected at 36.9° and
44.6° and 62.7°.

The sunlight-powered CO2 reduction experiments with H2

were performed in a custom designed batch photoreactor
system (Figure S1), equipped with a quartz window through
which artificial sunlight was irradiated on the catalyst. The
reactor was heated via electric heaters to perform comparative
thermocatalytic experiments (dark tests). The photoreactor was
loaded with 200 mg of the catalyst and filled until a total
pressure of 3.5 bar with a mixture of CO2 :H2 :N2, with a
volumetric ratio of 2 : 2 : 1. N2 was used as internal standard (see
Experimental Section). The light source was a solar simulator
(Newport Sol3 A) equipped with an AM1.5 filter and a light
concentrator that can reach a maximum intensity of 14.4 sun.
The catalyst bed temperature was measured through a
thermocouple placed in contact with the bottom side of the
catalyst bed to avoid direct exposure of the thermocouple to
light. This temperature does not correspond to the catalyst top
surface temperature which will be notably higher as discussed
in the following sections. The reactor temperature was meas-
ured at the top and bottom of the reactor. Time zero was
considered when the light was switched on. For the dark
experiments, the reactor was heated from the bottom and
laterals. Prior to the experiments, the system was allowed to
reach thermal equilibrium at the desired temperature and then
filled with the reactants.

The CO evolution on Au/TiO2 was studied under 14.4 sun
for 3 hours without an external heat source, with an initial
reactor temperature of 20 °C. The CO production is shown in
Figure 2a.When the light was switched on, the catalyst bed
temperature reached 135 °C rapidly (Figure 2b, black line). In
contrast, the reactor temperature remained stable between
20 °C and 30 °C for the 3 h of reaction time (Figure 2b, blue
line). The main detected product was CO, with a selectivity of
98.2% throughout the 3 h reaction period. The initial CO
production rate was 429.2 mmol ·gAu

� 1 · h� 1

(13.4 mmol ·gcat
� 1 · h� 1) after 15 min and the only other detected

product was CH4. The apparent quantum efficiency was 4.7%
(Equation S1), leading to a final CO concentration in the reactor
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of 4.9%. This is a remarkably high efficiency considering that
CO production is selectively promoted at high temperatures,
and in this case only solar light was irradiated onto the system
without any external source of heat. Control experiments
showed that no products were detected when Au was not
present on the TiO2 support achieving a catalyst bed temper-
ature of 55 °C (Figure S2). In order to confirm that CO2 was the
sole carbon source, an experiment with no CO2 presence in the
reactor was performed under light irradiation (14.4 sun), in
which no products were detected.

To distinguish between photothermal and photochemical
processes, we studied the relationship between light intensity
and CO production rate. Figure 3a shows that the CO
production rate under artificial sunlight illumination (black
squares) follows an exponential curve with increasing light
intensity between 6 and 14.4 sun. This suggests that the
process is mainly driven by photothermal processes, as reported
by Baldi et al.[47] The Au NPs harvest sunlight through the LSPR
mechanism to excite charges, and a large part of these decay
thermally, efficiently heating the local spots at which the
reaction takes place. Through this, the plasmonic particles
promote the rWGS reaction via a photothermal effect. However,
this does not completely rule out the possibility of an additional
influence from photochemical processes. With the temperature
obtained via a thermocouple in direct contact with the bottom
of the catalyst bed (Figure S1, S2b), we calculated an apparent
activation energy of 29 kJ ·mol� 1 for the light-powered reaction
using Arrhenius equation (Eq. S2). This is similar to the apparent

activation energy reported for the Au/TiO2 catalyzed, light-
powered rWGS reaction reported by Huber and coworkers
(35 kJ ·mol� 1).[59] Figure S3a shows the CO evolution during the
3 h reactions at all the different light intensities. It can be
observed that the total equilibrium concentration of CO was
lower at lower intensities, which was expected due to the lower
local temperatures. The relation between the bulk catalyst bed
temperature and light intensity followed a linear trend, as seen
in Figure S3b.

In order to differentiate between the role of the Au and the
TiO2, a set of experiments without UV light was performed. The
solar spectrum (AM1.5) contains around 4% of UV light that can
largely contribute to the photocatalytic activity. In this set of
experiments, a 395 nm long pass filter was added to the solar
simulator. This filter blocked the UV light (<395 nm, Figure S4),
which does not overlap with the plasmonic band of the Au NPs
and can only be absorbed by the TiO2. We corrected for the loss
in light intensity caused by using the UV long pass filter
(Figure S5). Under these conditions, similar CO production rates
were observed with and without UV light irradiation, as can be
seen in the Figure 3a (blue circles). Based on this, it was
concluded that Au NPs are mainly responsible for the light
absorption and the promotion of the reaction. However, there
must be a synergy between the Au NPs and the TiO2 as a
support, like adsorption of reactant molecules, charge transfer
of the charges generated in the Au NPs to the TiO2 semi-
conductor among other options, which are beyond the scope
of this report.

Figure 1. a) Representative image with particle size distribution histogram for Au and b) high resolution image from the HAADF-STEM of the 3.12 wt% Au/
TiO2 catalyst, c) Diffuse reflectance UV-Vis-NIR spectra for TiO2 (black) and Au/TiO2 (blue), d) XRD pattern of the 3.12 wt% Au/TiO2 sample
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The catalyst bed temperature of the tests with the UV long
pass filter can be seen in Figure S3b (blue circles). These
temperatures follow the same slope as for the full spectrum
tests, but with a general decrease of around 20 °C. This could be
caused by the elimination of the light absorption by TiO2, which
would be expected to have a thermal effect through electron-
hole recombination. However, this temperature change did not
have a relevant impact on the activity, therefore the measured
catalyst bulk temperature proved to be an inaccurate factor to
estimate activity.

To gain insight on the local Au NPs temperature of our
catalyst, we performed optical modelling based on finite
element method (FEM) using COMSOL Multiphysics®
software.[65] The photothermal behavior of an isolated Au/TiO2

particle was studied (Figure 4). For the modelling, we assumed
that light is only absorbed by the Au NPs and not by TiO2. This
applies for the wavelength range of our simulation (400–
600 nm). Because NPs are very poor light emitters, all the
absorbed light is transferred into thermal energy and yields a
difference between the temperature of non-illuminated and
illuminated NPs (ΔT).[66] For the simulation, the light source was
a monochromatic plane wave with intensity of 100 mW·cm� 2

(1 sun). For fixed TiO2 and Au NP sizes, the absorbed light
increases as the number of Au NPs increases resulting in higher
ΔT (Figure 4b). ΔT is proportional to the number of Au NPs, as
the ratio of ΔT between 14 and 10 Au NPs is approximately
1.44. Additionally, the size of the carrier TiO2 NPs affects the ΔT.
The radius of the TiO2 was varied from 5 to 20 nm, while the
number of Au NPs on the TiO2 was kept at 14. With increasing
TiO2 NP size, the temperature increase was lower. The TiO2

carrier does not absorb light and only serves as a thermal
reservoir. The larger the TiO2 NPs, the more mass and the higher
the required energy to reach the same ΔT. For 3.1 wt% Au/TiO2,
from our calculation, the temperature increase ΔT for the
isolated Au/TiO2 nano-particle was estimated to be around
10 °C under 14 sun irradiation.

Besides the isolated NP, we have estimated the photo-
thermal response of a collective NP solid powder. Kirchhoff’s
law states that at thermal equilibrium, the power radiated by an
object must be equal to the power absorbed for a body. We
assume that our catalyst is in thermal equilibrium, and that the
energy input results only from the light absorption and the
energy loss is solely caused by emission which is a radiative
heat transfer effect. Consequently, the Stefan Boltzmann law
provides a good and easy approximation to estimate the
catalyst temperature and interpret our experimental findings.
For theoretical study and numerical model of the photothermal
effect from nanoparticles, some publications).[67–68] from other
groups can be considered. We estimate that the collective
temperature only at the top surface of the Au/TiO2 solid powder
can reach as high as 300 °C under 14 sun illumination (see
Figure S6). This temperature will decrease from top to bottom
in the catalyst layer. In order to obtain more precise temper-
ature profiles, the analytical model will be improved in the
future work. Additionally, in the proceeding research we will
explore temperature characterization method to study the T-
gradient in the NPs powder. Those would be crucial to discern

Figure 2. a) CO production vs time for the reduction of CO2 using Au/TiO2

photocatalyst under 14.4 sun intensity, b) catalyst bed temperature (black)
and reactor temperature (blue) vs time. Reaction conditions: mixture of
CO2 :H2 :N2 (2 : 2 : 1) at 3.5 bar pressure (3.12 wt% Au/TiO2, 200 mg, 14.4 sun
irradiation from solar simulator (1 sun=1 kW·m� 2, AM1.5))

Figure 3. CO production rate vs light intensity for the reduction of CO2 with
AM1.5 filter (black squares) and AM1.5+UV long pass filter (blue dots). The
shown curves are the exponential fit for both datasets. Reaction conditions
mixture of CO2 :H2 :N2 (2 : 2 : 1) at 3.5 bar pressure (3.12 wt% Au/TiO2, 200 mg)
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between thermal and non-thermal contributions to the catalytic
process.

In order to further investigate the role of thermal versus
non-thermal effects, we performed a series of dark experiments.
The lowest temperature was 140 °C, as this was the measured
catalyst bed temperature under 14.4 sun irradiation (Figure 2b).
Under these conditions, the obtained initial CO production rate
was 67 mmol ·gAu

� 1 · h� 1, 6.5 times lower than the production
rate observed when light was used, underpinning that the
average local temperature upon illumination was higher than
that measured through the catalyst bulk bed temperature. The
temporal profiles of the CO2 hydrogenation at 140 °C and 160 °C
are presented in Figure S7. At 180 °C, the CO production rate in
the first 5 minutes was still lower than for the illuminated
experiment (14.4 sun), as can be observed in Figure 5a.
Assuming all the contribution came from photothermal proc-
esses, indicates that the local average temperature for the test
under illumination was slightly above 180 °C. This is an
estimation of average local temperature over the whole catalyst
thickness, not to be confused with the surface temperature
determined via computer modelling. Two different regimes
could be differentiated in the dark reactions. Initially, the CO
production rate increased similarly to the tests under irradi-
ation. Then the CO production rate decreased largely after the
first 5 minutes to completely stop after 30 min.

In contrast, the formation of CH4 was promoted under dark
conditions with an almost constant production rate for 2 h
(Figure 5b), this is according what reported previously for
temperatures below 600 °C.[37] while under illumination CH4

production was mostly suppressed suggesting the thermal
effect entails suppression of CH4 as a competing reaction. For

the light experiment, the CO selectivity was maintained at
values around 98% over the 2 h. Instead, the CO selectivity
dropped to 70% under dark conditions at 180 °C, indicating
that light enhances the promotion of the rWGS reaction over
the methanation reaction. This change in selectivity shows a
different kinetic mechanism between the tests under illumina-
tion and the dark tests. We propose that the difference in
catalyst deactivation and selectivity was due to the promotion
of H2O and CO desorption through charge transfer of plasmon
generated charges, which is in linewith what has been
previously reported in literature.[59,69] The favored desorption of
H2O was reflected in the lower deactivation rate, which could
be caused by two different processes. First, when H2O
desorption from the reactive sites is enhanced, more reactants
can be adsorbed and the reaction can continue. The second is
related to the rWGS reaction being limited by the equilibrium in
equation 2. When H2O is removed from the surroundings of the
reaction sites it reduces the concentration of H2O in the vicinity
of the NPs and shifts the equilibrium, promoting the CO
formation following Le Châtelier’s principle. In parallel, the
favored desorption of CO by light is reflected in the selectivity
change. As the rWGS and the Sabatier reactions often share the
same mechanism, the CO desorption step is crucial to
determine the selectivity of the process. If CO is desorbed, it
cannot be further hydrogenated, inhibiting the CH4 formation.
This leads to significantly enhanced CO production and
selectivity under light irradiation at low temperatures.

In conclusion, we have successfully demonstrated that Au/
TiO2 is able to selectively promote the rWGS reaction under
slightly concentrated artificial sunlight illumination without any
external heating source. The CO production rate increases

Figure 4. The temperature change of the isolated Au NP/ TiO2 under monochromatic plane wave illumination. In a) geometry of 10 Au small nanospheres
(2 nm) on larger TiO2 NS, b) 14 Au NS on TiO2; the color illustrates the thermal energy density, c) ΔT of the isolated Au NPs at wavelengths 400 nm and
500 nm, d) Temperature change of isolated Au NPs for varying support TiO2 NP size (5–10–20 nm), e) ΔT at various irradiation wavelengths for varying
support TiO2 NP size (5–10–20 nm).
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exponentially with the increase of the light intensity, which
indicates that the reaction is mainly promoted by the thermal
decay of the LSPR of the Au NPs. Although we determined that
most of the activity is generated by the light absorption from
the Au NPs, the TiO2 still plays an essential role in the
mechanism. The average local temperature at the Au NPs was
estimated to reach around 300 °C at the surface of the catalyst
bed, based on the simulated conditions through the FEM
optical model. We have shown that illumination improves the
catalyst activity and selectivity towards CO, possibly due to
enhanced product desorption which shifts the equilibrium of
the rWGS reaction towards CO and H2O production. More
specifically, light helps to efficiently promote the CO formation
and suppresses the methanation reaction to achieve a CO
selectivity of 98% without any external heating, reaching an
AQE of 4.7% and a CO production rate of 429 mmol ·gAu

� 1 · h� 1.
The high CO production and selectivity values achieved solely
with sunlight and without external heating can enable the
development of a sustainable process to make long chain

hydrocarbon production accessible via the intermediate CO
based on concentrated solar energy.
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COMMUNICATIONS

Reverse water-gas shift: This study
reports a Au/TiO2 catalyst which
promotes the rWGS reaction under
mildly concentrated solar irradiation
at ambient temperature. A quantum
efficiency of 4.7% was reached, with a
selectivity to CO of 98%. This activity

is achieved due to a plasmonic photo-
thermal effect from the Au nanopar-
ticles, while the high selectivity is
likely caused by charge transfer
processes which promote the desorp-
tion of products from the catalyst
surface.
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