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Light-driven heterogeneous catalysis provides a promising way to accomplish chemical reactions by the

use of light energy, which reduces the consumption of chemical energy sources. Here, we show that Ru/

CeO2 catalysts exhibit high activity for the hydrogenation of CO2 to methane under illumination only,

reaching high CO2 conversion (over 99.9%) and selectivity of methane (∼100%) at low temperature. In

sharp contrast, less CO2 is converted at the same temperature when a traditional heating model is used. As

revealed by the results, the enhanced conversion rate under illumination should not only be attributed to

the light-induced thermo-heating. Further investigations by in situ IR analysis and theoretical calculation

provide comprehensive understanding of the reaction mechanism, and the important role of light is re-

vealed. It is expected that the combination of catalysts and light may afford new perspectives for CO2

hydrogenation.

1. Introduction

The capture and utilization of CO2 is of great importance for
the reduction of CO2 emission, which would contribute to the
alleviation of global climate changes. Moreover, CO2 could be
used as an attractive C1 building block for production of valu-
able chemicals through the hydrogenation route.1–6 Nowa-
days, effective CO2 hydrogenation is still challenging due to
the difficulties in the activation of thermodynamically stable
CO2. As a result, conventional thermal-catalytic CO2 hydroge-
nation has to be operated at a relatively high temperature to
obtain a satisfactory conversion rate. In this process, the con-
sumption of thermal energy may also bring extra CO2 emis-
sions. From the aspect of green CO2 recycling, it is desirable
that a renewable energy (e.g. solar light) could be used to
drive CO2 conversion.

Recently, a photothermal strategy is proposed for the
light-driven CO2 hydrogenation and other reactions over vari-
ous catalysts.7–10 These experimental results indicate that the
solar-light induced photothermal effect dominates the pro-
cess of CO2 conversion. This technique provides a promising
route for the utilization of solar light in the CO2 conversion.

Before the application of this technology in large-scale indus-
trial production, there are still some challenges that need to
be addressed. One key challenge is the development of effi-
cient catalysts suitable for this special illumination process.
At present, the working temperature for CO2 hydrogenation is
relatively high. It is of great importance to reduce the hydro-
genation temperature for efficient utilization of solar light.

Based on the present mechanisms for the thermal CO2 hy-
drogenation over metal nanoparticles/oxide catalysts, metal-
oxide support can significantly influence the activity of the
catalysts.11 As one of the promising oxide supports toward
CO2 conversion, CeO2 has attracted wide interest due to its
unique structural features resulting from its reversible va-
lence change.12 In particular, the CeO2 materials facilitate
the CO2 adsorption and promote the CO2 conversion rate
through the activation of the carbon–oxygen bond during the
thermocatalytic process.13,14 As for the light-involving CO2 hy-
drogenation process, the detailed roles of the light and cata-
lytic mechanism of the catalyst remain unclear, which need
to be studied to provide instructions for the development of
robust catalysts. Moreover, the adsorption and transforma-
tion of intermediate species on the catalyst may be affected
by photo-irradiation, whereas this has been scarcely
discussed in light-driven CO2 methanation.

Herein, we report an efficient light-driven CO2 methana-
tion system that employs a thin-layer flow cell loaded with a
model Ru/CeO2 catalyst. Both high conversion of CO2 to
methane (99.9%) and selectivity (∼100%) are achieved under
an illumination of 1.1 W cm−2. In situ FTIR measurements
were utilized to study the effect of light on the CO2
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hydrogenation. It is hoped that this investigation would pro-
vide solution for the design and synthesis of efficient catalysts
for solar-driven CO2 transformation.

2. Experimental
2.1 Preparation of the Ru/CeO2 catalyst

The CeO2 catalyst was synthesized by a microwave-assisted
nonaqueous sol–gel method with reference to a previous re-
port.15 In a typical synthesis, 5 mmol CeĲIII) acetylacetonate (Al-
drich) and 30 mL benzyl alcohol (Aldrich) were added into a 50
mL flask equipped with a condenser pipe. This flask was then
placed in a microwave oven (MAS-1, 2.45 GHz, Shanghai Xinyi
Ltd.) and heated to 200 °C under magnetic stirring. After 30
min of continuous reflux at 200 °C, the precipitate was sepa-
rated from the mixture by centrifugation and washed with eth-
anol. After that, the precipitate was calcined at 300 °C in an air
atmosphere for 30 min and its color changed to light-yellow.

The Ru/CeO2 catalyst with a Ru loading of 1.5 wt% was
prepared by the following adsorption–decomposition
method. First, 0.2 g CeO2 powder was dispersed into 50 ml
tetrahydrofuran solution containing 6.3 mg triruthenium
dodecacarbonyl (Aldrich). This mixture was subjected to ul-
trasonic treatment (200 W) for 2 h at room temperature. After
that, the tetrahydrofuran solvent was removed under vacuum
and the powder was heated at 100 °C for 30 min in air. The
resulting RuO2/CeO2 sample was then reduced in a gaseous
mixture of H2 and Ar (1 : 9, v/v) for 1 h at 200 °C with a
heating rate of 10 °C min−1. The obtained catalyst was de-
noted as Ru/CeO2.

2.2 Physical characterization of the catalyst

XRD was recorded on a Philips MPD 18801 diffraction-meter
(CuKα radiation, λ = 1.5418 Å, 20KV, 150 mA). The morphol-
ogies of the samples were observed using JEOL-6700F scan-
ning electron microscopy (SEM). TEM and high resolution
TEM analysis were performed by using JEM 2010FEF TEM op-
erating at a voltage of 200 kV. Energy dispersive spectrometry
(EDS) measurement was performed by using Oxford INCA.
The diffuse reflectance UV-visible spectra of the samples were
recorded on a spectrophotometer (UV-3600, Shimadzu, Japan)
and BaSO4 was used as a reflectance standard. X-ray photo-
electron spectroscopy (XPS) was conducted using a Thermo
Scientific K-Alpha XPS spectrometer with a monochromated
X-ray source (aluminum Kα). The C 1s peak arising from ad-
ventitious hydrocarbons was assigned an energy value of
284.8 eV and used as an internal binding energy reference.

The reduction properties of the catalysts were measured
using temperature-programmed reduction (TPR) techniques.
A 100 mg sample was placed in a quartz reactor and degassed
under flowing argon at 200 °C for 2 h. After cooling down to
room temperature, a stream of H2/Ar (1 : 9, v/v) was intro-
duced and the sample was heated to 900 °C at a heating rate
of 20 °C min−1. The amount of H2 consumption during the
reduction was measured using a thermal conductivity detec-
tor (TCD).

2.3 Evaluation of catalytic performance

The CO2 hydrogenation was carried out using a homemade
quartz reactor at atmospheric pressure. The quartz flow cell
has a rectangular structure with a size of 30 mm in length
and 10 mm in width (Fig. S1†). The inner gap in the flow cell
is 3 mm. 0.05 g catalyst powder was spread uniformly on the
bottom of the cell with an interval of around 1 mm left for
the gas flow. The temperature inside the reactor was mea-
sured using a thermocouple. Before CO2 hydrogenation, the
catalyst samples were reduced in a gaseous mixture (5% H2

and 95% Ar in volume) for 1 h at 200 °C. After cooling down
to room temperature, the reaction gas mixture (10% CO2,
42% H2, and 48% Ar in volume) was introduced into the reac-
tor at a flow rate of 1 ml min−1. Under illumination, the flow
cell reactor was irradiated using a 300 W Xe lamp (Beijing
Perfectlight Technology, PLS-SXE300, filtered light, λ < 800
nm). To evaluate the catalytic performance of the samples,
we used three different reaction conditions (Fig. 1).

Under “illumination (a)”, the illumination power of the Xe
lamp was adjusted to maintain the temperature of the catalyst
inside the reactor. After the temperature was stabilized for at
least 20 min during the gas flow, the gas products were ana-
lyzed using GC equipment. For the CO2 hydrogenation under
“heating (b)”, the flow cell is placed on a hotplate (IKA C-MAG
HS7) to achieve the expected temperature. Under “illumina-
tion + heating (c)”, the illumination power was controlled to
be a specified value, and assistant heating from the hotplate
was applied to reach a target temperature of the catalyst. Cor-
responding images of the setup are presented in Fig. 2.

Gas products (CO and CH4) and remaining CO2 were then
injected into a gas chromatograph (GC-2020, Hengxin)
equipped with a packed column (ZKAT-Z13 PLOT, ATEO) to
realize the separation of CO2 and products. These gases
would flow through a nickel methanizer in which the
unreacted CO2 and CO were converted to detectable methane
using a flame ionization detector. The following quantifica-
tion was performed based on the correlation of the concen-
tration of gases and corresponding peak areas.

2.4 IR analysis of the catalytic processes with a DRIFT device

In situ IR spectra were collected on a Nicolet IS50 (liquid N2-
cooled MCT detector) instrument equipped with a DRIFT

Fig. 1 Schematic illustration of the setup for the CO2 hydrogenation
(top) and three different reaction models (bottom): “illumination” (a),
“heating” (b) and “illumination + heating” (c).
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accessory and a cell (Harrick). The spectra (the average of
accumulated 32 scans) were recorded at a resolution of 4
cm−1 with reference to adequate background spectra of the
clean sample. The powder sample was pressed onto a tung-
sten mesh which was attached to the copper heating cup of
the cell. The temperature of the sample was monitored
using a thermocouple fixed on the top center of the tung-
sten mesh. To reveal the intermediates generated during the
practical CO2 reduction, the IR measurements were carried
out at atmospheric pressure and the cell was connected to a
gas flow system (1 ml min−1). At first, the sample was
pretreated in 5% H2/Ar at 200 °C for 1 h. Then, the cell was
flushed with Ar for another 30 min and cooled to reaction
temperature (160 °C) before the following IR measurements.
After the collection of background spectra, the reaction gas
(1% CO2, 5% H2, and 94% Ar in volume) was continuously
introduced into the cell and steady-state spectra were col-
lected after 10 min of reaction at 160 °C. As for the CO2 re-
duction under “heating and illumination”, an IR-cut filter
was mounted onto the Xe lamp to avoid the interference of
IR light. The filtered light (<800 nm, 0.4 W cm−2) was illu-
minated onto the sample through the quartz window and
the temperature was also maintained at 160 °C with assis-
tant heating. Stead-state spectra were then collected after 10
min of reaction at 160 °C.

2.5 Localized temperature simulation

Localized temperature simulation was performed using the
software (Lumerical, Canada) of FDTD Solutions (8.15.736)
and Device-Heat (5.0.736). The optical absorption data calcu-
lated by FDTD Solutions was used as a heat input for the Heat
simulation. The input light was set at 425 nm (its T simula-
tion result was close to the average value in the range of solar
light), and its light intensity was set at 1.1 W cm−2 to match
the real conditions in our experiments. The minimum mesh
interval for MF and T simulations were 0.08 nm and 0.01 nm,
respectively. The material parameters of Ru are obtained from
the Palik data.16 The optical parameters (n, k) of the CeO2 sup-
port were measured using a dual rotating-compensator
Mueller matrix ellipsometer (ME-L ellipsometer, Wuhan
Eoptics Technology Co., Wuhan, China), and the thermal con-
ductivity of the CeO2 support was set as 7.4 W mK−1.

2.6 DFT theoretical calculation

All calculations were performed using the first-principles
density of functional theory DFT+U calculations implemented
in the Vienna ab initio simulation package (VASP)17,18 with
the exchange–correlation functions, which were described by
generalized gradient approximation (GGA) with the Perdew–
Burke–Ernzerhof (PBE) function.19 The Ce-5s25p66s24f15d1,
C-2s22p2, O-2s22p4, and H-1s states were considered as va-
lence states within the projector augmented wave (PAW)
method representing the electron–ion interaction with an a
plane wave cutoff of 450 eV.15,20,21 To minimize the exchange
interactions of the strongly localized Ce 4f electrons, we used
the 5 eV value for U on the basis of the theoretical tests in
the literature.22

The CeO2 (111) surface was modeled using a (3 × 3) super-
cell with a thickness of 9 atomic layers, and the vacuum
thickness being larger than 20 Å in the <111> direction. Dur-
ing optimization, the energy and force converged to 10−5 eV
per atom and 0.02 eV Å−1. A grid of 3 × 3 × 1 Monkhorst–Pack
mesh k-points was used to perform integration in the
Brillouin zone.23

3. Results and discussion
3.1 Characterization of the Ru/CeO2 catalyst

A representative TEM image of the as-prepared CeO2 shows
that the sample consists of nanoparticles with an average
particle size of ∼5 nm (Fig. 3a). The combination of these
nanoparticles was found to remain unbroken after continu-
ous ultrasonic dispersion. Moreover, no individual nano-
particles are observed, which indicates that these nano-
particles grew together instead of random agglomeration.
High-resolution transmission electron microscopy (HRTEM)
analysis shows that the nanoparticles are crystalline and have
an identical lattice fringe of 0.31 nm corresponding to the
interplanar spacing of the (111) plane of CeO2 (Fig. 3b).
Meanwhile, the dislocations of lattice fringes could be ob-
served between the boundaries of neighboring nanoparticles.
The HRTEM image of Ru/CeO2 clearly shows the deposition
of fine Ru nanoparticles with an average particle size of ∼2
nm (Fig. 3c and S2†).

The EDS result gives evidence for the existence of Ru (Fig.
S3†). In the enlarged HRTEM image of the edging part, the
lattice fringe of 0.21 nm matches well with that of the (002)
plane of Ru (Fig. 3d). Fig. 3e shows the XRD patterns of the
Ru/CeO2 sample and the reflection peaks can be indexed to
the fluorite structure of CeO2 (JCPDS file no. 34-0394). How-
ever, no characteristic XRD diffractions are observed for Ru
in the Ru/CeO2 sample, indicative of the small size of Ru par-
ticles. For the optical properties revealed by the diffuse reflec-
tance spectra (Fig. 3f), the bare CeO2 sample only exhibits ob-
vious absorption in the ultraviolet region. In comparison, the
visible-light absorption is greatly enhanced on the Ru/CeO2

sample. The enhanced light absorption is attributed to the
existence of Ru nanoparticles, which capture the light energy
through the interband transition of bound electrons.24,25

Fig. 2 (top) Images of the setup under three different reaction
conditions: “illumination only (a)”, “heating only (b)” and “illumination
+ heating (c)”. (bottom) An image of the assembly of the flow cell.
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XPS analyses were carried out to investigate the surface
structure of the as-synthesized CeO2 and Ru/CeO2 samples. As
illustrated in Fig. 4, six peaks resulting from the Ce4+ state ex-
ist in the spectra of the CeO2 sample. Another two peaks
(around 884.3 eV and 902.9 eV), which are attributed to the
3d5/2 and 3d3/2 peaks from the Ce3+ state (u′ and v′),26,27 could
be easily observed in the XPS spectrum of CeO2. However,
these two peaks are weakened significantly in the Ru/CeO2. It
is well known that the existence of Ce3+ in CeO2 leads to the
generation of oxygen vacancies,12 which favors the stable an-
choring of metal nanoparticles.28,29 Therefore, the deposition
of Ru nanoparticles tends to take place on the Ce3+ sites. As
for the Ru XPS spectra in Fig. S4,† the peaks at around 281.6
eV can be attributed to the oxidized Ru species.14 After H2

pretreatment, this peak shifted to a lower binding energy of
280.9 eV, indicating its reduction to Ru0 species.30

Moreover, the interaction between the Ru and CeO2 sub-
strate should be strong, as illustrated by the H2-TPR measure-
ments in Fig. 5. For the CeO2 without Ru loading, three peaks
at 260, 370 and 450 °C are assigned to the reduction of surface
CeO2, while the peak at 810 °C corresponds to the reduction of
bulk CeO2. After the Ru deposition on CeO2, the peak intensity
at 260 °C was dramatically enhanced, indicating that a large

amount of H2 is consumed in the reduction of surface CeO2.
This unique phenomenon illustrates the strong interaction be-
tween Ru and CeO2, and the dissociated hydrogen on Ru nano-
particles could be transferred efficiently to CeO2 for hydrogena-
tion. It is noted that the weak peak at 80 °C was attributed to
the reduction of the oxide layer of Ru nanoparticles.14 More-
over, this peak disappeared in the TPR result of the Ru/CeO2

sample after hydrogen pretreatment at 150 °C (Fig. S5†), indi-
cating that the ruthenium component was reduced after
pretreatment. Then, the Ru/CeO2 sample was used as a model
catalyst in the following study on CO2 hydrogenation.

3.2 Contribution of light to CO2 hydrogenation on Ru/CeO2

Under illumination, it is unavoidable that light-induced
heating will cause a temperature increase in the catalysts. To
figure out if heating was the sole factor in triggering the CO2

hydrogenation, the relationship between the illumination
power and the resulting temperature was first measured (Fig.
S6†), and then the illumination power was adjusted to main-
tain a certain temperature. In the contrast experiment of
“heating”, illumination was cut off and a hotplate was used
to achieve the same temperature. Fig. 6a shows the

Fig. 3 (a) TEM image of the CeO2 sample. (b) HRTEM image of the
CeO2 sample. (c) HRTEM image of the Ru/CeO2 sample (the location
of Ru nanoparticles are labeled by the red circles). (d) HRTEM image of
the edging part of the Ru/CeO2 sample, (e) XRD patterns of the Ru/
CeO2 sample. (f) Diffusive reflectance spectra of the CeO2 and Ru/
CeO2 samples.

Fig. 4 XPS analysis of the Ce 3d spectra of the CeO2 and Ru/CeO2

samples. Black curves represent the original results while other
colored solid lines represent the fitting curves corresponding to that of
the specific cerium species. The dashed curves are drawn from the
summation of data from the fitting curves.

Fig. 5 H2-TPR profiles of CeO2 and Ru/CeO2 catalysts. The peak at 80
°C in Ru/CeO2 resulted from the reduction of the oxide film of Ru
nanoparticles.
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comparison of CO2 conversion under two different reaction
conditions (“illumination” and “heating” in Fig. 1) for the
Ru/CeO2 and CeO2 catalysts. Over the temperature range, the
CO2 conversion under illumination is much higher than that
under heating.

The CO2 conversion under illumination reaches 99.9% at 160
°C (corresponding to an illumination power of 1.1 W cm−2,
Fig. 6a), which is almost 6 times higher than that under heating.
A similar positive effect of illumination was also observed on the
Ru/CeO2 catalysts by the use of another reaction gas mixture
with low CO2 concentration (Fig. S7†). To figure out if CeO2 itself
could contribute to the enhanced CO2 conversion under illumi-
nation, comparative experiments were conducted over the CeO2

sample, and individual CeO2 exhibited almost negligible activi-
ties in both reaction models. Therefore, sole CeO2 could not
bring light-induced enhancement in CO2 conversion. These pri-
mary results show that illumination could significantly facilitate
CO2 reduction on Ru/CeO2.

The distribution of products over Ru/CeO2 is shown in Fig.
S8† and the selectivity of methane is nearly 100%. Under
these two different reaction models, a much lower concentra-
tion (less than 10 ppm) of CO was detected in the products
and its molar ratio as compared with methane is near to zero,
indicating the selectivity of methane was not affected by the
reaction conditions. Moreover, the Ru/CeO2 catalyst exhibited
no decrease in continuous 30 h light-driven reaction (Fig. 6b),
while there was 24% degradation in the thermocatalytic pro-
cess. The reason for the decrease of the CO2 conversion rate

in the thermal process could be that the intermediate species
accumulated gradually and occupied the active sites at this re-
action temperature. Under the illumination process, the con-
version of intermediate species was efficient and the high ac-
tivity of the catalyst was well maintained.

The impact of light intensity on the reaction rate of CO2

hydrogenation was investigated by varying the irradiance
power, while other experimental conditions were kept
unchanged and the reaction temperature was maintained at
160 °C by assistant heating (model c in Fig. 1). The relative
contribution of heat to the reaction rate was calculated by
the division of the rate under heating only (160 °C) by the
rate under “illumination + heating”. Then the relative contri-
bution of illumination could be determined. With the in-
crease of the illumination power from 0.6 to 1.1 W cm−2, the
reaction rate increases from 2.1 to 4.9 mmol CH4 gcat

−1 h−1 in
a nearly linear relationship (Fig. 7). At the same time, the
contribution of light also rises to 83% of the reaction rate at
an illumination power of 1.1 W cm−2. Since the reaction tem-
perature was strictly controlled to ensure the temperature
uniformity, the enhanced activity under illumination mainly
originates from the light rather than the thermal effect.

Under illumination, it is probable that there was a differ-
ence between the measured temperature and practical tem-
perature on the nanoparticle surface. This factor could be the
reason for the superior reaction rate in the light-driven pro-
cess. In order to verify this speculation, a theoretical model
(see detailed introduction in the experimental section) was
used to calculate the temperature increase (ΔT) on the Ru
nanoparticles and CeO2 substrate upon illumination. It can
be seen in Fig. 8a that there is only a 1–4 K rise of tempera-
ture under a laser power of 1.1 W cm−2. This means that the
difference between the localized temperature and the mea-
sured temperature using a thermocouple is too small to ac-
count for obvious enhancement in the reaction rate. There-
fore, the effect of local heating on nanoparticles could be
eliminated, and the enhanced conversion of CO2 on Ru/CeO2

under illumination is definitely associated with the light
effect.

Fig. 6 (a) CO2 conversion over the Ru/CeO2 catalyst under the
“illumination” or “heating” model. (b) Conversion ratio of CO2 to CH4

over the Ru/CeO2 catalyst under illumination only or heating only
during long-time reaction. The illumination power was controlled to
reach 160 °C, which is the same as that under heating only.

Fig. 7 The contributions of light and heat to the conversion rates
under “illumination + heating”. The reaction temperature was
maintained at 160 °C by assistant heating.
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Then how does the light affect the special activity of Ru/
CeO2 in CO2 hydrogenation? One possibility is that the light
may accelerate a particular key step in the CO2 hydrogenation
process, which is different from that in the thermal process.
If so, the apparent activation energy (Ea) in these two pro-
cesses should be different. To check this hypothesis, the
value of Ea for CO2 methanation was calculated from the Ar-
rhenius plot by using the following equation: Ea = −RdĲln r)/
dĲ1/T) (Fig. 8b). The Ea for CO2 methanation under illumina-
tion (74.8 kJ mol−1) is lower than that under heating (92.2 kJ
mol−1). The decrease of Ea indicates that the light irradiation
favors the reduction of activation energy, which leads to an
increased reaction rate.

3.3 In situ FTIR characterization of intermediate species and
DFT analysis

In situ Fourier transform infrared spectroscopy (FTIR) studies
were carried out to obtain further insight into the enhanced
activity of Ru/CeO2 under illumination. At first, CO2 and H2

were introduced continuously into the cell which is heated at
160 °C, and steady FTIR spectra were obtained after 10 min
reaction (Fig. 9). The IR bands at 1544, 1388, 1297, 1217 and
1048 cm−1 represent different vibrational modes of carbon-
ates31,32 adsorbed on CeO2 with reference to the IR informa-
tion in Fig. S9.† The peak at 1604 cm−1 is assigned to the
antisymmetric OCO vibration of formate-like intermediate
species during the conversion of CO2 to methane.13,33,34 After
comparing this result with the following DFT calculation
(discussed later), we believe that the peak at 1604 cm−1 prob-
ably originated from the *OCOH species.

Then the reaction condition was changed to “heating + il-
lumination” with filtered light (without IR content) to investi-
gate the effect of illumination on the CO2 hydrogenation. Af-
ter the spectra became steady again, the intensity of the
*OCOH band decreased significantly while the methane sig-
nal at 3016 cm−1 increased (Fig. 9). It is believed that the for-
mate species are the key intermediates for the production of
methane.14,18 This sharp contrast indicates that illumination
may accelerate the conversion of formate intermediates
(*OCOH species) to methane, which leads to a decreased cov-
erage of formate intermediates on the catalyst surface.

Besides the formate species, the CO band could be ob-
served at 2013 cm−1 during thermal CO2 hydrogenation. This
should be assigned to the CO produced in the CO2 hydroge-
nation and linearly bound to the Ru nanoparticle.35 There is
no obvious change in the intensity of the CO band before
and after imposition of illumination, indicating that illumi-
nation causes little effect on the CO species. Moreover, no
methane was obtained when using CO as the precursor gas,
further suggesting that CO is not the intermediate for the for-
mation of methane here. The illumination also accelerated
the conversion of carbonates adsorbed on the surface of ce-
rium oxide. Compared with other peaks of carbonates, the
intensity of the peak at 1544 cm−1 (unidentate carbonate)
decayed more pronouncedly, indicating that light might pro-
mote the transformation of carbonate adsorbed in this
configuration.

As mentioned by previous articles on CO2 hydrogenation
utilizing “metal nanoparticles/CeO2” catalysts, metal nano-
particles accounted for the dissociation of hydrogen and the
CeO2 substrate was responsible for the adsorption and activa-
tion of CO2.

12 Here, the ruthenium component of the Ru/
CeO2 catalyst is responsible for hydrogen splitting in the CO2

hydrogenation process, as indicated by calculation results in
Fig. S10.† To further investigate the effect of illumination on
the conversion of formate-like intermediates, we performed
calculations on cerium oxide to determine possible interme-
diates and built the potential reaction pathway (Fig. 10a). In
the first step of hydrogenation, the formation of *OCOH (H
added to the O atom of *CO2, ΔE = 0.35 eV) is thermodynam-
ically more favorable than that of *OCHO (H added to the C
atom of *CO2, ΔE = 1.73 eV). Following the *OCOH interme-
diate, a series of hydrogenation steps are conducted to pro-
duce methane. Although the total energy expenditure towards
conversion of CO2 to CH4 is small (0.25 eV), the conversion
of *OCOH to *OCHOH species is endothermic with the
highest reaction energy (ΔE = 0.84 eV).

Further calculation uncovers the activation energies of the
initial three reaction steps (Fig. 10b). It can be seen that the
second hydrogenation step is up against an energy barrier of

Fig. 8 (a) Model calculation of the temperature enhancement on the
Ru/CeO2 matrix at a fixed laser intensity of 1.1 W cm−2. (b) Arrhenius
plots of CH4 formation over Ru/CeO2 catalysts under illumination only
or heating only.

Fig. 9 Steady FTIR spectra recorded over the Ru/CeO2 catalyst after
continuous feed of reaction gas (CO2 and H2) under heating, and then
under “heating + illumination” at 160 °C.
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1.27 eV, which is much higher than that of the first or the
third hydrogenation step. Therefore, the second hydrogena-
tion step could be rate-determining and a high energy is re-
quired to trigger the conversion of *OCOH. This is in good
agreement with the results in Fig. 9 indicating that the con-
siderable IR signal from the *OCOH intermediate could be
observed during the reaction process. By contrast, there is no
characteristic IR band of vĲC–H) from *OCHOH observed at
∼2850 cm−1 (Fig. 9), indicating that the hydrogenation of
*OCHOH is not the rate-determining step.

Based on the above analysis, the reason for the high con-
version rate of CO2 under illumination could be that the light
can effectively promote the activation of *OCOH species and
overcome the energy barrier for its subsequent conversion. In
this case, the CeO2 substrate played a key role in the illumi-
nation process due to its special properties in photo-absor-
bance. An Al2O3 material without photo-absorbance was used
as a substrate to support the Ru nanoparticles, and the re-
sults showed no obvious difference in CO2 conversion under
“illumination” and “heating” models (Fig. S11†). The contrast
experimental results further demonstrate the crucial relation-
ship between the photo-absorbance capability of the CeO2

substrate and the increase of CO2 conversion on Ru/CeO2 un-
der illumination. In the “heating” model, thermo-energy is
the only driving force to complete the CO2 hydrogenation.
The CeO2 substrate provides the active sites for the adsorp-
tion of CO2 while the Ru component contributes to the hy-
drogen dissociation. In the “illumination” model, the photo-
energy adsorbed by CeO2 may facilitate the activation of in-
termediates in the rate-determining step of CO2 hydrogena-
tion. With the cooperation of dissociated hydrogen on Ru,
the efficient conversion of these key intermediates finally
contributes to the overall conversion of CO2 to methane. Fur-

ther work will be carried out on the detailed mechanism of
photo-induced activation of intermediates on the interface of
the substrate. Present results may provide a new understand-
ing on the effect of light on the catalytic process, and this
strategy could also be applied to other catalytic processes to
realize a reduction in reaction temperature.

4. Conclusions

In this study, the light-driven CO2 hydrogenation was system-
atically investigated on Ru/CeO2 catalysts. The results illus-
trated that the CO2 hydrogenation under illumination was
more efficient than that under thermal heating. At a low tem-
perature of 160 °C, the corresponding reaction rate (4.9
mmol gcat

−1 h−1) is about 6 times higher than that performed
under heating only (0.83 mmol gcat

−1 h−1). Moreover, the ac-
tivities of the sample exhibit no decrease in continuous 30 h
light-driven reaction, while there is 24% degradation in the
thermocatalytic process. Further analysis reveals that the en-
hanced activity mainly results from the light rather than the
thermal effect. The apparent activation energy for CO2 metha-
nation under illumination (74.8 kJ mol−1) is found to be
lower than that under heating (92.2 kJ mol−1), indicating that
light irradiation favors the decrease of activation energy. As
revealed by the in situ IR analysis and theoretical calculation,
the illumination may accelerate the conversion of adsorbed
intermediate species, which leads to an increased yield rate.
We anticipate that this work may provide deep understand-
ing of the CO2 hydrogenation process under illumination,
and this strategy may be extended to other hydrogenation
processes.
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Fig. S1 Photo images of the flow cell from the top view (a) and side view (b)

As for the loading of catalyst powder, quartz wool was used to block one side of the 
cuboid cavity, and catalyst powder was then added inside. After that, another side of 
the cuboid cavity was also blocked with quartz wool. The flow cell was then gently 
knocked until the catalyst powder vibrated to a uniform spreading.
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Fig. S2 The distribution of diameters of Ru nanoparticles and the calculation of 
average size.

Fig. S3 EDS spectrum of Ru/CeO2 sample.



Fig. S4 XPS analysis of Ru species of Ru/CeO2 samples before and after H2 reduction. 
The peaks at 284.8 eV are attributed to C 1s species arising from adventitious 
hydrocarbons. 

Fig. S5 H2-TPR profiles of Ru/CeO2 catalysts after hydrogen pretreatment at 150 oC 
for 1 h.



Fig. S6 The relationship between illumination power and the resulted temperatures on 
the catalyst. 

Fig. S7 CO2 conversion over Ru/CeO2 catalyst under “illumination” or “heating” 
model by the use of another reaction gas mixture (1% CO2, 5% H2, and 94% Ar in 

volume).



Fig. S8 Typical GC spectra of the feed gas and output gas obtained over Ru/CeO2 
catalyst under illumination only (1.1 W cm-2). 

Fig. S9 FTIR spectra recorded at 160 oC over the CeO2 catalyst after injection of 0.1 
ml pure CO2 gas into the cell filled with Ar. The IR peaks at 2340 ~ 2360 cm-1 are 
assigned to the signals from the gas-phase CO2. And other peaks (peak locations are 
listed on the top of peaks) correspond to the adsorbed CO2 species on the surface of 
CeO2. 



Fig. S10 Activation energies of hydrogen splitting on the surface of CeO2 (a) and Ru 
(b)

The calculated results in Fig. S9 show that the hydrogen splitting on the surface of 
cerium oxide needs to overcome energy barrier of 2.27 eV, which is much higher than 
that on the surface of ruthenium (0.32 eV). This sharp contrast indicates that hydrogen 
molecules tend to be dissociated on ruthenium. Therefore, the ruthenium component 
of Ru/CeO2 catalyst is responsible for hydrogen splitting in CO2 hydrogenation 
process.



Fig. S11 CO2 conversion over Ru/Al2O3 catalyst under “illumination” or “heating” 
model. In the synthesis procedure of Ru/Al2O3 catalyst, the loading of Ru 
nanocrystals was same as that of Ru/CeO2 while commercial Al2O3 nanoparticles 
(Alfa Aesar, ~20 nm) were used as support material.   
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