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A B S T R A C T

This research focuses on the synergy of converting carbon dioxide (CO2) into methane (CH4) by simultaneously
introducing light and heat as dynamic sources to activate the catalyst. A CaTiO3@Ni-Pt catalyst, loaded with
30.0 wt.% Ni and 1.0 wt.% Pt on a perovskite CaTiO3 support was introduced. The photo-thermal catalytic
hybrid system has two features that distinguish it from other photo- or thermal-catalytic systems. First, unlike
the CO2 thermal-methanation reaction where CO2 and H2 react at a molar ratio of 1:4, 2.0mol of H2 was
replaced with 2.0 mol H2O in the photo-thermal catalytic hybrid system compared to the thermal-methanation
reaction requiring 4.0 mol of H2. Second, by loading Ni and Pt, which are catalytic active species with excellent
CO2 and H2 adsorption abilities, the CO2 reduction (46.48%) was promoted and the CH4 selectivity (99.46%) in
the product was increased compared to the photo-methanation reaction. The CaTiO3@Ni-Pt not only inhibited
the recombination of the photo-generated charges, but also facilitated the adsorption of the reactants in the
photo-thermal hybrid system. The quantum efficiency of the CaTiO3@Ni-Pt catalyst measured for the photo-
thermal hybrid system steadily increased to 180 °C. Nevertheless, this study implies that a photo-thermal hybrid
system can be useful to photo-reducing CO2 by adding a small amount of heat. From a thermal reaction
standpoint, a photo-thermal hybrid system can be used to reduce the reaction temperature during CO2 thermal-
methanation and to reduce the consumption of H2 in half.

1. Introduction

Recently, carbon dioxide (CO2) emissions in the atmosphere have
increased significantly as consumption of fossil fuels continues to grow
along with the energy demands. Since CO2 is the main cause of global
warming, and as a result, environmental pollution problems such as
climate change on Earth arise, the world is paying keen attention to
measures meant to reduce greenhouse gases. Carbon capture and sto-
rage (CCS) was used in the past to reduce CO2 emissions, but due to
storage space and cost issues, research into carbon capture and utili-
zation (CCU) is receiving increasing attention these days [1,2]. The
conversion of CO2 to renewable hydrocarbon fuels for recycling is an
attractive solution to address both energy and environmental issues at
the same time. Until now, there are two well-known fuel production
methods using CO2 conversion: photocatalytic and thermochemical CO2

conversion. Photocatalytic CO2 conversion [3] produces renewable

fuels such as methane (CH4) through the reduction of CO2 with H2O
based on the following equation:

CO2 + 2H2O + hv → CH4 + 2O2 (Eredox=−0.24 eV) (1)

This method is expected to be sustainable and environmentally
friendly since it uses solar light. Although many researchers are
working hard to develop new photocatalysts for the production of solar
fuel, there are limitations in the relatively low charge separation effi-
ciency of semiconductors and selectivity of reduction [4]. Furthermore,
another important CO2 thermochemical conversion method is the so-
called Sabatier reaction [5], which is the hydrogenation of CO2 for CH4

production as shown in Eq. (2):

CO2 + 4H2 → CH4 + 2H2O (ΔH°298 K = − 165 kJ/mole) (2)

This is one of the simplest catalytic CO2 hydrogenation techniques
and a promising way to reduce CO2 using H2 obtained from the
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electrolysis of water. Although it is a favorable exothermic reaction
with high CH4 production rate in the 200–550 °C temperature range,
the reaction rate is limited due to the high motion barrier of the eight-
electron reduction process [6]. To overcome the limitations of these
two methods, a solar fuel production method based on the photo-
thermal effect has recently been proposed as a new alternative. The
photo-thermal catalytic reaction is an effective method of fueling CO2,
which can achieve high thermo-catalytic efficiency by taking advantage
of the photocatalyst using solar energy [7]. By locally heating the cat-
alyst, photo-thermal effects can be induced as the photon energy is
rapidly converted into heat [8]. In particular, photo-thermal hybrid
catalysts are advantageous as they have higher electron density due to
light absorption and reactant adsorption sites and higher efficiency
than conventional semiconductor photocatalysts [9].

Therefore, in this study, we have attempted to develop a catalyst
that can be applied to a novel photo-thermal hybrid system with high
CO2 conversion at low temperatures by improving the existing photo-
catalyst. In the Sabatier reaction, the molar ratio of CO2 to H2 is 1:4. We
expected a synergistic effect of the photo-thermal effect and the pho-
toreduction of CO2 by substituting some H2 with H2O. Water is an at-
tractive, cost effective H2 source. In general, nano-metals such as Au
[10], Ag [11], and Pd [12] have been studied in various fields, such as
oxidation or reduction of organic pollutants, due to their strong Surface
Plasmon Resonance (SPR) effects. However, since they are expensive,
they are disadvantageous. Therefore, we have sought a new high effi-
ciency CO2 fuel photo-thermal catalyst by using a relatively low-cost
transition metal (Ni) and a very small amount of noble metal (Pt) on a
perovskite-type semiconductor support. The top priority for the cata-
lytic design was to find a composition that would be favorable for the
adsorption and target activation of CO2 and H2. First, we focused on
CO2 adsorption and used perovskite CaTiO3 with an ABO3 formula as
support. Calcium is a representative material used for CCS, and is well
known for its excellent ability to absorb CO2 [13]. In addition, per-
ovskite-type catalysts have attracted significant interest as photo-
catalysts since they have unique characteristics, various structural
phase transitions, and their composition can be changed [14]. For the
high conversion and selectivity of the CO2 methanation reaction, we
loaded 30.0 wt.% Ni and 1.0 wt.% Pt on a CaTiO3 support. Nickel is a
representative transition metal that is advantageous for the direct hy-
drogenation of CO2, as already proved in several studies [15,16]. Here,
we added a small amount of Pt as co-catalyst. Panagiotopoulou et al.
[17] have reported that noble metal nanoparticles such as Ru and Rh
are highly efficient thermal or photo-thermal catalysts for activating
H2. Furthermore, using noble metal particles is also a strategy for
suppressing the recombination of photogenerated charges and im-
proving the utilization efficiency of the photogenerating electrons in
the optically active portion. Therefore, we selected Pt as a noble metal
since it can easily adsorb H2, and expected that Pt nanoparticles could
rapidly increase the local temperature under light irradiation, thus
activating H2 and promoting CO2 hydrogenation [18].

Eventually, three types of CaTiO3 catalysts were prepared in this
study: pure CaTiO3, 70.0 wt.% CaTiO3/30.0 wt.% Ni (CaTiO3@Ni) and
70.0 wt.% CaTiO3/30.0 wt.% Ni/1.0 wt.% Pt (CaTiO3@Ni-Pt), and 0.2 g
of each catalysts was coated on a glass bead to facilitate the CO2 photo-
thermal hybrid reaction. The physical properties of these catalysts were
confirmed using various methods.

2. Experimental

2.1. Preparation of CaTiO3, CaTiO3@Ni, and CaTiO3@Ni-Pt nanoparticles

We synthesized CaTiO3 nanoparticles using a typical sol-gel method
[19]. The molar ratio of Ca:Ti:citric acid was adjusted to 1:1:6, and the
specific synthesis procedure was as follows. To prepare the Ca aqueous
solution, 17.71 g calcium nitrate tetra-hydrate (Ca(NO3)2·4H2O,
99.99%, Junsei Chem., Japan) was dissolved in 150mL distilled water,

and then 11.5 mL nitric acid (HNO3, 60.0%, Junsei Chem., Japan) was
slowly added to the solution. Subsequently, we prepared a Ti aqueous
solution with the same molar ratio as Ca. We dissolved 21.32 g titanium
iso-propoxide (TTIP, Ti[OCH(CH3)2]4, 98.0%, Junsei Chem., Japan) in
150mL absolute ethanol, and then we added 11.5mL acetic acid
(CH3COOH, 99.85%, Junsei Chem., Japan) to the solution. The above
two aqueous solutions were mixed while stirring for 2 h. Furthermore,
94.56 g citric acid (C6H8O7, 98%, Junsei Chem., Japan) was added to
the mixed solution, and the solution was further stirred for 2 h. Sub-
sequently, the mixed solution was evaporated at 200 °C and dried at
80 °C for 12 h. The resulting powder was then heat-treated at 600 °C for
6 h, generating white CaTiO3 nanoparticles.

To prepare CaTiO3@Ni nanoparticles, the prepared CaTiO3 was
used as support and 30.0 wt.% Ni was deposited using the following
impregnation method [20]. We suspended 70.0 wt.% CaTiO3 in abso-
lute ethanol (C2H5OH, 99.8%, Junsei Chem., Japan) and stirred for 1 h.
To this solution, we added Ni(NO3)2 to reach 30.0 wt.% NiO, and the
solution was further stirred for 2 h. The solvent was evaporated at 80 °C
for 3 h. The dried powder was heat treated at 500 °C for 2 h to form NiO
crystals, thus ensuring a good attachment of the catalyst species to the
support and the removal of impurities. The color of the powder thus
obtained was gray.

We used platinum (IV) chloride (PtCl4, 99.99%, Junsei Chem.,
Japan) as a precursor of Pt to prepare the CaTiO3@Ni-Pt nanoparticles.
1.0 wt.% Pt was added to the obtained 70.0 wt.% CaTiO3/30.0 wt.% Ni
following the same procedure described above except for the weight
content. The color of the CaTiO3@Ni-Pt powder thus obtained was
black-gray.

2.2. Characterizations of CaTiO3, CaTiO3@Ni, and CaTiO3@Ni-Pt
nanoparticles

The prepared CaTiO3, CaTiO3@Ni, and CaTiO3@Ni-Pt catalysts
were examined using powder X-ray diffraction (XRD) patterns (MPD,
PANalytical) to verify their crystallinity and structure. We performed
measurements using Cu Kα (λ=1.5056 Å) radiation (40 kV, 30mA)
filtered with Ni in the 2θ=20–100° range. The morphology of the
CaTiO3@Ni-Pt catalyst was analyzed using high resolution transmission
electron microscopy (TEM, H-7600, Hitachi). In addition, the overall
shape of the particles was confirmed using scanning electron micro-
scopy (SEM, S-4100, Hitachi), and the element composition of each
catalyst was confirmed using energy dispersive spectrometry (EDS, EX-
250, Horiba) analysis. The diffuse reflectance spectra of the CaTiO3,
CaTiO3@Ni, and CaTiO3@Ni-Pt catalysts were obtained using a UV–vis
spectrophotometer (Neosys-2000, SCINCO) to confirm their optical
properties. To confirm the oxidation states of the Ca2p, Ti2p, O1s, Ni2p,
and Pt2f components of all the catalysts, an AXIS-Nova spectrometer
(Kratos Inc.) equipped with a monochromatic AlKα (1486.6 eV) X-ray
source was used to obtain the X-ray photoelectron spectroscopy (XPS)
images. The XPS signals were fitted using mixed Lorentzian-Gaussian
curves.

The photocurrent measurements of the catalysts confirmed the ef-
ficiency of separation between the photo-generated electrons and holes
pairs (e−/h+), and photoluminescence (PL, Perkin Elmer) spectroscopy
of the powdered catalysts was used to determine their recombination
propensity. We used the same 150W continuous Xenon lamp light
source for these measurements. The photocurrent densities were mea-
sured utilizing a two electrode system using a platinum wire as a
counter electrode after coating the particles on fluorine-doped tin oxide
(FTO) glass. The photocurrent value was measured when the light was
irradiated onto a predetermined unit area of the catalyst at 30 s inter-
vals. The optical efficiency could be estimated based on the measured
photocurrent value using a Sun 2000 solar simulator (Ivium Stat, Abet
technologies) with a red light-emitting diode (max. wave-
length=620 nm). The quantum efficiencies of the catalysts were
measured by irradiating them using light and heat under the same
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conditions for the CO2 photo-thermo hybrid reaction using the same
two electrode system to measure the photocurrent.

2.3. Gas adsorption abilities of CaTiO3, CaTiO3@Ni, and CaTiO3@Ni-Pt
nanoparticles

The Brunauer-Emmett-Teller (BET) surface areas of the CaTiO3,
CaTiO3@Ni, and CaTiO3@Ni-Pt catalysts were obtained from liquid
nitrogen-adsorption/desorption isotherm curves measured using a
Belsorp II instrument (Belsorp II mini, Japan). Water and impurities
were removed by pretreatment at 200 °C for 1 h.

The temperature programmed desorption (TPD) of CO2 was mea-
sured using a BELCAT (Bel Japan Inc., Japan) catalyst analyzer to
compare the adsorption capacities of the catalysts for CO2 gas. The
catalysts were pretreated at 300 °C for 1 h under He flow to remove the
physically absorbed water and impurities. Subsequently, each catalyst
was used to adsorb CO2 gas (5 vol.% CO2/He) at 50 °C under 50mL
min−1

flow for 1 h. The desorbed CO2 gas was detected using a TCD
detector while increasing the temperature from 50 to 600 °C at a
10 °Cmin−1 rate under He flow. The H2 temperature-programmed re-
duction (TPR) experiments were conducted using the same equipment
as the TPD experiments (Bel Japan Inc., Japan).

2.4. Carbon dioxide photo-thermal conversion over CaTiO3, CaTiO3@Ni,
and CaTiO3@Ni-Pt catalysts

A fixed-bed reactor as shown in Fig. 1 was used for the CO2 photo-
thermal reaction. The catalytic activity was measured by reacting CO2,
H2, and H2O at a molar ratio of 1:2:2 at 40–240 °C for 1 h at 40 °C
intervals. The catalyst (0.2 g) was coated on a glass bead, packed in a
fixed bed quartz reactor, and mounted vertically. All catalysts were
reduced under H2 flow (10mL/min) for 1 h at 500 °C before each run.
In this study, UV lamps (365 nm, 9W/cm2) were placed outside the
quartz tube for the photo-thermal hybrid reaction and packed in a
furnace. The amount of H2O vapor was controlled by adjusting the
temperature according to the partial pressure law [21]. The CO2 photo-
thermal hybrid reaction was performed at a 3000 h−1 gas hourly space

velocity (GHSV), and the most efficient photo-thermal hybrid reaction
conditions were found after light and heat exposure for 1 h at 40 °C
intervals between 40 and 240 °C. For comparison, the CO2 fueling
performance was also analyzed when the same catalysts were only ir-
radiated using light (CO2 photo-reduction reaction) and subsequently
when only heat was applied (the Sabatier reaction). The reaction for-
mulas in this study can be expressed as a mixed equation between the
photo- and thermo-reaction as shown in the next Eq. (3):

CO2 + 2H2O + 2H2 +Δ + hν → CH4 + O2 + 2H2O (3)

The gas produced during the CO2 photo-thermal hybrid reaction
was analyzed using an on-line gas chromatograph (DS7200, Donam
Company, Korea) equipped with a thermal conductivity detector (TCD)
and flame ionization detector (FID). A Carboxen-1000 column (Young
Lin Instrumentals Co., Korea) was used to identify H2, CO, and CO2 in
the TCD, while C1-C3 light hydrocarbons were detected using the FID.
In this study, CO and CH4 gases were formed as reaction products, and
the selectivity for each gaseous product (Xgas) was calculated using Eq.
(4). The conversion of CO2 was calculated using Eq. (5) and the inter-
mediates produced during the reaction were confirmed by mass ana-
lysis.

=
∑
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[ ]
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3. Results and discussion

3.1. Physicochemical properties of the CaTiO3, CaTiO3@Ni, and CaTiO3@
Ni-Pt catalysts

To confirm the crystallinity of the synthesized CaTiO3, CaTiO3@Ni,
and CaTiO3@Ni-Pt catalysts before the reaction, we used their XRD
patterns as shown in Fig. 2(A). The CaTiO3 samples without Ni and Pt
loading showed orthorhombic perovskite structure [JCPDS card no. 01-

Fig. 1. Reactor for the CO2 photo-thermal hybrid reaction.
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078-1013]. The main XRD peaks for CaTiO3 were 2θ=23.23° (110),
33.11° (112), 39.10° (103), 40.68° (022), 47.49° (220), 53.53° (222),
54.69° (131), 59.04° (024), 69.49° (224), and 79.22° (116) [22]. The
XRD patterns of the CaTiO3/Ni samples showed only CaTiO3 and NiO
peaks and no additional impurities peaks. The main peaks corre-
sponding to the (111), (200), (220) and (222) crystal planes of NiO [23]
were observed at 2θ=37.24, 43.29, 62.92, and 75.41°, respectively,
similar to perovskite CaTiO3. In addition, of the amount of Pt in the
CaTiO3@Ni-Pt sample loaded with 1.0 wt.% Pt was too small to detect a
Pt related peak. Comparing the XRD patterns of all samples, there was
no apparent peak shift overall, but there were differences in peak in-
tensities and widths, which can be explained in relation to the crystal
size. The crystallite sizes of the CaTiO3, CaTiO3@Ni and CaTiO3@Ni-Pt
particles were calculated using Scherer’s equation [24] to be 28.6, 27.6,
and 25.9 nm, respectively. To investigate the intrinsic crystal structure
and elemental dispersion of CaTiO3@Ni-Pt particles, Fig. 2(B) and (C)
show a high resolution TEM image, a selected region electron diffrac-
tion pattern, and an elemental mapping image. Generally, when a point
in the selected area electron diffraction (SAED) pattern has a certain
interval, it implies the presence of a single crystal, while polycrystalline
structures are associated with continuous rings [25]. The CaTiO3@Ni-Pt
particles demonstrate a polycrystalline structure with a partially de-
fined diffraction spot and a ring pattern together. As shown in Fig. 2(B),
the CaTiO3@Ni-Pt particles are expected to be aggregates of single
crystals with different orientations. The grating pattern for 2.70 Å (112)
and 1.91 Å (220) corresponds to orthorhombic CaTiO3, while 2.42 Å
(111) and 2.10 Å (220) were in good agreement with rhombohedral
NiO. Meanwhile, Fig. 2(C) shows that Ca, Ti, O, Ni, and Pt were uni-
formly distributed throughout the CaTiO3@Ni-Pt particles, and that the
Pt loaded at the end was located at the outermost surface. Thus, it can
be seen that a large CaTiO3 circle was located in the center of the
sample, and the NiO had a smaller elliptical shapes and partially cov-
ered CaTiO3, while small doted Pt was dispersed throughout the entire
sample. It should be noted that these were the expected characteristics
for CaTiO3@Ni-Pt.

Fig. 3 shows the SEM images and EDS patterns of the CaTiO3,
CaTiO3@Ni, and CaTiO3@Ni-Pt particles. CaTiO3 has slightly

agglomerated particles and irregular morphology. Moreover, the SEM
images of the CaTiO3@Ni and CaTiO3@Ni-Pt particles show less co-
hesion and smaller particles than CaTiO3. This indicates that Ni and Pt
are contained between the Ca and Ti components, preventing their
strong aggregation. We also performed EDS analysis to determine the
chemical composition of the catalyst. The peak of the spectrum showed
only the presence of Ca, Ti, O, Ni and Pt. The atomic content of each
sample is summarized in Table. The Ca:Ti atomic ratio in the CaTiO3

sample was approximately 1:1, indicating that the sample was stoi-
chiometrically well synthesized. In addition, the amounts of added Ni
and Pt were determined to be 31.91 and 1.11% by mass ratio, respec-
tively, similar to the amounts actually added. In particular, the addition
of Ni and Pt reduced the atomic ratio of Ca and Ti, and the amount of
atoms exposed on the catalyst surface was different for each sample.
Generally, the amount of catalytically active species exposed on the
catalyst surface was closely related to the catalytic performance [26],
and the more exposed main catalytic amount, the better the catalyst
performance.

3.2. Optical properties of the CaTiO3, CaTiO3@Ni, and CaTiO3@Ni-Pt
catalysts

Before evaluating the CO2 photo-thermal hybrid reaction, the
UV–vis absorption curve and the Tauc plots in Fig. 4 can help under-
stand the optical characteristics of the catalysts. In general, the optical
properties of a catalyst are closely related to their photocatalytic per-
formance, and fine changes can be predicted according to the chemical
characteristics of the particle surface [27]. Fig. 4(A) shows the UV–vis
absorption curves of all catalysts. The CaTiO3 particle was white and
exhibited strong absorption in the UV region below 400 nm. However,
CaTiO3@Ni and CaTiO3@Ni-Pt were dark gray, and the absorption
spectra extended into the visible range. In the UV region, a response
similar to CaTiO3 was recorded, but the absorption edge was slightly
shifted toward the long wavelength side and the sample exhibited high
absorption in the visible light region. These results can be attributed to
the 3d Ni excitation and/or the 5d Pt electrons jumping from the
transition metal valence band (VB) to the CaTiO3 conduction band (CB)

Fig. 2. (A) XRD patterns of all catalysts, (B) HRTEM and SAED images, and (C) element mapping image of CaTiO3@Ni-Pt.
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Fig. 3. SEM images and EDS curves of CaTiO3, CaTiO3@Ni, and CaTiO3@Ni-Pt.

Fig. 4. (A) UV–vis spectroscopy curves and (B) Tauc plots of CaTiO3, CaTiO3@Ni, and CaTiO3@Ni-Pt.
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[28]. Usually, the wavelength range of the light absorbed by semi-
conducting materials is related to the band-gap. When longer wave-
lengths are absorbed, the band-gap decreases [29]. Thus, the band-gap
was calculated using the Tauc equation [30], and the results are shown
in Fig. 4(B). The band-gap Eg was calculated using the equation (hυ)
n=B (hυ − Eg), where hυ is the photon energy, α is the absorption
coefficient, B is a constant depending on the relative material, and the
exponent n depends on the transitional nature (2 for direct allowed
transitions, 2/3 for direct transposed states, and 1/2). The band-gaps of
the CaTiO3, CaTiO3@Ni and CaTiO3@Ni-Pt particles were calculated to
be 3.44, 3.34 and 3.02 eV, respectively, when tangential lines were
drawn from the UV absorption spectrum in the Tauc-type conversion
graph. That is, the band-gap decreased as Ni and Pt were loaded. Wide
band-gap semiconductors such as CaTiO3 are largely dependent on
excitation by UV radiation, which accounts for only 4% of the total
solar energy. However, introducing Ni and Pt into CaTiO3 lowered its
band gap energy. It is anticipated that this would improve the ab-
sorptive capacity in the additional visible light region, promising a
catalytic reaction, and enabling high utilization efficiency of solar en-
ergy due to strong absorption.

3.3. Gas adsorption ability of the CaTiO3, CaTiO3@Ni, and CaTiO3@Ni-Pt
catalysts

Xianguang et al. reported that nano-metals have a stronger light
absorption effect than conventional semiconductor photocatalysts and
exhibit a strong photo-thermal synergy effect [31]. The catalytic reac-
tion efficiency varied depending on the oxidation state of the metal in
other studies. Additionally, for the CO2 thermal-methanation, the re-
duced catalyst showed better performance than the one that was not
reduced [32]. Therefore, in this study, H2-TPR of all catalysts was also
used to determine the appropriate reduction temperature for the sam-
ples prior to the CO2 photo-thermal hybrid reaction. Fig. 5(A) shows the
H2-TPR profile of the catalysts. For H2-TPR, the peak area generally
corresponds to the hydrogen uptake and the peak position refers to the
reduction temperature of the catalytic species [33]. The CaTiO3@Ni
catalyst was considered to be NiO reduced to metal Ni at approximately
300–550 °C [34]. Furthermore, the intensity of the peak of the CaTiO3@
Ni-Pt catalyst increased as the reduction peak moved toward lower

temperatures. The Ni reduction peak shifted toward a lower tempera-
ture compared to the CaTiO3@Ni catalyst, separated by two curves
corresponding to slightly different oxidation states, which seems to be
the effect of Pt. Here, Pt is in intimate contact with Ni species to pro-
mote the reduction of NiO. In particular, sharp, large peaks in the
200–300 °C range correspond to the reduction of Pt oxide to metallic Pt
[35]. Thus, there are many Pt sites exposed on the surface which can be
considered very advantageous for H2 adsorption. According to the re-
sults of H2-TPR, Ni and Pt, which are the main catalyst species except
for CaTiO3 used as support, can be completely reduced at 550 °C.
Therefore, all the catalysts were reduced at 550 °C for 1 h before the
CO2 photo-thermal reaction, and the XRD patterns of the catalysts after
reduction are shown in Fig. 5(B). The pattern for CaTiO3 was not sig-
nificantly different before and after reduction, while CaTiO3@Ni and
CaTiO3@Ni-Pt catalysts showed peaks corresponding to metallic Ni
instead of NiO [JCPDS no. 01-070-1849]. The peaks were assigned to
2θ=44.48° (111), 51.83° (200), and 76.35° (220) and correspond to a
cubic crystal structure with an Fm-3m space group [36].

The performance of a catalyst is closely related to its reactant ad-
sorption capacity. Generally, the larger the surface area of a catalyst,
the more the adsorption of the reactants increases and the catalyst
performance can be improved [37]. Fig. 6 shows the N2 adsorption-
desorption isotherms of all catalysts at 77 K. Table 1 summarizes and
compares the BET surface area and pore characteristics of the catalysts.
According to IUPAC’s isotherm classification standard, CaTiO3 is a type
II with almost no porosity [38]. Furthermore, CaTiO3@Ni and CaTiO3@
Ni-Pt showed weak hysteresis loops at higher relative pressures being
classified as type IV isotherms unlike CaTiO3. This confirms the ex-
istence of bulk mesopores between the particles, and an increased
surface area due to the addition of Ni and Pt. Some studies have re-
ported that the addition of 0.5 wt.% or more of precious metal increases
the catalyst surface area [39]. Consistent with those reports, the surface
area was increased by Pt doping in this study, which was believed to be
due to the increased pore volume of the catalyst.

In addition, the reactivity of the catalyst is strongly related to the
adsorbing ability of the reactants or the intermediate gas. Thus, CO2-
TPD was performed to evaluate the degree of CO2 bonding of the cat-
alysts, and the results are shown in Fig. 7. First, the results of CO2-TPD
as metal oxide before the reduction treatment are shown in Fig. 7(A).

Fig. 5. (A) H2-TPR profiles of CaTiO3, CaTiO3@Ni, and CaTiO3@Ni-Pt before H2 pre-treatment and (B) XRD patterns of CaTiO3, CaTiO3@Ni, and CaTiO3@Ni-Pt after
H2 pre-treatment.

J.H. Lee et al. Journal of Photochemistry & Photobiology A: Chemistry 364 (2018) 219–232

224



CaTiO3, which is already well known for its excellent CO2 adsorption
ability [40], can be also easily desorbed at low temperature. It is well
known that CO2 is a weak Lewis acid and can be adsorbed well to basic
sites of metal oxides. The surface Lewis basicity of CaTiO3 is increased
by Ca, thus the availability of electrons necessary for CO2 adsorption is
increased. Furthermore, the adsorption of CO2 on the CaTiO3@Ni cat-
alyst was decreased, because NiO covered the CO2 adsorption sites on
CaTiO3. In addition, unlike CaTiO3, CaTiO3@Ni catalysts have two se-
parate desorption peaks, which are believed to create new adsorption
sites at the interface between the support and the metal. Meanwhile, the
CaTiO3@Ni-Pt catalyst showed stronger desorption peaks at lower
temperatures compared to CaTiO3@Ni. These results are attributed to
the formation of new basic sites by Pt addition, led to improvements in
the redox properties of the materials favoring oxygen transfer required
for CO2 activation. Fig. 7(B) shows the CO2-TPD results after the re-
duction treatment for all catalysts. After the reduction pretreatment, the

CO2 desorption peaks of all catalysts were slightly shifted to lower
temperatures, and their strengths were greatly increased. We concluded
that a defect site was formed during the reduction of metal oxide to
metal, and that site facilitated the adsorption of CO2 [41].

3.4. Spectroscopic properties of the CaTiO3, CaTiO3@Ni, and CaTiO3@Ni-
Pt catalysts

We performed XPS measurements to investigate the chemical state
of each ion in the CaTiO3, CaTiO3@Ni, and CaTiO3@Ni-Pt catalysts.
Fig. 8 shows the XPS spectra of Ca, Ti, O, Ni, and Pt for each catalyst. As
can be seen, the Ca atomic spectra in CaTiO3 were separated into two
peaks, corresponding to Ca2p1/2 and Ca2p3/2 at 349.37 and 345.84 eV,
respectively [42]. By the addition of Ni in the CaTiO3@Ni catalyst, the
chemical state of Ca migrated significantly toward higher binding en-
ergy, which means that the added Ni attracted the electrons of Ca to
increase the oxidation state of Ca, and consequently oxygen defects
(vacancies) can be expected in the crystal. When Pt coexisted here, the
migration returned to low binding energy, but still showed a higher
oxidation state than the Ca oxidation state in CaTiO3. Furthermore, the
addition of Pt significantly increased the Ca2p1/2 peak area of HOMO,
which means that there are many electrons in the HOMO orbital. In
conclusion, regardless of the addition of Ni or Ni and Pt, the oxidation
state of Ca in the CaTiO3 crystals is greatly changed, and it is believed
that CaTiO3 perovskite structure defects such as oxygen vacancy have
occurred. Also, we only observed two peaks corresponding to Ti2p1/2

Fig. 6. Adsorption–desorption isotherm curves of N2 at 77 K for CaTiO3, CaTiO3@Ni, and CaTiO3@Ni-Pt.

Table 1
Textural properties of the CaTiO3, CaTiO3@Ni, and CaTiO3@Ni-Pt catalysts
obtained from the N2 adsorption-desorption isotherms.

CaTiO3 CaTiO3@Ni CaTiO3@Ni-Pt

Vm [cm3(STP) g−1] 5.38 6.86 7.69
as,BET [m2 g−1] 23.42 29.86 33.49
Total pore volume

(p/p0= 0.990) [cm3 g−1]
0.03 0.08 0.08

Mean pore diameter [nm] 5.61 10.70 9.40

Fig. 7. CO2-TPD curves of CaTiO3, CaTiO3@Ni, and CaTiO3@Ni-Pt (A) before and (B) after H2 pre-treatment.
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and Ti2p3/2 in the Ti atom spectrum, thus, only Ti4+ was present in all
catalysts. The binding energy of Ti shifted toward largely higher values
in CaTiO3@Ni and CaTiO3@Ni-Pt compared to CaTiO3. This may be
related to the decrease in the electron density around the Ti atoms due
to the interaction between Ti4+ and the loaded Ni or Pt [43]. Parti-
cularly, when Ni and Pt were added at the same time, Ti ion was more
oxidized and moved to higher binding energy. The result could also
expect that the oxidation state of Ti ions present in CaTiO3 was also
changed like Ca ions by Ni or Pt, and will be connected to oxygen va-
cancies in the CaTiO3 perovskite structure. The photoelectron spectrum
of the O1s electron showed the lattice oxygen of the catalyst and the
oxygen of the OH group adsorbed on the surface. The main peak at
529.09 eV corresponded to the lattice oxygen, and the 531.04 eV peak
was assigned to the non-lattice oxygen as oxygen in the surface OH
group [44]. When Ni and Pt were loaded into CaTiO3, the ratio of non-
lattice oxygen increased, indicating oxygen defects in the lattice. The
oxygen vacancies can act as reactant adsorption sites because they have
properties that can be easily combined and stabilized with other atoms
or groups. The XPS image of the loaded Ni2p was composed of two
regions representing the spin levels of Ni2p3/2 (855.40 eV) and Ni2p1/2
(872.95 eV) [45]. Ancillary satellite peaks were observed, but all as-
signed peaks showed the presence of the Ni2+ cation in both catalysts of
CaTiO3@Ni and CaTiO3@Ni-Pt. The absence of multiple segmentations
of the peak corresponding to the oxidation state of Ni2+ demonstrated
the formation of NiO. By the addition of Pt, the binding energy position
shifted slightly higher, and the area of the peak was somewhat wider.
From this result, it can be predicted that the Ni orbitals also have
electron defects due to Pt. Meanwhile, the Pt was divided to two peaks,
corresponding to Pt4f7/2 of Pt in CaTiO3@Ni-Pt, and there are Pt° at
72.1 eV and Pt2+ at 74.3 eV coexisted in different oxidation states [46].

It is very important to understand the optical properties of the
catalyst in the photo-thermal hybrid reaction. Fig. 9 shows the PL
spectra (A) and the photocurrent density results (B) of all catalysts.
Fig. 9(A) shows the PL results when light with a maximum 325 nm

excitation wavelength was applied. At 452 and 468 nm, the blue
emission peaks appeared, which are related to the electron-hole pairs
recombination promoted by high-energy defects. Generally, the lower
the PL intensity, the more the recombination between the excited
electrons and holes pairs was suppressed [47]. No new luminescence
peaks due to the Ni and Pt dopants were observed and only the intensity
decreased. According to Mehmood et al., Ni2+ used as a dopant can
easily trap electrons with a full or semi-filled external electron struc-
ture, and trapped electrons cannot generate excitons because they are
bound by surface oxygen defects [48]. Therefore, the PL intensity de-
creased. In particular, the CaTiO3@Ni-Pt catalyst showed the lowest PL
intensity. Thus, it was suggested that the loading of pure CaTiO3 with
Ni and Pt may slow down the recombination between excitons and
holes and may play an important role in increasing the photocatalytic
efficiency. In addition, the photocurrent response results are shown in
Fig. 9(B) to compare the charge separation between the excited elec-
trons and holes. The photocurrent value when the light was irradiated
was measured by adjusting the switch of the light source at 30 s in-
tervals. When the electrons were excited by the irradiated light, elec-
tron/hole pairs were generated. Their charge separation and electron
mobilities were closely related to the photocurrent values [49]. The
photocurrent densities of all catalysts showed excellent stability and
reliability. Photocurrent density values were increased as follows:
CaTiO3<CaTiO3@Ni < CaTiO3@Ni-Pt. Thus, the band-gap was re-
duced by the loaded Ni and Pt, and could promote more light absorp-
tion and charge separation, leading to a positive effect on catalytic
activity in photo-thermal hybrid reactions. Based on these optical
properties, we measured the quantum efficiency of the CaTiO3@Ni-Pt
catalyst under photo-thermal hybrid conditions. The quantum effi-
ciency was measured at 40 °C intervals with simultaneous irradiation of
heat and light with a wavelength of 365 nm. The results are shown in
Fig. 9 (C). Quantum efficiency (QE) was calculated using the following
equation (6) based on the 1 sun (100mW/cm2) reference.

Sample QE = (sample Jsc/reference Jsc) × reference QE (6)

Fig. 8. XPS spectra of CaTiO3, CaTiO3@Ni, and CaTiO3@Ni-Pt.
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The recombination speed of the photo-generated electrons and holes
pairs affects the quantum efficiency. The faster the recombination rate,
the lower the quantum efficiency [50]. Quantum efficiency increased
under photo-thermal hybrid conditions compared to photo-conditions
alone. In particular, the quantum efficiency reached its highest at ap-
proximately 180 °C, and decreased at higher temperatures. We per-
formed TPO measurements for the electrolyte as shown in Fig. 9(D)
because the electrolyte may be decreasing the quantum efficiency at
high temperatures. However, the electrolyte was stable up to 350 °C.
Therefore, the optimum temperature for synergy was approximately
180 °C, and the heat effect was expected to be greater than the light
effect at higher temperatures.

3.5. CO2 photo-thermal reduction over CaTiO3, CaTiO3@Ni, and CaTiO3@
Ni-Pt catalysts

Based on various characteristics of the catalyst, the CO2 conversion
reaction was performed under four conditions. Usually, the reaction
conditions in the CO2 photo-reduction and CO2 thermal-methanation
are different. Generally, the CO2 photo-reduction reaction using CO2

and H2O does not require pre-reducing the catalyst. Furthermore, the
thermal CO2 methanation which uses CO2 and H2 mostly utilizes a
catalyst pretreated by hydrogen reduction. Therefore, we analyzed four
types of reactions in Fig. 10:(A) CO2 photo-thermal hybrid reaction
with H2O and H2 over reduced catalysts, (B) CO2 photo-methanation
with H2O on non-reduced catalyst, (C) CO2 thermal-methanation with
H2 on reduced catalyst, and (D) CO2 photo-thermal hybrid reaction
with H2O and H2 on non-reduced catalyst. First, Fig. 10(A) shows the
productions of CO and CH4 during the CO2 photo-thermal hybrid re-
action for the pre-treated catalysts. Table 2 summarizes the CO

conversion and the CO and CH4 selectivities of the catalysts, depending
on temperature. The CaTiO3 used as a support did not show any no-
ticeable performance improvement under light and heat irradiation
compared to light irradiation alone. The conversion of CO2 was max-
imal at 16.42%, the performance was low at 1 μL of detected CO and
CH4 product, and the product ratio was nonselective. In particular, the
amount of gas detected by gas chromatography (GC) was very low
compared to the amount of CO2 consumed. It mean that intermediates
such as CH3OH and HCOOH [51], which could be generated before
reduction to CO or CH4 in the CO2 reduction process, were produced
but were not detected by GC. However, the catalytic performances of
the CaTiO3@Ni and CaTiO3@Ni-Pt catalysts were improved under
photo-thermal conditions. The conversions of the CaTiO3@Ni and
CaTiO3@Ni-Pt catalysts were 29.16 and 46.48%, respectively, and the
selectivity for CH4 production was significantly increased in both cat-
alysts. Up to 100 °C, the products were mixed with CO and CH4 similar
to the results obtained for CaTiO3. However, at 100 °C or higher tem-
peratures, the selectivity of CO dropped under 10%, confirming that
only CH4 was produced. These results meant that Ni and Pt acted as
catalytically active sites and the CO2 methanation on CaTiO3@Ni and
CaTiO3@Ni-Pt were mediated by the photo-thermal synergy effect ra-
ther than photocatalytic action. In particular, CaTiO3@Ni-Pt showed
the most rapid increase in CH4 production from 160 °C, which was
consistent with the measurements of quantum efficiency under photo-
thermal conditions. According to the existing literature, a temperature
of 200 °C or more is required for an effective CO2 thermal-methanation
reaction [52]. Compared with the general thermal reaction, the present
study confirmed the possibility that the temperature required for CO2

methanation in the photo-thermal system can be lower. On the other
hand, Fig. 10(B) displayed the CO2 photo-reduction with H2O on non-

Fig. 9. (A) PL spectra and (B) photocurrent responses of all catalysts, (C) quantum efficiency of CaTiO3@Ni-Pt, and (D) TPO results of the I3/I− electrolyte.
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reduced catalyst. The photoreaction was carried out in a closed system
because it was difficult to perform in a continuous system. Therefore, it
is shown as the amount of product produced over time, and only the
main products, methane and CO, are presented. As shown in Fig. 12, a
small amount of CH3OH was measured in Mass spectroscopy, but it was
not observed in GC and was not included in the quantitative analysis.
Unlike the thermal reaction, the amount of CO2 reduction on the
CaTiO3 catalyst was small and only 10 μmol of CH4 and CO were ob-
tained after 10 h. However, as in other systems, the selectivity of CH4

increased by 3 times (from 6 μmol to 18 μmol) after 10 h when Ni was
added. The Ni could activate hydrogen either by reducing H2 to H− and
then reacting with Ni+ or by oxidizing H2 to H+ and then reacting with
Ni−. This proposal, based on the formation of metal hydrides, is com-
patible with the observation of CH4 formation [53]. In particular, the
yield of CH4 on the CaTiO3@Ni-Pt catalyst including Pt largely in-
creased, which was higher 5.5 times than it on CaTiO3. No further CO
products were seen in both catalysts. From these results, we have
confirmed that the selectivity to CH4 on the Ni and Pt catalyst is entirely

Fig. 10. (A) Catalytic performances of CO2 photo-thermal hybrid reaction with H2O and H2 over reduced catalysts, (B) CO2 photo-methanation with H2O on non-
reduced catalyst, (C) CO2 thermal-methanation with H2 on reduced catalyst, and (D) CO2 photo-thermal hybrid reaction with H2O and H2 on non-reduced catalyst.
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dominant in the photoreaction. In particular, the reason why the Pt
addition into the catalyst increases the catalytic performance, and in
particular, the selectivity to CH4 increases can be explained by two
factors. The first is that the Pt helps the H2 generated by decomposing
the H2O injected by the CO2 as a reducing agent, and the second is that
the adsorption of H2 on the Pt occurs well (the factor is described in
Fig. 10 (D)). As the first factor, many researchers have already reported
[54,55] that water decomposition readily occurs on Pt/TiO2 catalysts,
thereby promoting H2 production. Especially, Yu et al. reported [56]
that the Pt nanoparticle on TiO2 produces a Schottky barrier, which
facilitates the electron capture. Accumulation of holes at the valence
band of TiO2 leads to the production of surface hydroxyl radical •OH.
Photogenerated electrons are effectively accumulated on Pt nanocrystal
particles without recombining with holes. This causes a significant
enhancement of the photocatalytic activity in H2 production. Mean-
while, Fig. 10(C) presented the CO2 photo-reduction with H2O on non-
reduced catalyst. In general, the thermal methanation of CO2 using H2

as a reducing agent starts to be activated at 200 °C, and the conversion
rate of CO2 reaches almost 100% at about 300∼500 °C, where the CH4

yield is also 90% or more. Optimal thermodynamic equilibrium is
achieved around these temperatures, but when the reaction tempera-
ture is above 500 °C, the equilibrium is collapsed and the conversion of
CO2 drops gradually [57,58]. However, since this study must harmo-
nize with the photo system, the reaction temperature did not rise above
240 °C, and it was confirmed that the quantum efficiency decreased

when the temperature was raised above 180 °C in Fig. 9. Therefore, the
reaction temperature was too low to reach the thermal equilibrium for
CO2 methanation, resulting in low conversion of CO2, resulting in low
CH4 and CO productions. But, the amounts of products in the thermal
reaction were much higher than in the photoreaction. Moreover, 25 μL
of CH4 production at 240 °C on a CaTiO3@Ni-Pt catalyst is considered
to be an almost ideal amount, considering the conversion of CO2.
Unusual is that the amount of CO generated in CaTiO3 is very high,
which means that the rate of CO2 to CO in the thermal reaction is very
fast. Nevertheless, the fact that the amount of CH4 obtained is small
suggests that in the end of the thermal reaction, CO hydrogenation (CO
→ CH4) requires a higher temperature than this temperature. Finally,
the CO2 photo-thermal hybrid reaction with H2O and H2 on non-re-
duced catalyst was seen in Fig. 10(D). The results were quite different
compared to the results of (A), although the treatment of the catalyst
was different and the system was the same. There seem to be two fac-
tors here. The first is the difference in H2 (also hydrogen like) adsorp-
tion capacity for the catalyst. In general, H2 is better adsorbed on the
metallic or alloy component Ni-Pt than on the NiO-Pt [59,60]. There-
fore, in the (A) system, on the Ni-Pt of the CaTiO3@Ni-Pt catalyst, H2

was well adsorbed, and the CO2 methanation by the thermal reaction
taken priority, but the adsorption of H2 did not occur on the catalyst in
the unreduced (D) system, thus the CO2 methanation occurred by
photo. As already mentioned, the difference in the yields of CO2 me-
thanization of the photoreaction and the thermal reaction is very large
and much more CH4 is generated in the thermal CO2 reduction reaction.
The second is that the difference in crystallinity of the reduced catalyst
seems to have changed the performance. ABO3 materials with a per-
ovskite structure are cubic structures that can easily make oxygen de-
fects. When the A or B is doped with other elements [61] or treated with
hydrogen [62], existing oxygen vacancies become empty or new oxygen
enters into the oxygen vacancy site. The oxygen vacancies can promote
reaction gas adsorption by extending the reaction site of the catalyst. In
XPS results of Fig. 8, we confirmed that oxygen vacancy was partially
formed in CaTiO3 with addition of Ni and Pt. However, it is believed
that its influence is less than the influence of oxygen vacancy caused by
the hydrogen treatment on the catalytic performance. Therefore,
oxygen vacancies are expected to be generated more reliably by hy-
drogen treatment. As a result, the catalyst used in (A) system was
treated with hydrogen, resulting in an oxygen vacancy in CaTiO3,
which promoted the adsorption of CO2, and this adsorbed CO2 could
easily escape to CO by leaving O in the oxygen vacancy. Thus, it is
possible to lower the activation energy of the rate determining step for
generating CO in the process. However, this effect was not obtained
with catalysts which did not undergo any treatment in (D) system, and

Table 2
CO conversion, and CO and CH4 selectivities of the reduced CaTiO3, CaTiO3@
Ni, and CaTiO3@Ni-Pt catalysts during the CO2 photo-thermal hybrid reaction
as functions of the reaction temperatures.

Cats. CaTiO3 CaTiO3@Ni CaTiO3@Ni-Pt

Temp.
(℃)

CO2 CO CH4 CO2 CO CH4 CO2 CO CH4

40 4.41 94.56 5.44 0.94 16.47 83.53 4.33 19.78 80.22
60 7.05 92.55 7.45 5.35 21.38 78.62 10.42 11.66 88.34
80 8.71 86.10 13.90 16.43 27.69 72.31 21.51 26.28 73.72
100 8.14 80.39 19.61 16.54 15.70 84.30 27.13 14.07 85.93
120 9.58 59.47 40.53 18.75 7.72 92.28 34.84 5.89 94.11
140 11.77 48.70 51.30 19.32 3.36 96.64 39.50 1.90 98.10
160 12.53 43.73 56.27 19.52 1.92 98.07 41.12 0.92 99.08
180 14.71 40.52 59.48 28.90 1.04 98.96 41.95 0.54 99.46
200 15.19 57.06 42.94 28.59 0.11 99.89 44.36 0.80 99.20
220 15.66 45.71 54.29 29.26 0.29 99.71 45.70 1.19 98.81
240 16.42 29.86 70.14 29.71 0.06 99.94 46.48 0.54 99.46

CO2: Conversion, CO and CH4: Selectivity.

Fig. 11. Recycling tests for the photo-thermal stability of CaTiO3@Ni-Pt catalyst during photo-thermal reaction (at 180 °C).
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as a result the performance on CO2-methanation was poor.
Fig. 11 shows the results on recycling tests for the photo-thermal

stability of CaTiO3@Ni-Pt catalyst during the photo-thermal reaction
(at 180 °C exhibiting the best quantum efficiency). Catalyst regenera-
tion was carried out as follows: The catalyst used was separated from
the photo-thermal system in a state in which it remained packed in the
column. This is transferred to another thermal reactor and buried, and
calcined at 500 °C for 2 h while a flowing of air to remove impurities
adhering to the surface. As a next step, the catalyst was reduced under
H2 flow (10mL/min) for 1 h at the same temperature. The column
containing the reduced catalyst is re-mounted in the photo-thermal
system and the temperature is raised at a rate of 10 °C/min to 180 °C
with purging of N2. After stabilizing the temperature for 1 h at 180 °C,
the CO2 methanation is performed for 10 h while injecting a certain
amount of CO2 gas, H2 gas, and H2O vapor. The reaction time per cycle
was 10 h. After one cycle, the catalyst regeneration process was re-
peated. Three cycles were repeated and the amount of CH4 generated
on reaction time was presented. The amount of CH4 produced in the 1st-
cycle of Fig. 10(A), which was about 30 μL, did not differ significantly
from 29 to 31 μL in the 2nd-cycle of Fig. 11. A little unusual is that,
unlike ordinary photo or thermal reactions, the amount of CH4 gener-
ated over time is not constant but occurs in a zigzag type. This phe-
nomenon is often seen in plasma reactions, presumably as a mixture of
photo-thermal energy, acting like plasma. In the 3rd-cycle, the change
in CH4 production did not appear to be significant, but the amount of
CH4 production began to decrease to 27 μL on the 4th-cycle. This is
presumably due to the reduction of the catalytic active sites by sintering
of the Ni component present in the CaTiO3@Ni-Pt catalyst. It is con-
sidered that the deterioration has progressed more rapidly due to re-
petitive treatment of hydrogen and oxygen during the regeneration
process in this study. Fortunately, the decrease in CH4 was not large.

A mass spectrometer was used to observe all the intermediates in
the CO2 photo-thermal hybrid reaction using CaTiO3@Ni-Pt, which had
the best performance, and the results are shown in Fig. 12 (A). An ex-
pected mechanism of the CO2 photo-thermal reaction for CaTiO3@Ni-Pt
based on the catalytic performance, physicochemical properties, and
especially mass spectroscopy of the CO2 photo-thermal hybrid reaction
is shown in Fig. 12(B). Mass spectrometry during the CO2 photo-
thermal hybrid reaction confirmed the presence of CO and CH4, as well
as CH2 and CH3OH, which were not detected by GC. These results in-
dicated that CO2 adsorbed by the CaTiO3 photocatalyst used as a sup-
port produced intermediate CO and CH3OH by light irradiation, and

these intermediates are rapidly reduced to CH4 by the Ni and Pt active
species. That is, the CO2 and H2O molecules were preferentially ad-
sorbed on the surface of the CaTiO3 support. Both CO and H2 could be
generated by the photoreduction of CO2 and H2O on CaTiO3@Pt.
Generally, CO2 adsorbed on the metal surface undergoes decomposition
reactions at temperatures lower than 100 °C to produce CO (CO2 ads →
COads + Oads) as an intermediate of CO2 methanation [63]. The process
of reducing CO2 to CO is considered a rate determining step. At this
time, successive CO methanation processes (CO + 3H2 → CH4 + H2O)
[64] could be promoted by Ni and Pt, which had high methanation
ability and hydrogen adsorption/spillover ability. As a result, higher
CH4 amounts were obtained compared to the conventional photo-me-
thanation process. Here, let's approach more detail the mechanism for
CO2 methanation. The H2O injected in the photo-reaction or photo-
thermal reaction is very important as a reducing agent of CO2. The two
molecules of H2O vapor are adsorbed on the CaTiO3@Ni-Pt catalyst,
and when the photocatalyst absorbs light, it decomposes into 2H+ and
2•OH at the hole of the VB of CaTiO3. The 2H+ is converted to H2 by
receiving excited electrons on the CB, and the H2 is adsorbed on Ni-Pt
(here preferentially over Pt rather than Ni) until participating in the
reaction. On the other hand, the 2•OH is decomposed into O2 and 2H+

on the hole of VB, and the 2H+ is converted to H2 by receiving electrons
as above. The O2 exits as a product, or it receives electrons from the CB,
passes through O2

−, then converts to H2O2 by combining with H2O, and
then decomposes into 2•OH by light. Thus, H2O ultimately produces H2

and O2, but by photolysis it can produce intermediates such as H+, %
O2

−, %OH, H2O2, and so on [65]. On the other hand, regardless of the
H2 generated from the H2O or the H2 injected from the outside, all the
H2 are adsorbed on the Ni-Pt and then decomposed to 2H% under light
irradiation. They are converted to H− by the electron from the CB of
CaTiO3 and oxidized to H+ at the hole of the VB. In particular, the H−

made on CB is adsorbed as H-Pt-Ni state, and reacts with CO2 and
changes into HCO2-Pt-Ni. Finally, the HCO intermediate is formed by
the CO2 hydrogenation reaction, and CH4 is formed by passing C → CH
→ CH2 → CH3, step by step. At this time, the reactant, CO2, is adsorbed
on the CaO of CaTiO3 into the form of CaCO3, moves along the surface
of the catalyst, and reacts with 4H− on Ni to generate CH4. The H+

generated from VB can also take electrons and participate in the same
reaction [66]. On the other hand, two new products, C2H2 (acetylene)
and CH2CCH2 (allene), non-observed in photo- or thermo- reactions,
were observed in photo-thermal hybrid system. A small amount of CH4

produced carbon dimer, carbon, and carbon trimmer, which are derived

Fig. 12. (A) Mass spectroscopy analysis and (B) an expected mechanisms during the CO2 photo-thermal hybrid reaction on the CaTiO3@Ni-Pt catalyst.
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from methane via the Reactions, [7]–[9].

2CH4 + Δ + hv → C2H2 + 3H2 (7)

CH4 + Δ + hv → C + 2H2 (8)

C2H2 + C + Δ + hv → CH2CCH2 (9)

Judging from the fact that the synthesis products generated in the
plasma system are observed in the photo-thermal hybrid system [67],
the photo-thermal energy in the photo-thermal hybrid system is pre-
sumably assumed to act like the plasma. It is believed that the powerful
energy generated in the plasma eventually results in the generation of
strong intermediate radicals at the intermediate stage and thereby ac-
celerates the product. Recently, Chen et al. reported that the CoFe-x
catalysts showed a progressive selectivity shift from CO to CH4 in
photo-thermal CO2 Hydrogenation, and eventually to high-value hy-
drocarbons (C2+) with increasing the reduction temperature. They
confirmed the key role of the CoFe alloy structure in promoting CeC
coupling reactions during CO2 hydrogenation by the DFT calculations
[68]. But, it has not yet been revealed whether the intermediate radi-
cals are a carbon, a hydrocarbon or a CO radical. Furthermore, they
were obtained at a lower temperature than the conventional thermo-
methanation process. However, since the C2H2 and CH2CCH2 products
were rarely measured with GC detectors (perhaps because our experi-
mental target was CH4 and we used a GC detector fitted to CH4, other
hydrocarbons might have lower sensitivity), thus they were excluded
from the product distributions of Table 2.

4. Conclusions

This research attempted to develop a catalyst applicable to new
photo-thermal hybrid systems to efficiently convert CO2 to CH4. In this
study, we tried to improve the amounts of CH4 obtained during con-
ventional photo conversion reactions, to partially replace H2 with H2O
during the thermal conversion and to lower the reaction temperature.
We introduced a CaTiO3@Ni-Pt catalyst, which has both thermo- and
photo-catalytic activities. The catalyst adsorbed/desorbed higher
amounts of CO2 and H2 gases at lower temperatures compared to
CaTiO3. The performance of the CaTiO3@Ni-Pt catalyst was improved
as it demonstrated 46.48% CO2 conversion and 99.46% CH4 selectivity
at 180 °C. The photoluminescence and photocurrent results proved that
the recombination of the charges photo-generated by Ni and Pt was
suppressed, which could improve catalytic activity. In photo-thermal
hybrid systems, the catalytic quantum efficiency steadily increased up
to 180 °C, however, it decreased at higher temperatures. These results
implied that the optimum temperature for photo-thermal synergy, in-
dicating the best catalytic performance, was approximately 180 °C.
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