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Abstract 

Solar energy driven photothermal catalytic CO2 hydrogenation to valuable fuels and 

chemicals is a promising technology to alleviate the gradually deteriorative 

environment and energy problems simultaneously. Cu- or In2O3-based catalysts, 

featuring good catalytic activity for CO2 conversion and low price, are considered as 

promising candidates for photothermal catalytic CO2 hydrogenation. With the plausible 

design of the nanostructures, catalysts can exhibit a remarkable performance via the 

synergetic effects of light-to-heat conversion and photo-induced hot charge-carrier-

mediated activation of the reactants. However, although many efforts have been taken 

to investigate the photothermal catalysis over the past few years, it still remains 

challenging to develop catalysts with high efficiency, good stability and desired product 

selectivity for photothermal CO2 hydrogenation, and also to clarify the mechanism of 

photo-driven CO2 conversion and illustrate the influence of metal-support interaction 

on the process. Thus, this thesis focuses on the rational design of Cu-based and In2O3-

based catalysts for efficient and stable photothermal catalytic CO2 hydrogenation at 

mild conditions by coupling solar heating effect and photo-induced activation of the 

reactants via hot carriers, as well as selectively generating highly valuable solar 

methanol under ambient pressure. 

In chapter 1, a general background about photothermal CO2 hydrogenation reaction 

and the fundamentals of photothermal processes are introduced. Then, the recent 

development of CO2 conversion reaction driven or promoted by solar energy is 

summarized. 

In chapter 2, a Ga-Cu/CeO2 catalyst was synthesized by direct pyrolysis of the Ga 

and Cu-containing Ce-metal-organic frameworks for efficient photothermal catalytic 

CO2 hydrogenation to CO via RWGS reaction. Due to the highly dispersed Ga and Cu 

species in CeO2, the optimized catalyst 10Cu5Ga/CeO2 (10 wt% Cu and 5 wt% Ga) 

achieved a CO production rate of 111.2 mmol·g-1·h-1 with nearly 100% selectivity under 

full solar spectrum irradiation, which is superior to most reported Cu and other earth-



Abstract 

2 

 

abundant metals-based photothermal catalysts. Mechanism studies demonstrated that 

the synergy of photothermal heating and light-promotion contributed to the 

substantially increased CO production. In situ DRIFTS results revealed that the 

introduction of Ga enhanced the formation of formate species, the key intermediates in 

CO2 hydrogenation, and light-induced hot carriers facilitated the decomposition of 

formate species to carbonyl, thus enhancing CO production. 

In chapter 3, to enhance the long-term stability of catalysts in the photothermal 

catalysis, which is an important factor for further application, a joint strategy was 

utilized to fabricate an efficient metal-oxide (ZrO2) modified Cu/MgO-Al2O3 

photothermal catalyst via the pyrolysis of LDH precursors followed by the loading of 

ZrO2. Due to the highly dispersed Cu and the stabilization by the addition of metal 

oxide (ZrO2), the modified catalysts exhibited not only efficient activity of CO 

production but also remarkably improved long-term stability. After 12 h reaction 

process, the CO yield was still remaining 93% as that on fresh catalyst. Detailed study 

suggested that the addition of metal oxide stabilized the architecture of Cu nanoparticles 

and prevented the aggregation of active Cu, thus preserving the active sites of catalysts 

during the reaction process. 

In chapter 4, in order to achieve efficient solar methanol (CH3OH) production, a 

much more valuable product than CO, a Ru/In2O3 catalyst was synthesized by a facile 

method for effective photothermal methanol production from CO2 hydrogenation under 

atmosphere pressure. With the light irradiation, the Ru/In2O3 catalyst could effectively 

catalyze methanol synthesis and achieved a remarkable and stable solar methanol 

production of 280.4 μmol g-1 h-1, which was ~50 times higher than that of In2O3 under 

the same conditions and surpassed by far reported In2O3-based photothermal catalysts. 

Detailed studies demonstrated that Ru modulated the electronic structure of In2O3 and 

promoted the formation of oxygen vacancies (Vo). The synergy of photothermal heating 

effect and hot-carriers-induced reactants activation on Ru together with the interaction 

between Ru and In2O3 enhanced the conversion of CO2 and H2 on the catalyst surface, 

thereby contributing to the efficient solar methanol production. 
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In chapter 5, an overall summary of this dissertation was presented. This thesis 

carried out a systematic study on photothermal catalytic CO2 hydrogenation over Cu-

based and In2O3-based catalysts, including photothermal RWGS reaction and solar 

methanol production under atmosphere pressure. Highly efficient CO2 conversion to 

CO and lower apparent activation energy were achieved in photothermal catalysis over 

Cu-based catalysts with the coupling of solar heating and light-induced hot carrier-

mediated activation of reactants, and the modulation of catalysts succeeded in an 

excellent stability. In atmosphere pressure, solar methanol was considerably generated 

with the assistance of hot carriers and the interaction between Ru and In2O3. The 

findings in this study strengthened the understanding of the interaction between light-

induced hot carriers and surface reactants, and provided a potential strategy for realizing 

efficient and stable CO2 hydrogenation with desired product selectivity for industrial 

application through the rational design of Cu-based and In2O3-based catalysts. 
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Chapter 1 Introduction 

1.1 General introduction of photothermal catalytic CO2 conversion 

Carbon dioxide (CO2), an important component of the atmosphere, plays a key role 

in the natural carbon cycle.[1, 2] On one hand, it is the terminal of variable activities to 

obtain energy from carbon species, including respiration and burning of fuels. On the 

other hand, CO2 is the feedstock for photosynthesis, which converts enormous solar 

energy into chemical energy and establishes the foundation of the earth ecology. Due 

to the greenhouse effect of CO2, its concentration in the atmosphere shows a great 

influence on global climate.[3-5] Nowadays, with the development of modern society, 

CO2 emission has quickly increased. According to International Energy Agency, the 

global CO2 emission in 2021 reached a record high amount of 36.3 Gt, increased almost 

by 60% than that in 1990 (20.5 Gt) (Figure 1.1a).[6] As a result, the CO2 concentration 

is gradually increasing over the last century, and has exceeded 415 ppm in 2022, 

roughly 25% above the average level in the 1980s (Figure 1.1b).[7] This aggravates 

global climate problems, such as global warming and subsequent extreme weather. As 

the worldwide energy consumption still mainly relies on fossil fuels, it is expected that 

CO2 concentration will continuously ascend to ~550 ppm by 2050 if no measures are 

adopted.[8] Therefore, it is urgent to develop efficient technologies to control the CO2 

amount in atmosphere.[9, 10] 

 

Figure 1.1 (a) Worldwide annual CO2 emission with history data during 1900 – 2021.[6] 

(b) Atmospheric CO2 concentration during 1960 – 2022.[7] 

In general, the strategies to reduce CO2 amount in the atmosphere could be 

summarized as Carbon Capture, Utilization and Storage (CCUS), suggesting two 
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different parallel directions, utilization and storage of CO2.
[11-14] Recently, the technical 

state-of-the-art of carbon capture and storage (CCS) by geologic storage process has 

been discussed by some comprehensive reviews, which seems to be a potential method 

but still faces some challenges in the meantime, such as high costs for capture and 

separation of CO2, low efficiency of capture and sequestration of CO2, and the long-

term reliability of underground storage.[15-18] Meanwhile, the utilization of CO2 is also 

a promising route, since it could not only reduce the CO2 concentration in atmosphere, 

but also produce value-added fuels or chemicals for industrial application.[11, 19, 20] 

Nowadays, many efforts have been taken to develop the possible routines for utilization 

of CO2, and Figure 1.2 demonstrates the potential technologies for CO2 conversion.[3, 

21] From this perspective, CO2 is considered as an industrial feedstock instead of waste 

gas, similar to its role in natural photosynthesis, and the reuse of CO2 could help 

accomplish the global carbon cycle and realize the sustainable society in the future.[22]  

 

Figure 1.2 Possible technologies and products for CO2 utilization.[21] 

CO2 is a thermodynamically stable molecule because of the structure, whose 

symmetrical line configuration composed of two strong C=O bonds (799 kJ·mol-1) 
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implies the difficulty to activate and decompose the CO2 without the assistance of 

immense input energy.[23] In order to obtain a competitive conversion efficiency of CO2, 

high temperatures as well as high pressures are widely applied in the catalytic CO2 

conversion reactions, especially the traditional thermal catalytic processes, which 

results in the excess energy consumption and carbon dioxide emission.[24] Therefore, 

alternative and sustainable technologies to efficiently convert CO2 under mild 

conditions should be developed to simultaneously alleviate the energy shortage and 

environmental issues. 

Up till now, various technologies have been reported to realize the conversion of CO2 

in relatively moderate conditions, including photocatalysis, electrochemical catalysis, 

plasma catalysis, photothermal catalysis and so on.[25-28] Among these technical routes, 

solar energy-driven catalytic CO2 conversion has attracted universal research interests 

recently, because the most abundant clean energy source, solar energy, can be efficiently 

utilized and converted into chemical energy in products, which can be easily integrated 

with the modern industrial framework.[29] Photocatalysis is the most straightforward 

way to exploit solar light to reduce CO2 and generate solar fuels, and the process 

demands photoactive semiconductor materials which can generate photoexcited 

electron-hole pairs with high energy to trigger reactions.[30] Notably, sunlight is mostly 

composed of infrared (IR) and visible light (96% together in energy share), and the 

remaining 4% is ultraviolet (UV) light. In conventional photocatalytic process, only 

UV and partial visible light can be utilized and the large amount of solar energy in IR 

light is ignored. Together with the kinetic limitations of multi-electrons-transfer 

processes and poor reaction rates for CO2 conversion, these challenges hinder 

photocatalysis for large-scale application.[31] 

In order to enhance the utilization efficiency of light energy and improve the 

conversion activity, photothermal catalysis is proposed for highly efficient CO2 

reduction via the synergy of light-to-heat effect and photo-induced hot carrier-mediated 

activation of reactants, which paves a promising routine for the massive utilization of 

solar power.[32, 33] The wide range of light to be utilized in photothermal process enables 
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higher CO2 conversion efficiencies than that in photocatalytic systems.[34] In addition, 

the synergetic effect between the light-induced heating and hot-carrier-mediated 

activation of reactants can decrease the reaction temperature and even modulate the 

process pathway compared with thermal catalysis.[29, 35] Therefore, photothermal 

catalytic CO2 reduction shows a promising prospect for the production of solar fuels 

from CO2 feedstocks. 

1.2 The principles of photothermal catalysis 

For the recent studies about the coupling of solar-heating and light-induced hot 

carrier-mediated activation of reactants, there are several similar terms with different 

contents appearing in literatures, such as photo-thermal, photothermal and photo-

thermochemical reactions, which may lead to confusion among researchers and 

obstruct the academic communications.[36-40] Therefore, before the introduction of 

detailed mechanism for solar energy-driven photothermal catalysis, it is necessary to 

distinguish the different types of systems according to the driving forces by light 

irradiation in these processes. In general, based on the main effect of solar energy in the 

process, photothermal catalysis can be classified into photo-driven thermocatalysis and 

photo-thermal synergetic catalysis, where the former relies merely on light-to-heat 

conversion (thermal effect) and the latter is promoted by the coupling of solar-heating 

and hot carrier-mediated activation of reactants (non-thermal effect).[31, 32] 

Most photothermal catalysts for CO2 reduction involve nanometals/oxides 

nanostructures, due to their intrinsic physical and chemical properties for efficient light 

absorption, significant hot carrier generation, excellent light-to-heat conversion and 

outstanding catalytic activity for CO2 conversion.[29, 35, 41] Hence, the discussion about 

the mechanism of photothermal catalysis in this part will mainly focus on the 

nanometals/oxides catalysts for CO2 conversion. 

1.2.1 Reaction mechanism of photo-driven thermocatalysis 

One kind of photothermal process is photo-driven thermocatalysis, which sorely 
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relies on the light-to-heat conversion. In this type of reaction system, the input solar 

energy is fully converted into thermal energy on photothermal conversion materials 

with a broad light absorption to trigger the conversion process, and the reaction 

mechanism is almost the same with conventional thermal catalysis.[42] 

In order to thoroughly understand the effect of light in the photothermal process, I 

would like to briefly introduce the process of light absorption in materials, especially 

plasmonic nanometals and semiconductors, which are commonly utilized in 

photothermal catalysis. Basically, metals are characterized by half-filled electronic 

bands at ground state (T = 0 K), meaning that electrons can move freely with an external 

energy input. In addition, semiconductors are featured by a filled electronic band, called 

the valence band (VB), and an empty electronic band, called the conduction band (CB), 

both of which are separated in energy by a band gap Eg.
[43] Upon light irradiation on 

semiconductors, the electrons at ground state will be excited from the VB to CB and 

generate photoinduced electron-hole pairs, also called photoinduced charge carriers, if 

the incident photons have greater energy than the bandgap. In comparison with 

semiconductors, plasmonic nanometals exhibit different optical responses due to their 

electronic structures. Upon the incidence of light, the free electrons in metals can absorb 

the energy of photons and generate excited energetic electrons. Typically, if the intrinsic 

frequency of the free electrons oscillating in metals is corresponding to the frequency 

of incident photons, surface plasmon resonance (SPR) will occur, which can be 

interpreted as the resonant photon-induced collective oscillation of valence 

electrons.[39] The properties of SPR are determined by many factors, including the 

nature of the metal, the size and shape of the metallic architectures. When the plasmonic 

nanometals is in nanoscale size, the localized restriction effect, with the photon 

absorption and energy transfer limited within nanoscale spaces, could further enhance 

the intensity of light absorption near the intrinsic resonance frequency, also called 

localized surface plasmon resonance (LSPR) effect (Figure 1.3).[35] This localized 

resonance can excite the charge carriers into “hot carriers”, which possess much higher 

energy than those carriers excited by thermal energy input.[44] 
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Although these photoinduced electrons or hot carriers are highly energetic, their 

unstable properties lead to the short lifetimes, which restricts the efficiency of the direct 

utilization in catalytic processes, as shown in Figure 1.3b, c and d.[35] Upon the 

excitation by light irradiation, the relaxation of photoinduced charge carriers will 

shortly take place, through radiative and/or nonradiative decay. In radiative decay 

process, the relaxation of excited carriers is accompanied by the emission of photons, 

which is known as photoluminescence. As for the nonradiative decay process, the 

electron-electron scattering will occur followed by electron-phonon scattering, and 

finally the energy of the excited carriers will dissipate into the internal energy, resulting 

in thermal heating. From the quantum perspective, the light-to-heat conversion is the 

process of energy transformation from photon to phonon, thereby intensifying the 

lattice vibration and macroscopically elevating the temperature of system. Localized 

thermal heating by the above mechanism is usually more significant in plasmonic 

nanometals. As shown in Figure 1.3, the lifetimes of hot carriers in plasmonic materials 

are generally in the scale of femtoseconds, shorter than those of semiconductors (on the 

order of picoseconds to microseconds).[35] Additionally, the light absorption via LSPR 

effect in plasmonic nanostructures usually falls into visible light range, the major part 

of solar light. Therefore, it has attracted much research interest to utilize plasmonic 

nanomaterials in solar-to-heat conversion process for light-driven thermocatalysis.[45] 

 

Figure 1.3 Photo-induced excitation and subsequent relaxation processes of charge 
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carriers in metal nanoparticles. (a) Excitation process via the localized surface plasmon 

resonance (LSPR). (b) In the initial 100 fs period, the athermal distribution of hot charge 

carriers, following Landau damping, undergoes decay through either re-emission as 

photons or electron-electron interaction-induced carrier multiplication. (c) Electron-

electron scattering processes occur within a timescale ranging from 100 fs to 1 ps, 

leading to the redistribution of the hot carriers’ energy. (d) Heat is transferred from the 

metallic structure to its surroundings via thermal conduction on a longer timescale 

ranging from 100 ps to 10 ns.[35] 

1.2.2 Reaction mechanism of photo-thermal synergetic catalysis 

Another kind of photothermal process is photo-thermal synergetic catalysis, which 

is promoted by the coupling of solar-heating and light-induced hot carrier-mediated 

activation of reactants. In this system, the role of light irradiation cannot be simply 

described as the energy input to elevate the reaction temperature through the photo-to-

heat effect as described above, and the introduction of light incidence could lead to 

different results of catalytic reactions even though the system temperature remains the 

same, thereby suggesting a different reaction routine with thermal catalysis. 

With the excitation by photons, the generated hot carriers via LSPR effect in 

nanometals are highly energetic and those with suitable energy level can transfer to the 

surface active sites and interplay with absorbed reactants or reaction intermediates 

through accessible orbitals, thereby driving the redox reactions, which is called indirect 

energy transfer mechanism (Figure 1.4a).[46] In this reaction process, the position of the 

absorbent state relative to the Fermi level of nanometal will significantly influence the 

migration of energetic charge carriers. Due to the distribution of photoinduced hot 

carriers follows the Fermi-Dirac distribution, close to the Fermi level, the transfer of 

hot carriers are more expected to proceed with the adsorbate states closer to the Fermi 

level. In comparison with process driven by thermal energy, this reaction mechanism 

might trigger some unique conversion process. However, the complicated carrier 

migration hinders the significant control of the transfer process (that is, transfer to 

designed orbitals of reactants), restricting the ability to control product selectivity. 
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In addition to the indirect energy transfer process, plasmonic nanomaterials can also 

activate the reactants via chemical interface damping of plasmons, called direct energy 

transfer (Figure 1.4b).[44] The interplays between nanometals and absorbents result in 

the transformation of interfacial electronic states, providing another pathway for the 

dissipation of energy converted from photons via LSPR effect, in which the electrons 

in absorbents are directly excited and the reactants are activated. Generally, metallic 

materials, especially coinage nanometals (Cu, Ag, and Au), are featured by relatively 

high concentration of carriers and exhibit strong LSPR effect, which are regarded as 

specific plasmonic materials. 

Moreover, semiconductors, especially metal oxides, have also been utilized for the 

photothermal synergetic catalysis. Similar to the mechanism of photocatalysis, the 

photo-induced electrons in CB are capable to transfer to the absorbed reactant 

molecules or intermediate groups, thereby enhancing the reaction process together with 

the solar-heating effect. However, due to the elevated temperature in semiconductors, 

the excited charge carriers will act more disorderly and are easier to recombination than 

that in photocatalysis at low temperature. Therefore, it is necessary to extend the photon 

absorption range to excite more energetic carriers and also to prolong the lifetime of 

charge carriers in catalysts through the rational design of materials. 

 

Figure 1.4 Mechanism of light-induced hot carrier-mediated activation of reactants. (a) 

Indirect energy transfer mechanism. Plasmonic resonance generates excited electrons 

with high energy, and the charge carriers with suitable energy may mitigate into the 

interfacial metal-adsorbent states. (b) Direct energy transfer mechanism. Plasmon 

relaxation leads to the direct excitation of electrons in the absorbent at the interface.[47] 
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It should be pointed out that the above situations are simplified cases for 

understanding, and the practical situation is much more complicated. Despite of the 

demand to explore the principle of photothermal catalysis, there are several 

undoubtable advantages of this technology. First, it will effectively alleviate the energy 

crisis and environmental issues to exploit the abundant and renewable solar energy and 

produce solar fuels. Second, the synergy of solar heating and photo-induced hot carrier-

mediated activation of reactants will address the problems of low activity in 

photocatalysis and harsh conditions in thermal catalysis. Third, the reaction routines 

could be altered by the energetic hot carriers, thereby providing alternatives for the 

modulation of product selectivity. 

1.3 Recent research on photothermal catalytic CO2 hydrogenation 

The utilization of CO2 is usually conducted with other reducing agents, such as H2, 

CH4 and H2O, through catalytic processes requiring sufficient energy input.[24] Among 

the multiple techniques, photothermal catalytic CO2 hydrogenation with renewable H2 

has attracted enormous interests due to its high conversion efficiency and various 

products which could be regulated by the catalysts and reaction conditions.[34] Due to 

the complexity of the possible reaction pathways of CO2 hydrogenation (Figure 1.5), a 

variety of products could be obtained under proper conditions.[48] It could be recognized 

that the production of CO2 conversion can be divided into several aspects: (1) C1 

molecular including CO, CH4, (2) C2+ hydrocarbons including alkanes, olefins and 

alkynes, and (3) valuable oxygenates such as alcohols and carboxylic acids. This part 

will mainly focus on the recent research progress in the field of photothermal catalytic 

CO2 hydrogenation. 
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Figure 1.5 Proposed reaction routines for CO2 hydrogenation process with carbon 

monoxide (CO), methane (CH4) and methanol (CH3OH) as products. *(X) suggests 

adsorbed species.[48] 

1.3.1 Reversible water gas shift (RWGS) reaction 

Carbon monoxide (CO) is not only a kind of widely used gaseous fuel, but also a 

valuable feedstock in modern chemical industries, such as methanol synthesis and 

hydrocarbon production via Fisher-Tropsch synthesis.[49] Therefore, the production of 

CO via the RWGS reaction (CO2 +H2 → CO + H2O, ΔH°298K = +41.2 kJ mol−1) is 

regarded to be one of the important routes in CO2 utilization system. With the moderate 

ratio of CO2/H2, syngas (CO/H2) can be produced via the photothermal catalytic RWGS 

reaction and transformed to subsequent synthesis process for value-added chemicals. 

In general, metal oxides and supported metal nanoparticles, including noble metal (Pd, 

Au) and non-noble metal (Cu, Fe, Co), have been applied for photothermal catalytic 

RWGS reaction. 

Ozin’s group has reported a series of studies about In2O3-based photothermal catalyst 
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for RWGS reaction.[50-52] The In2O3-x(OH)y nanostructures derived from the annealing 

treatment of In(OH)3 precursors exhibited an enhanced photothermal CO2 conversion 

rate of 150 μmol g-1 h-1 under 1 sun irradiation (0.1 W cm-2) at 190 oC, four times higher 

than that without light irradiation. In situ spectroscopic and kinetic analysis, together 

with theoretical calculations, demonstrated the frustrated Lewis pair (FLP) chemistry-

related mechanism, in which the synergy between surface active sites and oxygen 

vacancies of In2O3−x(OH)y promoted the adsorption and decomposition of hydrogen 

and subsequently enhanced the activation and conversion of CO2, thereby enhancing 

the CO production. Afterwards, in order to improve light-harvesting efficiency, the 

In2O3−x(OH)y was deposited on vertically aligned Si nanowires (SiNW), which could 

absorb ~80% of the solar light due to the low bandgap of Si (1.1 eV) (Figure 1.6a).[51] 

Using light irradiation (2.0 W cm-2) as the only energy input, the In2O3-x(OH)y/SiNW 

film was heated up to 150 oC and showed the highest CO production of 22.0 mmol g-1 

h-1, 6 times higher than that on the In2O3-x(OH)y/glass film, which could be attributed 

to the efficient light-to-heat conversion within the SiNW support by absorbing the 

photons with energy less than the band gap (2.9 eV) of In2O3-x(OH)y. In contrast, the 

In2O3-x(OH)y /glass film was unable to absorb and utilize these photons, suggesting the 

significance of designing nanomaterial structures to utilize the full solar spectrum. 

Qi et al fabricated a novel 2D black In2O3-x nanosheets with photoinduced-defective 

sites (Figure 1.6b).[53] Upon the irradiation of a 300 W Xe lamp, the temperature on 

catalyst surface reached 340 oC and a remarkable CO production of 103.2 mmol g-1 h-1 

was achieved with near-unity selectivity towards CO. Detailed studies and theoretical 

calculations demonstrated that the bifunctional oxygen vacancies in the 2D black In2O3-

x nanosheets host enhanced light utilization and provided absorption sites for CO2 

molecules, therefore improved the conversion from CO2 to CO. 
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Figure 1.6 Photothermal catalytic RWGS reaction. (a) Schematic illustration of 

nanostructures of In2O3-x(OH)y/SiNW film and the utilization of photons with different 

energies.[51] (b) Schematic illustration of the bulk In2O3 and 2D black In2O3-x 

nanosheets with bifunctional photoinduced oxygen vacancies.[53] 

In addition to metal oxides, supported metal nanoparticles are considered to be 

promising catalysts for photothermal catalytic RWGS.[54-56] Among the various active 

metals in catalytic reactions, a series of plasmonic metals (Cu, Al, Ru, Fe and Co) have 

been utilized to promote CO2 activation by photo-induced hot carriers.[55, 57-61]  In a 

typical work, CuPd/HyWO3-x nanocomposite was designed and utilized for 

photothermal RWGS reaction, and the introduction of 0.2 at% Cu onto WO3 surface 

remarkably enhanced the CO2 conversion to CO process compared with Pd/HyWO3-

x.
[62] The in situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) 

revealed that the formation of surface carboxylate species from CO2 was promoted by 

Cu, leading to a 3 - 5 times enhancement in CO production. In addition, cuprous oxide 

(Cu2O) nanocubes were also reported to efficiently convert CO2 to CO in the 

photothermal process.[63] Under the irradiation of visible light (50 suns) and pressure of 
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4 bar, 139.6 mmol g-1 h-1 CO production rate was obtained on CF-Cu2O catalyst. The 

excellent reaction activity was attributed to the various copper sites with mixed 

chemical states of Cu (0, +1, +2), hydroxyl OH groups and oxygen vacancies on the 

Cu2O nanocubes, which enabled the adsorption of CO2 and decomposition of H2 under 

mild conditions, thereby promoting the photothermal RWGS process. 

Halas group has reported a plasmonic Al@Cu2O antenna-reactor heterostructure for 

photothermal catalytic RWGS reaction (Figure 1.7).[59] The catalyst was fabricated via 

growing a Cu2O shell (~15 nm in thickness) around the aluminum core (~100 nm in 

diameter), separated by a 2 ~ 4 nm thick Al2O3 layer. Upon the 10 W cm-2 visible light 

irradiation (100 suns), the surface temperature of the catalysts was elevated to 175 oC. 

Compared with the pure thermal RWGS reaction, the CO2 conversion process was 

significantly promoted and CO was selectively generated in the photothermal process, 

implying a unique reaction pathway with the assistance of light. Experimental and 

theoretical analyses demonstrated that due to the energy band alignment between Al 

and Cu2O, hot carriers were generated through LSPR damping in the Al core or the 

near-field excitation in the Cu2O shell. The energetic charge carriers were quickly 

transferred into the unoccupied states of absorbed carbon dioxide on Cu2O shell surface, 

following by the dissociation of C-O bond and enhancement of CO production. 

Fe nanoparticles with certain size were also reported to exhibit LSPR effect under 

light irradiation, and the light-induce hot carriers could facilitate the activation of CO2 

in the photothermal catalytic RWGS process.[60] The plasmonic Fe@C catalyst was 

characterized by Fe nanoparticles (less than 10 nm in diameter) encapsulated by 

ultrathin carbon layers (1 ~ 3 layers), derived from the two-step calcination of a Fe-

containing metal-organic-framework (MOF). The synergy of the photo-heating induced 

by visible and IR light and the hot carriers generated by UV light via LSPR effect 

contributed to the solar-driven CO production through RWGS reaction. 

Au is a widely recognized plasmonic metal and also a potential active metal for 

RWGS reaction. Lu et al has reported an Au/CeO2 catalyst for photothermal RWGS 

reaction with much better performance under photothermal process than thermal 
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process.[64] The visible light irradiation excited abundant hot carriers in Au 

nanoparticles, which accelerated the H2 dissociation and the formation of Au–H species 

on Au/CeO2, subsequently facilitating the activation of CO2. Therefore, the production 

rate of CO was significantly enhanced by ~10 times higher than that in the 

thermocatalytic process under the same condition. 

 

Figure 1.7 Light-driven CO2 reduction on Al@Cu2O. (a) Time-resolved monitoring of 

surface temperature for oxide supported plasmonic Al@Cu2O nanostructures and pure 

Al2O3 support with and without light incidence in air. (b) The overall reaction rate on 

Al@Cu2O and Al NCs in pure thermocatalytic process at different temperatures 

(unfilled data points), and light-driven RWGS process (filled data points). (c) 

Schematic illustration of photothermal RWGS reaction over plasmonic Al@Cu2O 

nanostructure.[59] 

1.3.2 Methanation 
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Methane (CH4), the predominant composition of nature gas, is widely used as a clean 

and environmental-friendly energy source and chemical feedstock. CO2 methanation 

reaction is also called Sabatier reaction (CO2 + 4H2 → CH4 + 2H2O, ΔH°298K = -165.1 

kJ mol−1). Because the conversion from CO2 to CH4 is a reduction process of eight 

electrons, the methanation reaction is kinetically unfavorable and usually occurs at a 

relatively high temperature (> 300 oC), despite of its exothermic properties.[34] It has 

attracted extensive research interest to develop efficient photothermal catalysts for the 

high energy-consumption CO2 methanation reaction using renewable solar energy.[40] 

Generally, group VIII metals and their oxides, especially Ru and Ni, are among the 

most active catalysts.[65] 

Since the pioneering work by Meng et al in 2014, Group VIII metals (Ru, Rh, Fe, 

Co, Ni, Pt and Pd) supported on Al2O3 substrate were featured by their excellent ability 

to elevate the system temperature to ~400 oC by photothermal heating under a 300 W 

xenon lamp for photothermal CO2 methanation.[40] Layer double hydroxide (LDH) has 

been reported to act as a platform to synthesize well dispersed metal/oxide 

nanocomposites, due to its versatile chemical composition and orderly structural 

architecture.[66, 67] Lately, Ren et al reported that Ru nanoparticles supported on ultrathin 

Mg-Al LDH (denoted as Ru@FL-LDHs) showed considerable methane production 

activities from CO2 hydrogenation with irradiation of around 10 suns (Figure 1.8a and 

b).[68] In the flow-type reaction, the CH4 yield rate reached 277 mmol g-1 h-1 over 

Ru@FL-LDHs, while the pure FL-LDHs exhibited almost no activity for CO2 

conversion. The temperature of Ru@FL-LDHs catalyst was about 350 oC under light 

irradiation, much higher than the 67 oC of FL-LDHs in the process. The temperature-

dependent activity suggested that the light-to-heat effect on Ru NPs contributed to the 

efficient CO2 methanation over Ru@FL-LDHs. 

Additionally, Zhang et al developed a variety of catalysts for CO2 hydrogenation via 

the annealing of multiple-component LDH precursors.[69, 70] The LDH-derived CoFe 

alloyed NPs on amorphous Al2O3 support produced CH4 with a selectivity of ~60% 

under UV-visible light irradiation.[69] Another work by their group reported a Ni/Al2O3 
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catalyst derived from H2 reduction of LDHs at different temperatures (300 – 600 oC) 

for photothermal methanation of CO2.
[70] Without external heating sources, the highest 

CH4 production was obtained over the sample prepared at 600 oC under UV-vis-IR light 

irradiation. The activity and selectivity of solar-driven CO2 hydrogenation and 

controlled thermocatalytic reaction were quite similar at all temperatures, implying that 

the methanation process was driven by the photothermal heating of Ni NPs. 

The plasmonic nanostructures with abundant photo-induced hot carriers have also 

been applied for photothermal CO2 methanation process.[73-75] The highly energetic 

charge carriers generated by the LSPR decay in plasmonic metals could be transferred 

into the absorbed reactants to participate in the reaction process or dissipate to heat the 

environment. Therefore, such synergetic effects of plasmonic metals could enhance the 

CO2 hydrogenation to methane reaction. Typically, Ag and Au-based nanocomposites 

are well-known for their strong LSPR response to visible light, implying their potential 

in photothermal catalysis.[39, 76] Jin et al synthesized well-designed Ag25 clusters 

consisted of an Ag13 core and an incomplete Ag12 exterior shell (Figure 1.8c and d).[71] 

The Ag25 clusters exhibited competitive catalytic activity for solar-driven CO2 

methanation with an almost 100% methane selectivity at a relatively mild condition 

(100 oC). The study demonstrated that the strong absorption by LSPR effect together 

with the abundant active sites contributed to the competitive methanation activity. 

In addition, Halas and colleagues have proposed a “heterometallic antenna-reactor” 

system composed of plasmonic metal and catalytically active metal, which could offer 

a novel pathway to break through the limitations of single plasmonic metal in sluggish 

reaction, such as CO2 methanation.[46, 77] Inspired by such concept, the plasmonic 

nanostructures of bimetals have been investigated for CH4 production from CO2 

hydrogenation recently.[78, 79] Stanley et al developed the silica (SiO2) supported Ni-Au 

catalyst for photothermal methanation reaction via the deposition-precipitation 

method.[80] Under laser light irradiation of 520 nm, CO2 conversion for Ni-Au/SiO2 was 

increased by 79%, which could be attributed to the plasmon-mediated hot electron 

charge transfer from Au to Ni and adjacent reactants. Fu et al developed another 
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nanoantenna system of Rh/Al for photothermal catalysis.[81] An unprecedented CH4 

production of 550 mmol g-1 h-1 with almost 100% selectivity was achieved under the 

concentrated simulated solar irradiation (11.3 W cm-2). The excellent performance of 

catalyst was due to the coupling of photoheating effect by the wide-spectrum absorption 

and hot carrier-mediated activation of reactants induced by the LSPR and nanoantenna 

effect of Rh/Al nanostructure. Zhang et al also reported a novel plasmonic bimetal–

semiconductor heterostructure Au@AuRu/g-C3N4 for photothermal catalytic 

methanation of CO2 (Figure 1.8e).[72] Under light irradiation at 150 oC, a remarkable 

CH4 production of 103 μmol g-1 h-1 with 98.4% selectivity was achieved, which was 

eleven times higher than that under dark, and 2.6 and 12 times higher than that of 

Au@Ru/g-C3N4 and Au/g-C3N4, respectively. The detailed study revealed that the 

synergy between the metal-semiconductor heterojunction and the surface structure 

extended the life of hot electrons to promote catalytic reaction.  

Lately, synthesizing well-dispersed metal-based catalysts from the calcination of 

metal-organic frameworks (MOFs) precursors has emerged as an effective strategy to 

develop efficient and stable catalysts due to the well-separated metal ions by the organic 

linkers.[25, 82-84] Relative studies have demonstrated that MOF-derived metal oxide 

catalysts exhibit enhanced metal-support interactions and physicochemical properties, 

as well as promoted performance in various catalysis.[58, 85] Chen et al utilized the 

MOFs-templated approach to synthesize a series of Co/Al2O3 catalysts, using 

Al2O3@Co-ZIF-67 as the precursor.[58] The optimized 21% Co/Al2O3 showed 6.04 

mmol g-1 h-1 production of CH4 with 97.7% selectivity and good durability under 1.3 

W cm-2 irradiation of UV-vis-IR light in the gas-phase photothermal CO2 methanation 

experiment. The remarkable methanation activity was ascribed to the high dispersion 

of Co, the strong interaction between Co and Al2O3, the strong absorption across the 

entire solar spectrum, and the UV-vis light induced oxygen vacancies in Co/Al2O3 

catalyst. 



Chapter 1 

21 

 

 

Figure 1.8 Methane production from photothermal CO2 hydrogenation. (a) Schematic 

for activation and conversion of CO2 and H2 in the photothermal catalytic CO2 

methanation process over Ru@FL-LDHs, and (b) stability test of CO2 methanation over 

Ru@FL-LDHs.[68] (c) CH4 and CH3COOH production rate in photo-driven catalytic 

CO2 reduction over Ag25 nanoclusters in different conditions, (d) Schematic exhibition 

of the Ag25 nanocluster.[71] (e) Illustration of hot electron transfer mechanism and CO2 

hydrogenation process on Au@AuRu/g-C3N4.
[72] 
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1.3.3 Methanol synthesis 

Methanol (CH3OH), important chemical industrial feedstocks, is also regarded to be 

a promising candidate for clean and renewable energy carrier because of its high 

volume-specific energy density.[86] George A. Olah has drawn a future prospect about 

“methanol economy”, in which methanol acts as the medium for energy consumption 

and chemical industry in the near future.[87] Methanol production from photothermal 

catalytic CO2 hydrogenation (CO2 + 3H2 → CH3OH + H2O, ΔH°298K = -49.5 kJ mol−1) 

is considered as a sustainable and environment-friendly route and has attracted great 

research interests.[25, 88, 89] During the past several years, some efforts have been taken 

to achieve efficient methanol production by photothermal catalytic CO2 

hydrogenation.[90-92] However, until now, the unsatisfied activity and selectivity indicate 

that further improvement are necessary for efficient photothermal catalysts. 

In2O3 has been regarded as a promising catalyst for catalytic CO2 hydrogenation to 

methanol including thermal catalysis, photocatalysis and photothermal catalysis, 

according to recently reported studies.[93-95] Recently, Ozin’s group reported a rod-like 

In2O3-x(OH)y nanostructures for CH3OH production by photothermal process under 

atmospheric pressure at 250 oC (Figure 1.9a-c).[90] Upon the simulated solar light 

irradiation, the photothermal production rate of CH3OH could reach 97.3 μmol g-1 h-1 

and maintain at ~60 μmol g-1 h-1, with the selectivity remained above 50% at ambient 

pressure. The excellent performance of In2O3-x(OH)y nanostructures was attributed to 

the superior properties of the surface frustrated Lewis pairs (SFLP) and the prolonged 

lifetime of the photoinduced charge carriers within the rod-like catalysts. 

Cu is also a well-known active metal for efficient methanol synthesis from CO2 

hydrogeneration in thermocatalysis. Considering its potential for LSPR effect in the 

range of visible light, Cu-based materials shows a promising prospect for photothermal 

CO2 hydrogenation to methanol. Cu/ZnO was prepared by the co-precipitation method 

for photothermal CO2 hydrogenation to methanol reaction.[96] At 220 oC, the Cu/ZnO 

catalyst with abundant Cu-ZnO interfaces exhibited a methanol production of ~84 μmol 

g-1 h-1 without light irradiation at ambient pressure. Upon the incident of visible light, 
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the methanol yield was improved by 54% to ~127 μmol g-1 h-1. The detailed studies 

illustrated that the plasmonic Cu nanoparticles contributed to the photo enhancement 

through the hot carrier activation induced by LSPR effect. Transient absorption spectra 

further demonstrated that the photo-induced hot electrons could be effectively 

transferred from Cu NPs to ZnO, which facilitated the activation of reaction 

intermediates and thereby promoted the methanol generation. 

Recently, Xie et al utilized the Cu/ZnO/Al2O3 catalyst for photothermal catalytic CO2 

conversion to methanol under UV-visible light (350 nm – 800 nm) (Figure 1.9d-f).[97] 

At low temperature (225 oC) with light irradiation, the methanol activity was enhanced 

by around 40% than that without light. With the increase of reaction temperature, there 

was almost no enhancement by light on the production of methanol. Control 

experiments under different wavelengths of light demonstrated that the simultaneous 

excitation of ZnO and Cu is essential to enhance the methanol generation. In situ 

DRIFTS and DFT calculations indicated that CO2 and H2 were activated by the photo-

excited electrons induced by ZnO excitation and Cu LSPR effect, respectively. Under 

the UV-vis light irradiation, the synergetic promotion by photo-induced carriers at the 

Cu-ZnO interface accelerated the activation and dissociation of CO2 and H2, which led 

to the enhanced photothermal catalytic methanol production. 

In addition, Zhang et al developed a hybrid structure (Au&Pt@ZIF) by encapsulating 

Au nanocages and Pt nanocubes by a zeolite imidazolate framework (ZIF-8) for 

photothermal methanol generation.[98] With light irradiation, the LSPR effect of Au 

generated considerable hot carriers and the heat generated by the dissipation of hot 

electrons was enclosed within the MOFs nanocages to form localized high-temperature 

area, thus considerably enhancing the performance of Pt nanocubes at very low 

temperature (150 oC). The control experiments indicated that the Au served as the 

nanoheater via the LSPR effect and the MOFs were functioned as heat insulators, 

thereby promoting the reaction process on Pt active sites. This rational design paved a 

revenue for feasibly utilizing photothermal effect in nanoplasmonic catalysts. 

To date, there are only a small number of studies on the production of methanol 
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through photothermal means at mild conditions, particularly under ambient pressure.[66, 

90, 93] Among these studies, the activity and selectivity are still rather inadequate, thereby 

impeding the progress of photothermal methanol production via CO2 hydrogenation. In 

addition, there is a need for further investigation and discussion to clarify the detailed 

mechanisms. 

 

Figure 1.9 Methanol synthesis from photothermal catalytic CO2 hydrogenation. (a)-(c) 

Methanol production over In2O3-x(OH)y nanostructures. (a) SEM image of In2O3-x(OH)y 

nanostructures, (b) methanol production rate and (c) selectivity in catalytic CO2 

hydrogenation over In2O3-x(OH)y nanostructures at 250 oC with and without light.[96] 

(d-f) Photothermal methanol synthesis over Cu/ZnO/Al2O3. (d) Methanol space time 

yield (STY)/selectivity at 200–300 °C without light and with 350–800 nm light 

irradiation, (e) time-on-stream methanol production under different light irradiation 

conditions (350–800 nm, 420–800 nm, and 200–500 nm at 225 °C), and (f) schematic 

illustration of light-assisted methanol synthesis from CO2 hydrogenation over 

Cu/ZnO/Al2O3 catalyst.[97] 

1.3.4 C2+ hydrocarbon and alcohol synthesis 

CO, CH4 and CH3OH are valuable C1 products from CO2 hydrogenation and their 

catalysis processes have been widely studied with considerable progress. However, 
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considering the prospects for applications, it will be exciting if we could obtain various 

highly-valuable and easily marketable fuels and chemicals including C2+ hydrocarbons 

and higher alcohols from direct photothermal catalytic CO2 hydrogenation process.[88] 

To this end, Chen et al developed a series of CoFe-based catalysts via the hydrogen-

reduction of CoFeAl LDH nanosheets at 300 – 700 oC for photothermal CO2 

hydrogenation.[69] As shown in Figure 1.10a, with the change of H2 treatment 

temperatures, the resulted CoFe-x catalysts exhibited quite different activities and 

selectivities for the product distribution under UV-vis light irradiation. When the 

reduction temperature increased above 600 oC, the CoFe-650 catalyst exhibited a 

remarkable selectivity towards C2+ hydrocarbons (60% CH4, 35% C2+) with the 

assistance of photoheating effect. The CoFe alloy nanostructure facilitated the C-C 

coupling process and demonstrated a novel way for CO2 hydrogenation to highly-

valuable products by solar energy. 

 

Figure 1.10 C2+ hydrogenation and alcohols synthesis from photothermal catalytic CO2 

hydrogenation. (a) Schematic illustration of the different CoFe-x alloys derived from 

the H2 reduction of CoFeAl-LDH precursors at different temperatures.[69] (b) Schematic 

exhibition of the CO2 hydrogenation process with light irradiation over Na-Co@C. Na 
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is displayed with red circles.[99] 

Additionally, Liu et al reported a sodium promoted Co@C catalyst for photothermal 

CO2 hydrogenation into C2+ hydrocarbons and ethanol, as shown in Figure 1.10b.[99] 

The photothermal CO2 hydrogenation was carried out at 2.8 bar and 235 oC under 2.4 

W cm-2 simulated sunlight from a Xe lamp. With the assistance of light irradiation, the 

Na-promoted Co@C catalyst exhibited almost 100% selectivity towards hydrocarbons, 

including 16.5% C2+ and 12.5% C3+. The detailed investigation implied that the UV-vis 

light excited the Co@C nanoparticles and generated hot carriers, which participated in 

the catalytic process of CO2 activation. Moreover, the carbon layer stabilized the 

intermediate CO on the catalyst surface and facilitated the formation of ethanol via a 

CO insertion mechanism. 

1.4 Research motivation and thesis organization 

Solar energy-driven photothermal catalytic CO2 hydrogenation to valuable fuels and 

chemicals is a promising technology to alleviate the gradually deteriorative 

environment and energy problems simultaneously, compared with the conventional 

thermocatalytic CO2 hydrogenation which heavily relies on the consumption of fossil 

fuels. On the base of the above overview, nanometals/oxides catalysts, featuring good 

catalytic activity for CO2 activation and conversion, are considered as promising 

candidates for photothermal catalytic CO2 hydrogenation. With the plausible design of 

nanostructures, nanometal-based catalysts, such as Cu- and Ru-based composites, can 

exhibit a remarkable performance via the synergetic effects of light-to-heat conversion 

and photo-induced hot carrier-mediated activation of reactants. However, although 

many efforts have been taken to investigate the photothermal catalysis over the past few 

years, it still remains challenging to develop catalysts with high efficiency, good 

stability and desired reaction selectivity for photothermal CO2 hydrogenation, and also 

to clarify the mechanism of photo-driven CO2 conversion and illustrate the influence of 

metal-support interaction on the process. Therefore, this thesis focuses on the rational 

design of nanometals (Cu, Ru)/oxides catalysts for highly efficient and long-term stable 
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photothermal catalytic CO2 hydrogenation at mild conditions by coupling light-to-heat 

effect and photo-induced hot carrier-mediated activation of reactants, as well as 

selectively generating highly valuable solar methanol under ambient pressure. This 

dissertation is divided into five chapters. A summary of the remaining four chapters is 

described as below: 

Chapter 2 Metal-organic framework-derived Ga-Cu/CeO2 catalyst for highly 

efficient photothermal catalytic CO2 reduction 

Cu, the abundant and low-cost metal, is among the most catalytically active catalysts 

for RWGS reaction, while the high reaction temperature usually results the fast 

deactivation of catalysts. Recent researches have reported well-dispersed and efficient 

catalysts derived from metal-organic frameworks (MOFs) for various catalytic 

reactions, due to the improved physicochemical properties and promoted metal-support 

interactions. In addition, CeO2 is an excellent support to stabilize and well disperse the 

loading metals and produce strong metal-support interactions due to its unique redox 

properties. Moreover, to further enhance the activity of Cu-based catalysts, several 

research groups have investigated the utilization of Ga as a promoter in CO2 

hydrogenation. Therefore, the rational design of CeO2 supported highly dispersed Cu 

and Ga catalysts is expected as a promising approach for efficient photothermal RWGS 

reaction. In this chapter, a Ga-Cu/CeO2 catalyst was synthesized by direct pyrolysis of 

the Ga and Cu-containing Ce-metal-organic frameworks for efficient photothermal 

catalytic CO production. It can be expected that the high dispersion of Cu and Ga on 

CeO2 can contribute to the good performance of solar-driven RWGS reaction over the 

catalysts. The synergy of photoheating and reactant activation by hot carriers on the 

active Cu NPs may lead to a promoted CO production from RWGS reaction under light 

irradiation. 

Chapter 3 Metal oxide-modified Cu/MgO-Al2O3 catalyst for efficient and stable 

photothermal catalytic CO2 conversion 

The long-term stability of catalysts is an important factor for further application. For 
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photothermal catalytic CO2 hydrogenation process, the relatively high temperature and 

H2O generated in the process present a great challenge for the development of catalysts 

with long-term stability. One universal strategy to enhance the stability of catalyst is to 

fabricate metal-based catalysts with high dispersion via the modulation of the 

interaction between metal and oxide support, and the layer double hydroxide (LDH) 

has been reported to act as a platform to synthesize well dispersed metal/oxide 

nanocomposites with enhanced metal-support interactions. In addition, it is recently 

found that the hydrothermal stability of catalyst could be promoted by the addition of 

irreducible oxides on the surface, which inhibits the aggregation and deep oxidation of 

active metals in catalyst. Therefore, in this chapter, an efficient metal-oxide modified 

Cu/MgO-Al2O3 photothermal catalyst was synthesized with the elaborate design of the 

nanostructures derived from LDH and following impregnation. It is expected that the 

catalyst can achieve a high dispersion and stable nanostructures of Cu species, and 

exhibit not only efficient activity of CO production but also a long-term stability in the 

photothermal catalytic CO2 hydrogenation. 

Chapter 4 Photothermal catalytic CO2 hydrogenation to methanol over Ru/In2O3 

catalysts under atmospheric pressure 

Under the mild reaction conditions, especially the ambient pressure, photothermal 

catalytic CO2 hydrogenation usually generates CO or CH4 as product. Considering the 

values of products, solar methanol (CH3OH) production from CO2 hydrogenation using 

renewable H2 is considered to be a more efficient technique for CO2 utilization. 

However, until now, very few works have been reported on photothermal methanol 

production under mild conditions, especially at ambient pressure. In addition, both 

activity and selectivity in these reports are still relatively low, inhibiting the further 

application of photothermal methanol production from CO2 hydrogenation, and the 

detailed mechanism still requires thorough investigation and discussion. In this chapter, 

in order to convert CO2 to CH3OH at mild conditions, a series of Ru/In2O3 catalysts 

were synthesized for photothermal methanol production from CO2 hydrogenation under 

atmospheric pressure. Due to the interaction between active Ru NPs and oxygen 
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vacancies on In2O3, it is expected that the catalyst will show a good performance for 

methanol generation from CO2 hydrogenation. DFT calculations were conducted to 

investigate the mechanism of photothermal CO2 conversion to methanol. 

Chapter 5 General conclusion and future prospects 

This chapter makes an overall summary of the achievements in this dissertation and 

depicts the prospects for future research. 
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Chapter 2 Metal-Organic Framework-Derived Ga-Cu/CeO2 

catalyst for highly efficient photothermal catalytic CO2 

reduction 

2.1 Introduction 

Nowadays, the enormous energy demands of human society require a large-scale 

consumption of fossil fuels, resulting in an immense CO2 emission.[1] The average 

concentration of CO2 in the atmosphere has increased dramatically over the past several 

decades and reached 417 ppm in 2021, which has aroused worldwide concerns due to 

its foreseeable effect on global climate change.[2, 3] One of the promising approaches to 

mitigate the energy and environmental problems is utilizing renewable energy to 

produce value-added fuels and chemicals from CO2 as a carbon source, paving the road 

towards a global carbon balance.[4-6] Solar-driven gas-phase CO2 reduction to CO with 

renewable H2, also known as reverse water gas shift reaction (RWGS, CO2 + H2 → CO 

+ H2O), has attracted enormous research attention, due to the high demand for CO in 

the synthesis of high value-added chemical products in the modern chemical industry.[7-

11] Most of solar light is made up of visible and infrared (IR) light, and ultraviolet (UV) 

light only accounts for 4%. In conventional photocatalysis, only UV and part of visible 

light could be harvested, thus wasting a lot of energy.[12, 13] To maximize the solar light 

utilization efficiency, photothermal catalysis mainly based on plasmonic metal catalysts 

such as Au, Ag and Cu has emerged as a promising way to drive catalytic reactions by 

utilizing the full wavelength range of the solar spectrum, especially the low-energy IR 

light.[14-18] The elevated surface temperatures of catalysts caused by photothermal 

heating and photoactivation from hot carriers play critical roles in photothermal 

catalytic reactions.[12, 19, 20] As a result, photothermal catalysis shows much higher 

performances than semiconductor-based photocatalysis and delivers identical 

performances under lower temperatures compared with pure thermal catalysis, which 



Chapter 2 

41 

 

could alleviate catalyst deactivation caused by metal aggregation at high 

temperatures.[21] 

Cu, the abundant and low-cost metal, is among the most catalytically active catalysts 

for RWGS reaction at atmosphere pressure.[22, 23] However, the endothermic feature of 

reaction requires a relatively high temperature for significant conversion of CO2 on Cu 

based catalysts, compared with noble metal (Pt, Pd, etc.), resulting in the fast 

deactivation of catalysts.[24] Previous studies show that the high dispersion of Cu could 

enhance catalytic activity in RWGS reaction at relatively low reaction temperature.[25-

27] Recently, metal-organic frameworks (MOFs) have been employed as a platform for 

the synthesis of well-dispersed metal-based catalysts to avoid the aggregation of metal 

catalysts due to the well-separated metal ions by the organic linkers.[2, 28-30] Relative 

works have verified that metal oxide catalysts derived from MOF precursors show 

improved physicochemical properties, promoted metal-support interactions and 

enhanced activity in various catalysis.[31, 32] In addition, CeO2 is an excellent support to 

stabilize and well disperse the loading metals and produce strong metal-support 

interactions due to its unique redox properties.[33] Moreover, to further enhance the 

activity of Cu-based catalysts, several research groups have investigated the utilization 

of Ga as a promoter in CO2 hydrogenation, such as Cu/ZnO/Ga2O3, Cu/Al2O3/Ga2O3, 

CuGa/SiO2.
[34-36] Therefore, the rational design of CeO2 supported highly dispersed Cu 

and Ga catalysts is expected as a promising approach for efficient photothermal RWGS, 

but yet remains mostly unexplored. 

Herein, I employ a MOF-templated approach to prepare a series of well-dispersed 

Ga-Cu/CeO2 catalysts and carries out photothermal gas-phase RWGS reaction over 

these catalysts. Due to the highly dispersed Cu and Ga as well as the synergistic effect 

of photothermal heating and light promoting, the obtained catalysts show greatly 

enhanced activity compared with the catalysts synthesized by impregnation method. 

The optimized catalyst gives rise to a high CO production rate of 111.2 mmol·g-1·h-1 

with almost 100% selectivity under light irradiation, exceeding most reported Cu and 
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other earth-abundant metals-based catalysts for photothermal CO2 reduction under 

similar reaction conditions. 

2.2 Experimental section 

2.2.1 Materials 

All chemicals were used as received without further purification. Copper(II) nitrate 

trihydrate (Cu(NO3)2·3H2O), cerium(III) nitrate hexahydrate (Ce(NO3)3·6H2O), 

gallium(III) nitrate hydrate (Ga(NO3)3·nH2O, n=7~9), zinc(II) nitrate hexahydrate 

(Zn(NO3)2·6H2O), aluminum(III) nitrate nonahydrate (Al(NO3)3·9H2O), sodium 

carbonate (Na2CO3), 1,3,5-Benzenetricarboxylic acid (BTC), methanol, ethanol were 

supplied by Wako Chemical Co., Ltd. Ultrapure water (18.2 MΩ cm) was used in all 

experiments. 

2.2.2 Catalysts preparation 

Synthesis of Ce-BTC. The detailed method for the preparation of Ce-BTC is similar 

to previous work.[32] Briefly, 3 mmol Ce(NO3)3·6H2O and 3 mmol BTC were dissolved 

in 120 mL methanol/ethanol (v:v=1:1). 60 mL ultrapure water was then quickly added 

into the above solution under vigorously stirring. After 20 min stirring, the mixture was 

centrifuged and washed with ethanol and dried in a vacuum oven at 70 oC overnight. 

Synthesis of Cu/Ga/Ce-BTC precursor. The Cu/Ga/Ce-BTC precursor was prepared 

via ion-exchange method. 0.2 g Ce-BTC and a certain amount of Cu(NO3)2·3H2O and 

Ga(NO3)3·nH2O were dissolved in 2.88 mL and 3.66 mL methanol, respectively. Then 

the copper and gallium solution were added into the Ce-BTC suspension under 

ultrasonic conduction. The mixture formed gel-like solid and stood for 20 min after 15 

s sonication. Then the suspension was centrifuged and washed with ethanol and water. 

The Cu/Ga/Ce-BTC was dried in a vacuum oven at 70 oC overnight. 

Synthesis of Cu/Ga/CeO2 catalyst. The Cu/Ga/CeO2 was obtained by calcinating the 

Cu/Ga/CeO2 precursor at 500 oC in air for 2 h, and then reduced in a flow of 20% H2/Ar 
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at 300 oC for 1 h. By adjusting the amount of copper and gallium nitrate added into the 

precursor, the Cu/Ga/CeO2 samples with different metal contents were synthesized. 

Synthesis of reference catalysts. A reference catalyst was synthesized by wet-

impregnation method in two steps. CeO2 was obtained by calcinating Ce-BTC 

precursor in air at 500 oC for 2 h. Certain amount of Cu(NO3)2·3H2O and 

Ga(NO3)3·nH2O was impregnated on CeO2 followed by calcination in air at 500 oC for 

2 h. 

Another reference catalyst Cu/ZnO/Al2O3 was synthesized by coprecipitation 

according to the previous report.[37] Aqueous solution (50 ml) of metal nitrates [2.18 g 

of Cu(NO3)2·3H2O, 1.34 g of Zn(NO3)2·6H2O, and 0.56 g of Al(NO3)3·9H2O] and 

aqueous solution (60 ml) of 1.91 g of Na2CO3 as a precipitant were added dropwise (at 

a flow rate of 3 ml/min) to a glass reactor with a starting volume of 100 ml of deionized 

water under vigorous stirring at 70°C. Controlling the pH of precipitation mother liquor 

to 7, and aging the precipitate for 2 hours after precipitation, followed by cooling down 

to room temperature, filtering, and washing seven times with deionized water. The filter 

cake was dried at 80°C overnight and calcined at 350°C in static air for 3 hours. 

2.2.3 Characterization 

The Cu and Ga content in samples were analyzed via ICP-OES (Agilent 720-ES). 

The powder X-ray diffraction (XRD) patterns were recorded on a PANalytical B.V. 

XRD diffractometer (45 kV, 30 mA) with Cu Kα radiation (λ = 1.5406 Å). 

Transmission electron micrography (TEM) and high-resolution TEM (HRTEM) 

pictures were obtained on a JEOL JEM-F200 (HR) transmission electron microscopy 

operated at 200 kV. Energy-Dispersive X-ray spectroscopy (EDS) measurement was 

also conducted on the above TEM instrument. Information about surface area and 

porosity of catalysts were obtained by nitrogen adsorption at 77 K. UV-Visible diffuse 

reflectance spectroscopy (UV-Vis DRS) were collected by a Shimadzu UV-2500 

spectrometer equipped with an integrating sphere accessory. X-ray photoelectron 

spectroscopy (XPS) was recorded on a Thermo Fisher ESCALAB Xi+ equipment. H2-
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TPR test was conducted on an AutoChem II 2920 chemisorption system. 50 mg catalyst 

was initially pretreated by Ar (20 mL min-1) at 150 oC for 1 h, followed by cooling 

down to 50 oC. Then, 10%H2/Ar (20 mL min-1) was introduced to the system and the 

temperature increased from 50 oC to 400 oC with the ramping rate of 5 oC min-1. 

2.2.4 Calculation of Cu dispersion by low temperature oxygen chemisorption 

The dispersion of copper (DCu) was measured by low-temperature oxygen 

chemisorption method according to previous report.[38] Firstly, 50 mg catalyst was 

reduced by 10% H2/Ar (20 mL min-1) at 300 oC for 1h. Then the catalyst was cooled in 

Ar atmosphere to 143 K for oxygen chemisorption. 1% O2/Ar was employed as the 

pulse gas to oxidize just the surface Cu atoms into Cu2O. After injecting eight times, 

H2-TPR was carried out to reduce the freshly oxidized Cu surface and measure the 

quantity of surface Cu atoms. The DCu was calculated by comparing the measured 

amount of surface Cu with the amount of bulk Cu, as measured by ICP. 

2.2.5 Catalytic activity evaluation 

Photothermal CO2 reduction test was conducted in a home-made quartz reactor, and 

the schematic illustration is shown in Figure 2.1. The diameter of sample holder is 10 

mm. A 300W Xenon arc lamp was utilized as the illuminant without any external heat 

input. The intensity of light was measured by a Thorlabs PM-100D optical power meter 

equipped with an S401C sensor. The detection range of wavelength is 190 – 20000 nm. 

In a typical test, 10 mg catalyst was first reduced in a flow of 20% H2/Ar at 300 oC for 

1 h, and then spread on the round air-permeable quartz fiber filter in the reactor. The 

temperature of catalyst bed was monitored by a thermocouple located at the center of 

sample surface. Reaction gas mixture (volume ratio of 1:1 for CO2/H2) was introduced 

through the reactor with a flow rate of 20 mL min-1. After 30 min purge, the lamp was 

turned on to start photothermal reaction. The output gas was analyzed by gas 

chromatography (Shimadzu GC2014) equipped with a flame ionization detector (FID) 

detector and two capillary columns (shincarbon-A and porapak-Q). 
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Figure 2.1 Schematic illustration of home-made reactor for solar-driven CO2 reduction. 

The solar energy conversion efficiency (η) was calculated by the following 

formula[39]: 

η =  
𝑟(𝐶𝑂) × ∆𝑓𝐻𝐶𝑂

0 + 𝑟(𝐻2𝑂) × ∆𝑓𝐻𝐻2𝑂
0 − 𝑟(𝐻2) × ∆𝑓𝐻𝐻2

0 − 𝑟(𝐶𝑂2) × ∆𝑓𝐻𝐶𝑂2

0

𝑃𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛

× 100% 

where r(x) is the reaction rate of reactant or product x, and ΔfH
0 is relevant standard 

enthalpy of formation. Pirradiation is the energy power of input light. The ΔfH
0 for CO, 

H2O, H2 and CO2 are -110.6, -242, 0 and -393.8 kJ mol-1. In this chapter, CO was the 

main product with almost 100% selectivity. Thus, the reaction speed of CO, H2O, H2 

and CO2 was considered to be identical for η calculation. 

In order to investigate the effect of light on the catalytic activity, photo-assisted 

thermal CO2 reduction experiment was conducted in a homemade stainless-steel flow-

type reactor with external electrical heating, as shown in Figure 2.2. The sample holder 

was 8.5 mm in diameter. A LA-251 Xe lamp with a HA30 filter was utilized as UV-

visible irradiation source. A thermocouple and temperature controller (TC-1000 

JASCO) was used to maintain the catalyst temperature. Typically, 10 mg catalyst was 

smoothly spread onto the holder and reduced in 20% H2/Ar at 300 oC for 1 h. After 

cooling down to room temperature, the gas was switched to 1/1 CO2/H2 gas mixture 

with a rate of 20 mL min-1. Product detection was same as the photothermal CO2 

reduction test. 
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Figure 2.2 Schematic illustration of home-made reactor for photo-assisted thermal 

catalytic CO2 reduction. 

2.2.6 In situ DRIFTS analysis 

In situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) 

experiment was conducted on a JASCO FT-IR 6300 Spectrometers equipped with MCT 

detector and in situ diffuse reflectance cell. All spectra were collected with 32 scans at 

4 cm-1 resolution. Prior to experiment, 10 mg catalyst was in-situ reduced by 20%H2/Ar 

at 300 oC for 1 h, and then cooled down to room temperature in Ar flow. After the 

background spectrum was obtained in 20 mL min-1 Ar at 30 oC, the gas flow was 

changed into 50% CO2/50% H2 (20 mL min-1) and the reaction was performed under 

irradiation in the step heating to 100, 150, 200, 250, 300 oC with a ramping rate of 10 

oC min-1. Each temperature stage was maintained for 30 min. 

To further investigate the mechanism of light enhancement in RWGS reaction, the 

DRIFTS spectra of reaction were recorded on the best sample both in dark and under 

irradiation. Typically, after the reduction of catalyst in H2 atmosphere, 50% CO2/50% 

H2 (20 mL min-1) gas mixture was introduced into the reaction cell. After the reactants 

were fully adsorbed on the catalyst, the gas input was closed and the infrared spectra 

were collected under irradiation at 250 oC. In contrast, the spectra in dark were collected 

under the same condition without irradiation. 

2.3 Results and discussion 
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2.3.1 Characterization of catalysts 

In this chapter, Cu/Ga/CeO2 catalysts were prepared based on Ce-BTC MOF with 

the incorporation of Cu2+ and Ga3+ ions. The precursors of Cu/Ga/CeO2 catalysts were 

obtained through ion-exchange of Cu2+ and Ga3+ into Ce-BTC, followed by calcination 

in air at 500 oC and then reduced in H2 at 300 oC to form Cu/Ga/CeO2. The obtained 

catalysts were named as xCuyGa/CeO2 (x, y was the designed weight percentage of Cu, 

Ga, respectively). In contrast, a reference sample was synthesized through wet 

impregnation of copper and gallium nitrate on CeO2 obtained from calcination of Ce-

BTC in air and was named as xCuyGa/CeO2-w. According to the ICP-OES results in 

Table S1, the amount of Cu and Ga in the representative catalysts was similar to the 

designed ratio (11.2 wt% Cu and 6.6 wt% Ga in 10Cu5Ga/CeO2; 10.2 wt% Cu and 5.5 

wt% Ga in 10Cu5Ga/CeO2-w). 

As shown in Figure 2.3, the XRD patterns indicated that the Fluorite cubic CeO2 (Fm-

3m, JCPDS No. 34-0394) domains in all synthesized samples after H2 reduction. Almost 

no shift of the main peak at 28.6o, corresponding to (111) of CeO2, was observed in 

pure CeO2 and other catalysts, indicating that Cu and Ga were not doped into the lattice 

of cerium oxide. A small peak at 43.3o could be assigned to Cu (111). In addition, no 

peaks related to Ga species (Ga, Ga2O3 and CuGa2O4) were observed. Considering the 

amount of Cu (~10 wt.%) and Ga (~5 wt.%), this implied the high dispersion of both 

Cu and Ga species in all catalysts. N2 adsorption−desorption isotherms and pore size 

distributions of 10Cu/CeO2 and 10Cu5Ga/CeO2 were investigated, as displayed in 

Figure 2.4 and Table 2.1. The introduction of Ga scarily changed the specific surface 

area and pore distribution of catalysts. HRTEM patterns showed the morphology of 

catalyst 10Cu5Ga/CeO2, as shown in Figure 2.5a. Clear lattice fringes were measured 

to be 0.31 nm and 0.27 nm, which were attributed to the interplanar distance of the (111) 

and (200) plane of CeO2.
[26, 40] No lattice fringes attributed to Cu or CuOx nanoparticles 

were observed in the HRTEM images, mainly due to the similar contrasts of CeO2 and 

Cu/CuOx and the expected ultrasmall size of Cu/CuOx. No lattice fringes of Ga species 

were observed, either. The energy dispersive X-ray spectrometry (EDS) patterns in 
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Figure 2.5b and c showed that Cu and Ga existed and were well dispersed in the catalyst, 

suggesting the successful incorporation and uniform distribution of Cu and Ga species 

in the catalyst. Furthermore, the SEM pattern showed that catalysts remained part of 

the structure of MOF precursors after calcination treatment (Figure 2.6). This structure 

not only provided mesopore channels for accelerating the diffusion of reactants, but 

also increased the exposed catalytic sites to participate in the reaction, which could 

enhance catalytic activity.[31, 41] 

Table 2.1 Element composition and physical properties of samples 

Samples SBET (m2/g) wt% of Cu wt% of Ga DCu (%) a 

10Cu/CeO2 55.0 9.8 - 49.2 

10Cu5Ga/CeO2 52.0 11.2 6.6 47.4 

10Cu5Ga/CeO2-w 50.4 10.2 5.5 16.1 

 a calculated from oxygen chemisorption 

 

Figure 2.3 XRD patterns of different ration of Cu/Ga on CeO2 catalysts. 
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Figure 2.4 Nitrogen adsorption−desorption isotherms and pore size distribution for (b) 

10Cu/CeO2 and (c) 10Cu5Ga/CeO2. 

 

Figure 2.5 Morphology of catalysts. (a) HRTEM image, (b and c) element mapping images of 

10Cu5Ga/CeO2. 
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Figure 2.6 SEM patterns of (a) 10Cu5Ga/Ce-MOF precusor and (b) 10Cu5Ga/CeO2 

derived from calcination of MOF precusor. 

H2-temperature-programmed reduction (H2-TPR) experiment was conducted to 

study the behavior of catalysts under H2 atmosphere (Figure 2.7a). In the profile of 

10Cu/CeO2, it displayed two distinct strong peaks centered at 132 and 162 °C, which 

were attributed to the two-step reduction of Cu2+ to Cu+ and subsequent Cu+ to Cu 

respectively.[42] While in the pattern of 10Cu5Ga/CeO2, three peaks centered at 145, 

179 and 210 oC were observed. The new peak at 210 oC could be attributed to reduction 

of CuO strongly interacting with the support.[43] The shift of Cu reduction peaks to 

higher temperature suggested that the introduction of Ga enhanced the interaction 

between Cu and CeO2 support (known as metal support interaction).[44] The results also 

implied that copper existed in the form of metallic Cu in the catalyst, in well agreement 

with ref. 26. In addition, the dispersion of Cu (DCu), defined as the ratio of Cu atoms 

exposed at the surface to total Cu atoms, was characterized by calculating the amount 

of H2 consumed in the H2-TPR analysis after low-temperature oxygen chemisorption, 

based on the previous reported method.[38] As shown in Table 2.1, the DCu of MOF-

derived 10Cu/CeO2 and 10Cu5Ga/CeO2 was quite similar, but was much higher than 

that of 10Cu5Ga/CeO2-w by conventional wet impregnation method, indicating the 

high dispersion of Cu in the catalyst derived from in situ pyrolysis of MOF precursor, 

which could promote the catalytic activity. The optical properties of catalysts were 

analyzed by UV-vis DRS, as shown in Figure 2.7b. All catalysts containing Cu showed 

higher absorption in visible range, and the optical properties were not obviously 

changed by the incorporation of Ga. The enhanced absorption in the range of visible 

light was due to the metal-metal charge-transfer (MMCT) between Cu and CeO2, 

confirming the presence of light-induced hot carriers.[32, 45] All catalysts showed 

excellent responses upon irradiation, and 10Cu/CeO2 and 10Cu5Ga/CeO2 generated 

higher photocurrent than pure CeO2, indicating that photoinduced carriers could 

separate efficiently in Ga-Cu/CeO2 catalysts. 
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Figure 2.7 (a) H2-TPR patterns of 10Cu/CeO2 and 10Cu5Ga/CeO2, (b) UV-vis DRS 

spectra of pure CeO2, 10Cu/CeO2 and 10Cu5Ga/CeO2. 

The X-ray photoelectron spectroscopy (XPS) was employed to investigate the 

chemical state of elements in 10Cu/CeO2 and 10Cu5Ga/CeO2. As shown in Figure 2.8, 

two peaks centered at 932.2 eV and 934.1 eV were observed in the Cu 2p spectrum, 

which could be attributed to Cu0/Cu+ and Cu2+ [25]. The Auger electron spectroscopy 

(AES) of Cu LMM in Figure 2.9 showed a peak at 569.8 eV, implying the presence of 

Cu+ in catalysts.[10] The oxidation of metallic Cu could be ascribed to the exposing of 

catalysts to air before XPS experiment. As shown in Figure 2.10a, the Ga 3d pattern 

showed a peak at 19.8 eV, which was attributed to Ga3+. In addition, the peak at 1117.0 

eV in Ga 2p3/2 was ascribed to Ga3+-O species (Figure 2.10b), suggesting that Ga 

species existed in the form of Ga2O3 in catalyst.[46] As shown in Figure 2.11, the spectra 

of Ce 3d were deconvoluted into several peaks, which could be attributed to Ce4+ and 

Ce3+. Through analyzing the valence of surface cerium, the amount of reduced cerium 

Ce3+ of 10Cu/CeO2 is 10.4% calculated by Ce3+/ (Ce3+ + Ce4+). In contrast, much more 

surface Ce was reduced to Ce3+ (16.8%) in 10Cu5Ga/CeO2
[5, 27]. This implied that the 

introduction of Ga could modulate the electronic structure and enhance the reduction 

of CeO2, therefore generating more oxygen vacancies on the surface and promoting the 

adsorption of CO2. The difference of surface oxygen vacancies could be further 

confirmed by the XPS spectra of O 1s (Figure 2.8c and d). The four peaks centered at 

529.3 eV, 530.5 eV, 531.5 eV and 532.5 eV could be assigned to the lattice oxygen 

(OL), surface adsorption oxygen species at oxygen vacancy (OV), surface hydroxyl 
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group (O-H) and the adsorbed H2O molecule (H2O), respectively.[10] Obviously, 

10Cu5Ga/CeO2 possessed more surface oxygen vacancies than 10Cu/CeO2, which was 

in agreement with the analysis of Ce 3d XPS spectra. To further verify the oxygen 

vacancies in catalysts, electron spin resonance (ESR) was conducted over 

10Cu5Ga/CeO2 (Figure 2.12), and the signals at g⊥= 2.035 and g|| = 2.001 were ascribed 

to oxygen vacancies of CeO2.
[47] 

 

Figure 2.8 XPS spectra of Cu 2p and O 1s for (a and c) 10Cu/CeO2 and (b and d) 

10Cu5Ga/CeO2. 
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Figure 2.9 Cu LMM Auger electron spectra of 10Cu/CeO2 and 10Cu5Ga/CeO2 

catalysts. 

 

Figure 2.10 XPS spectra of (a) Ga 3d and (b) Ga 2p for 10Cu5Ga/CeO2. 

 

Figure 2.11 XPS patterns Ce 3d of 10Cu/CeO2 and10Cu5Ga/CeO2 catalyst. 
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Figure 2.12 ESR spectra of 10Cu5Ga/CeO2 in dark and light at 120 K. 

2.3.2 Solar-driven CO2 reduction activity 

I performed a sequence of photothermal RWGS tests over the synthesized catalysts. 

The 300 W Xenon lamp was used as the light source and the maximum light intensity 

was 1952 mW·cm-2, measured by the optical power meter. Upon irradiation, the 

temperature of catalysts rapidly increased to high temperature within 10 min and then 

maintained at the equilibrium temperature (Figure 2.13). The equilibrium temperature 

of catalysts increased linearly with the increase of illumination intensity, as depicted in 

Figure 2.14a. Catalysts loaded with Cu species showed a similar temperature, around 

280 ℃ at the maximum intensity of light, while the temperatures of 5Ga/CeO2 and pure 

CeO2 could only reach 210 ℃ under the same condition, indicating that introduction of 

Ga2O3 has insignificant influence on the heating effect during reaction. CO was the 

main product in photothermal catalytic CO2 reduction over all the catalysts with only a 

small portion of methanol (Figure 2.15). Figure 2.14b showed the CO production rates 

under different illumination intensity. 30.0 mmol·g-1·h-1 production of CO was obtained 

over 10Cu/CeO2, under the maximum irradiation. With the introduction of Ga, all 

10CuyGa/CeO2 produced higher CO than 10Cu/CeO2, indicating the dramatic 

enhancement of Ga species in catalytic activity. Typically, 10Cu5Ga/CeO2 exhibited 

the highest production (111.2 mmol·g-1·h-1) at the maximum light input, which was 

superior to most reported Cu and other earth-abundant metals-based catalysts for 
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photothermal CO2 reduction under similar reaction conditions (Table 1). In addition, 

10Cu5Ga/CeO2 exhibited much higher than the benchmark Cu/ZnO/Al2O3 catalyst 

(17.8 mmol·g-1·h-1 CO) in photothermal CO2 reduction (Figure 2.16a). In contrast, 

almost no CO was produced on 5Ga/CeO2 and pure CeO2, implying that Cu species 

acted as the catalytic site in the process. Meanwhile, 10Cu5Ga/CeO2-w produced only 

24.8 mmol·g-1·h-1 of CO under the light irradiation of maximum intensity, much less 

than 10Cu5Ga/CeO2 (Table 2.2). Excluding the influence of light absorption (Figure 

2.16b), the high activity of 10Cu5Ga/CeO2 prepared by in situ growth and pyrolysis of 

MOF precursors could be attributed to the high dispersion of Cu and the strong 

interaction between copper, gallium and cerium dioxide in MOF-derived 

10Cu5Ga/CeO2, as confirmed by the TPR results. The 13CO2-isotopoe experiment 

showed that all the CO was produced from CO2 (Figure 2.17). Figure 2.12c showed the 

solar energy conversion efficiency (η) of catalysts. The η of 10Cu5Ga/CeO2 reached 

0.83% under the irradiation intensity of 1952 mW·cm-2. The stability test of 

10Cu5Ga/CeO2 was displayed in Figure 2.14d. The CO production remained ~70% of 

initial production after 7 h and then remained stable. The XRD pattern of used 

10Cu5Ga/CeO2 was almost the same as fresh sample (Figure 2.18), and the HRTEM 

images of used catalyst showed that the structure and morphology maintained 

unchanged after 10 h reaction (Figure 2.19), indicating a relatively good stability of 

catalyst. 

 

Figure 2.13 Temporal temperature evolution over the catalysts under irradiation (1.95 

W cm-2) 
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Figure 2.14 Solar-driven CO2 reduction. (a) Surface temperature of catalysts under different 

light intensity, (b) solar-driven CO production over CuGaCe catalysts, (c) solar energy 

conversion efficiency of CuGaCe catalysts, (d) durability test of 10Cu5Ga/CeO2 under the 

irradiation of 1637 mW·cm-2. 

 

Figure 2.15 Production and selectivity of methanol over 10Cu5Ga/CeO2 under 

different light intensity. 
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Figure 2.16 (a) Solar-driven CO production over different catalysts under different 

intensity of light. (b) UV-Vis DRS for 10Cu5Ga/CeO2 and 10Cu5Ga/CeO2-w. 

 

Figure 2.17 GC-MS spectra of CO generated over 10Cu5Ga/CeO2 with 13CO2 + H2. 

 

Figure 2.18 XRD patterns of 10Cu5Ga/CeO2 before and after durability test.  
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Figure 2.19 HRTEM of (a & b) fresh and (c & d) used 10Cu5Ga/CeO2 after 10 h 

reaction. 

Table 2.2 Comparison of CO production rates for some CO2 hydrogenation catalysts 

Entry Catalyst Reactor Gas composition Catalytic condition CO production rate Ref. 

1 10Cu5Ga/CeO2 flow 

CO2/H2 = 50/50 

20 mL min-1 

300 W Xe lamp  

(1.95 W cm-2) 

111.2 mmol gcat
-1 h-1 

This 

work 

2 10Cu5Ga/CeO2 flow 

CO2/H2 = 50/50 

20 mL min-1 

300 W Xe lamp with 

concentrator (3.82 W cm-2) 

337.2 mmol gcat
-1 h-1 

This 

work 

3 10Cu5Ga/CeO2-w flow 

CO2/H2 = 50/50 

20 mL min-1 

300 W Xe lamp  

(1.95 W cm-2) 

24.8 mmol gcat
-1 h-1 

This 

work 

4 CF-Cu2O flow 

CO2/H2 = 83/17 

43 mL min-1 

Visible light, LED light,  

5.0 W cm-2, 4 bars 

139.6 mmol gcat
-1 h-1 [10] 
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5 

Cu1Ca9(PO4)6(OH

)2 

flow 

CO2/H2 = 50/50 

2 mL min-1 

300 W Xe lamp  

(2.0 W cm-2), 300 oC 

0.84 mmol gcat
-1 h-1 [23] 

6 Al@Cu2O flow 

CO2/H2 = 50/50 

10 mL min-1 

supercontinuum fiber laser 

(10 W cm-2) 

2.03 mmol gcat
-1 h-1 [48] 

7 Cu/Pd/HyWO3-x flow 

CO2/H2 = 50/50 

4 mL min-1 

120 W Xe lamp,  

2.0 W cm-2, 250 oC 

1.18 mmol gcat
-1 h-1 [49] 

8 CuSiO/CuOx flow 

CO2/H2/Ar = 24/72/4 

20 mL min-1 

500 oC 40.4 mmol gcat
-1 h-1 [50] 

9 Fe3O4
 batch 

CO2/H2/Ar = 

15/60/25 

300 W Xe lamp,  

5.2 W cm-2, 1.8 bars 

18.3 mmol gcat
-1 h-1 [51] 

10 Ni12P5/SiO2
 flow 

CO2/H2 = 5/1 

3 mL min-1 

0.8 W cm-2, 

290 oC 

13.5 mmol gcat
-1 h-1 [52] 

11 

In2O3-x(OH)y 

/SiNW 

batch CO2/H2 = 50/50 

300 W Xe lamp,  

2.0 W cm-2, 150 oC 

0.022 mmol gcat
-1 h-1 [53] 

12 In2O3-x nanosheet batch CO2/H2 = 50/50 

300 W Xe lamp,  

2.16 W cm-2 

103.2 mmol gcat
-1 h-1 [54] 

2.3.3 Photothermocatalytic mechanism of CO2 reduction 

Generally, full-spectrum irradiation can provide enough thermal energy to elevate 

the surface temperature of catalysts, triggering catalytic reactions. In this chapter, all 

catalysts containing copper showed similar temperature (270 – 285 oC) under the same 

irradiation, while the activity for CO production ranged from 24.8 to 111.2 mmol·g-1·h-

1, displaying totally different performance. Therefore, the mechanism of Ga-promotion 

and light enhancement needs to be investigated. 
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To this end, photo-assisted thermal CO2 reduction reaction was performed on the 

home-made stainless-steel reactor, in which the temperatures of catalysts could be well 

controlled by external heating and thermocouple. An HA30 filter was utilized to 

exclude the influence of photothermal effect caused by IR light. CO production over 

both 10Cu/CeO2 and 10Cu5Ga/CeO2 under dark and light conditions were shown in 

Figure 2.20. In the dark condition, the activity of 10Cu5Ga/CeO2 was increased from 

2.2 mmol·g-1·h-1 to 36.0 mmol·g-1·h-1 as the temperature increased from 240 oC to 320 

oC, which was higher than that of 10Cu/CeO2 under the same condition. After the 

introduction of light, the CO production was further enhanced. At 240 oC, CO yield 

over 10Cu5Ga/CeO2 was increased to 6.1 mmol·g-1·h-1 under UV-visible light, which 

was 2.8 times higher than the production under dark. When the reaction temperature 

was increased to 320 oC, the CO production under light reached 54.8 mmol·g-1·h-1, still 

higher than the yield in dark. These results indicated the obvious enhancement of UV-

visible light irradiation on the activity via light-induced hot carriers. 

 

Figure 2.20 Photo-assisted thermal CO2 reduction. (a) CO production over 10Cu/CeO2 and 

10Cu5Ga/CeO2 catalysts as a function of temperature under thermal heating condition (dark) 

and photo-assisted thermal heating condition (light), (b) corresponding Arrhenius plots for CO 

yield under dark and light conditions. 

The reaction mechanism of the RWGS reaction under dark and light were 

investigated in the temperature range from 240 oC to 300 oC. The apparent activation 

energy (Ea) was calculated to elucidate the reaction kinetics according to the Arrhenius 

equation (ln r = −Ea/RT + ln A). As shown in Figure 2.20b, the apparent activation 
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energy for 10Cu/CeO2 in dark was 114.5 kJ·mol-1, and was reduced to 95.4 kJ·mol-1 

with the introduction of light. This indicated that light could promote the activation of 

reactants, thus enhance the production. In addition, the gallium species in 

10Cu5Ga/CeO2 further reduced the apparent activation energy to 95.3 kJ·mol-1 and 76.9 

kJ·mol-1 in dark and light respectively, demonstrating the Ga species could significantly 

promote the reaction activity. 

In situ DRIFTS was utilized to investigate the possible reaction route for solar-driven 

RWGS reaction and the spectra were shown in Figure 2.21. After the introduction of 

reaction gas (CO2 and H2) over the reduced 10Cu/CeO2 (Figure 2.21a) and 

10Cu5Ga/CeO2 (Figure 2.21b) at room temperature, a broad absorption band appeared 

between 800 to 1700 cm-1, corresponding to surface carbonate or formate species.[55-57] 

As the temperature increased from 25 to 300 oC, several absorption peaks increased in 

the range of 2200 to 2100 cm-1 and 3000 to 2800 cm-1, corresponding to carbonyl 

species and the C-H vibration of formate species, respectively.[26, 27, 58] The detailed 

assignment of the IR absorption peaks was listed in Table 2.3. With the elevation of 

temperature, both 10Cu/CeO2 and 10Cu5Ga/CeO2 showed gradually increased 

absorption of CO2 to form various carbonate species, while 10Cu5Ga/CeO2 exhibited 

higher surface concentration of carbonate species than 10Cu/CeO2, indicating that Ga 

species promoted the adsorption of CO2, which was due to the increased surface oxygen 

vacancies in 10Cu5Ga/CeO2 according to the XPS results. For 10Cu/CeO2, the surface 

formate species were formed at the temperature of 200 oC as the observation of C-H 

stretch vibration peaks at 2945 and 2846 cm-1, which could be assigned to bidentate 

formate.[27] Meanwhile, a peak at around 2110 cm-1 appeared, corresponding to the 

formation of CO adsorbed on the catalyst surface.[59] The same absorption peaks of 

bidentate formate were observed over 10Cu5Ga/CeO2 at a much lower temperature, 

150 oC. The peaks at 2846 cm-1, 1571 cm-1 and 1370 cm-1 increased with the 

temperature elevated to 250 oC and then became weaker at 300 oC. This phenomenon 

illustrated that bidentate formate species were active surface intermediates, and Ga2O3 
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enhanced the activity through promoting the formation of surface formate from 

adsorbed carbonates, possibly via assisting H spillover process.[34] 

Table 2.3 Assignment of absorbance peaks of in situ DRIFTS spectra[26, 27, 56-60] 

Group Species assignment Frequencies (cm-1) 

Carbonate 

bidentate carbonate 1592, 1287, 848 

polydentate carbonate 1474, 1353, 1074, 848 

Carbonyl M-CO ~2110 

Formate bidentate formate 2945, 2846, 1571, 1370 

 

 

Figure 2.21 In situ DRIFTS spectra collected over (a) 10Cu/CeO2 and (b) 10Cu5Ga/CeO2 

catalysts during photo-assisted RWGS reaction under different temperature, in situ DRIFTS 

spectra over 10Cu5Ga/CeO2 catalyst under (c) dark and (d) light at 250 oC for different time. 
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In order to study the influence of irradiation on the reaction pathway, another in situ 

DRIFTS test was conducted on 10Cu5Ga/CeO2 with/without light irradiation and the 

obtained spectra were shown in Figure 2.19c and d. Accordingly, the peak at 2845 cm-

1 was attributed to bidentate formate while the two peaks centered at 2180 and 2110 

cm-1 could be ascribed to CO in the gas. Compared with the spectrum in dark, the peak 

related to formate decreased after the introduction of light while the intensity of CO 

adsorption increased. This further confirmed that CO was produced via the 

decomposition of formate intermediates and light irradiation promoted this reaction 

step via light-induced hot carriers.[59] 

Based on the above discussion and previous literature[26, 27, 55], I propose a brief 

reaction mechanism of photothermal RWGS over CuGa/CeO2 catalysts. As shown in 

Figure 2.22, under light irradiation, photothermal heating can trigger CO2 reduction 

with H2 by elevating the surface temperature of catalysts. CO2 is easily adsorbed on 

oxygen vacancy sites formed on the surface of CeO2 in the form of carbonates (CO3
2-). 

The introduction of Ga2O3 could modulate the electronic structure of CeO2 and promote 

the formation of oxygen vacancies to further facilitate the CO2 adsorption. The 

adsorbed H species produced from H2 dissociation on the surface of Cu nanoparticles 

then spill over to react with CO3
2- to form bidentate formates (HCOO-), which 

eventually decompose to CO. The presence of Ga2O3 could enhance the interaction 

between Cu and CeO2 support, possibly assisting H spillover to promote the formation 

of intermediate formate at the interface of Cu and CeO2-x. More importantly, the light-

excited hot carriers not only have the potential of promoting H2 dissociation to H 

species but also accelerate the decomposition of formates into adsorbed CO and H2O, 

thereby resulting in the lower activation energy compared with pure thermocatalytic 

reaction. 
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Figure 2.22 Proposed reaction mechanism for photothermal RWGS over CuGa/CeO2. 

2.4 Conclusion 

In conclusion, this chapter reports a MOF-assisted synthesis method to prepare well 

dispersed Ga- Cu/CeO2 as a highly active catalyst for solar-driven RWGS reaction. The 

introduction of gallium dramatically increases the reaction activity, and 10Cu5Ga/CeO2 

shows the best performance with the CO yield rate of 111.2 mmol·g-1·h-1 under 1952 

mW·cm-2 irradiation and the solar energy conversion efficiency reaches 0.83%. 

Mechanism study demonstrates that the synergy of solar heating and light promotion 

reduce the apparent activation energy and contribute to the dramatically increased CO 

production. The introduction of Ga promotes the generation of oxygen vacancies on 

CeO2 surface and increases the interaction between Cu and CeO2, thus enhances CO2 

adsorption on catalyst surface and bidentate formate intermediates formation. The 

irradiation could facilitate the decomposition of formate species into carbonyl and 

finally into CO as product. Therefore, this study demonstrates a promising application 

for CO2 reduction and renewable solar energy conversion. 
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Chapter 3 Metal oxide-modified Cu/MgO-Al2O3 catalyst for 

efficient and stable photothermal catalytic CO2 conversion 

3.1 Introduction 

Photothermal catalytic CO2 conversion to valuable fuels and chemicals has attracted 

considerable interest due to its promising perspective for utilizing clean solar energy 

and alleviating global environmental problems meanwhile.[1-3] Recently, photothermal 

catalytic reverse water gas shift reaction (RWGS, CO2 + H2 → CO + H2O) has emerged 

as a prospective technology to provide CO as the feedstock for highly valuable chemical 

products.[4-8] Many efforts have been taken to develop various efficient photothermal 

catalysts for CO production from CO2 hydrogenation under mild conditions.[9-14] Cu is 

recognized as a promising catalyst among the reported efficient photothermal catalysts 

due to its great light-harvesting ability, high selectivity to CO, and low cost for large-

scale application.[8, 15, 16] However, the relatively high reaction temperature and water 

generation in the process could result in the aggregation of copper, thus deactivating 

the catalysts in long-time operation.[17, 18] Although some research has been focused on 

the construction of long-term stable Cu-based photothermal catalysts, the development 

of highly efficient RWGS catalysts with excellent stability remains challenging.[13] 

One universal strategy to enhance the stability of catalysts is to fabricate metal-based 

catalysts with high dispersion via the modulation of the interaction between metal and 

oxide support, which could stabilize the nanostructures of catalysts and alleviate the 

aggregation of active metals.[19-21] Over the past several years, layer double hydroxide 

(LDH) has been reported to act as a platform to synthesize well-dispersed metal/oxide 

nanocomposites, due to its versatile chemical composition and orderly structural 

architecture.[22-26] Previous studies demonstrated that Cu-based catalysts derived from 

LDH exhibit enhanced metal-support interaction, promoted activity and stability in 

various catalytic processes.[25, 27] Recently, it is found that the hydrothermal stability of 

Pd/MgAl2O4 catalyst could be promoted by the addition of irreducible oxides on the 
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surface, which inhibits the deep oxidation of Pd and preserves the suitable active phase 

of Pd-PdOx in the catalyst.[19] This enlightens me that ultra-stable Cu-based 

photothermal catalysts might be established by the same strategy. Therefore, the 

elaborate design of metal oxide-modified Cu-based photothermal catalysts derived 

from LDH is expected to achieve the high dispersion and stable nanostructures of Cu 

species, while relative works are still rare, emphasizing the necessity of further 

investigation in this field. 

In this chapter, I utilize a joint strategy to fabricate a series of metal oxide-modified 

Cu/MgO-Al2O3 photothermal catalysts derived from CuMgAl-LDH followed by the 

impregnation of metal nitrate precursors. Due to the highly dispersed Cu and 

stabilization by the addition of metal oxide (ZrO2), the catalysts show not only efficient 

activity of CO production but also long-term stability during the photothermal catalytic 

RWGS reaction. Detailed study demonstrates that the addition of metal oxide stabilizes 

the architecture of Cu nanoparticles and prevents the aggregation of active Cu, thus 

preserving the active sites of catalysts during the reaction process. This finding provides 

a facile technology for the design of efficient photothermal catalysts with excellent 

stability. 

3.2 Experimental section 

3.2.1 Materials 

All chemicals were utilized as received without further purification. Magnesium(II) 

nitrate hexahydrate (Mg(NO3)2·6H2O), copper(II) nitrate trihydrate (Cu(NO3)2·3H2O), 

aluminum(III) nitrate nonahydrate (Al(NO3)3·9H2O), cerium(III) nitrate hexahydrate 

(Ce(NO3)3·6H2O), zirconium(IV) dinitrate oxide hydrate (ZrO(NO3)2·xH2O), sodium 

hydroxide (NaOH), sodium carbonate (Na2CO3), commercial MgO, commercial Al2O3 

and ethylene glycol (EG) were provided by Wako Chemical Co., Ltd. Distilled water 

(18.2 MΩ cm) was applied in this chapter . 

3.2.2 Catalysts preparation 
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Synthesis of CuxMgyAl-LDH. A series of CuMgAl-LDH with different ratios of Cu 

and Mg (Cu/Mg = x/y = 1/1, 1/2, 1/4, 1/9, 1/14) were synthesized by a co-deposition 

method according to the previous reports.[27] The ratio between [Cu2+] + [Mg2+] and 

[Al3+] was determined to be 3/1 in order to fabricate a stable LDH structure. Typically, 

for Cu0.6Mg2.4Al-LDH (x/y = 1/4), 1.268 g Cu(NO3)2·3H2O, 5.385 g Mg(NO3)2·6H2O 

and 3.282 g Al(NO3)3·9H2O was dissolved into 35 mL ultrapure water to obtain 

solution A, with the concentration of metal cations ([Cu2+] + [Mg2+] + [Al3+]) to be 1 

mol L-1. Solution B was obtained by dissolving 2.24 g NaOH and 1.855 g Na2CO3 into 

35 mL water with the ratio of [NaOH] = 1.6 mol L-1 and [CO3
2-] = 2[Al3+]. Solution A 

and B were simultaneously added into a clean beaker with a magnetic stirrer rotating at 

1000 rpm and mixed for 5 min. Then the blue slurry was moved to a 100 mL Teflon-

lined stainless-steel autoclave and heated at 100 oC for 48 h. After the reaction finished, 

the autoclave was cooled to room temperature. The blue precipitates were collected by 

centrifugation and washed with distilled water until pH = 7, then dried at 70 oC in a 

vacuum oven overnight. The detailed amount of chemicals was listed in Table 3.1.  

Table 3.1 Detailed amount of chemicals utilized in the synthesis of LDH precursors 

Cu/Mg 

in LDH 

Solution A Solution B 

Cu(NO3)2·3H2O Mg(NO3)2·6H2O Al(NO3)3·9H2O NaOH Na2CO3 

1/1 3.171 g 3.365 g 3.282 g 2.24 g 1.855 g 

1/2 2.114 g 4.48 3.282 g 2.24 g 1.855 g 

1/4 1.268 g 5.385 g 3.282 g 2.24 g 1.855 g 

1/9 0.634 g 5.946 g 3.282 g 2.24 g 1.855 g 

1/14 0.317 g 6.276 g 3.282 g 2.24 g 1.855 g 

Synthesis of Cux/MgO-Al2O3 (Cu/MA). The above precursors CuxMgyAl-LDH were 

annealed at 400 oC for 4 h in air with a ramping rate of 5 oC min-1 to obtain CuO/MgO-
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Al2O3 powders, and then the samples were reduced in 10% H2/Ar atmosphere at 300 

oC for 1 h with a ramping rate of 5 oC min-1 to obtain Cux/MA catalysts. 

Synthesis of Cux@MO/MgO-Al2O3 (Cu@M/MA). MO = CeO2, ZrO2 and Al2O3. The 

Cux@M/MA was synthesized based on the optimized Cux/MA catalyst. Typically, for 

Cux@Ce/MA, 1 g Cux/MA was dispersed into 20 mL ethylene glycol (EG) with Ar 

ventilation. Then 1.08 g Ce(NO3)3·6H2O was added into the above solution. After 

vigorous stirring for 4 h, the solution was allowed to stand for 30 min to collect the 

bottom deposition. Then it was dried at 70 oC overnight in a vacuum oven. After 

annealing at 400 oC for 2 h in air with a ramping rate of 5 oC min-1, the sample was 

reduced in 10% H2/Ar atmosphere at 300 oC for 1 h to obtain Cu@Ce/MA catalyst. 

Cu@Zr/MA and Cu@Al/MA were synthesized by the same procedure except for the 

change from Ce(NO3)3·6H2O to Zr(NO3)4·5H2O and Al(NO3)3·9H2O, respectively. 

Synthesis of reference catalysts. Cu0.6/MA-wet was obtained through the initial air-

calcination of MgAl-LDH precursors, followed by the wet impregnation of Cu(NO3)2 

solution and annealing at 400 oC in air for 2 h. The synthesis of Cu0.6/MgO and 

Cu0.6/Al2O3 was similar to that for Cu0.6/MA-wet except for the support was changed 

to commercial MgO and Al2O3, respectively. 

3.2.3 Characterization 

A PANalytical B.V. XRD diffractometer with Cu Kα radiation (λ = 1.5406 Å) was 

utilized to obtain the powder X-ray diffraction (XRD) results. The Cu, Mg, Al, Ce and 

Zr content in catalysts were analyzed via inductively coupled plasma-optical emission 

spectrometry (ICP-OES, Agilent 720-ES). A JEOL JEM-F200 (HR) transmission 

electron microscopy operated at 200 kV was utilized to collect the transmission electron 

micrography (TEM) and high-resolution TEM (HRTEM) images of catalysts. The 

elemental distribution of samples was recorded through energy-dispersive X-ray 

spectroscopy (EDS) test on the above TEM equipment. The Thermo Fisher ESCALAB 

Xi+ system was utilized to collect X-ray photoelectron spectroscopy (XPS) of samples. 

A Shimadzu UV-2500 spectrometer with an integrating sphere accessory was used to 
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obtain the UV-Visible diffuse reflectance spectroscopy (UV-Vis DRS). H2-TPR test 

was conducted on an AutoChem II 2920 chemisorption system. 50 mg catalyst was 

initially pretreated by Ar (20 mL min-1) at 150 oC for 1 h, followed by cooling down to 

50 oC. Then, 10%H2/Ar (20 mL min-1) was introduced to the system and the 

temperature increased from 50 oC to 400 oC with the ramping rate of 5 oC min-1. N2O 

chemisorption test was also conducted on the AutoChem II 2920 chemisorption system 

using the procedure described by previous work.[25] 

3.2.4 Catalytic activity evaluation 

Solar-driven photothermal catalytic CO2 reduction experiment was carried out in a 

home-made quartz reactor, which has been described in chapter 2. A 300 W Xenon arc 

lamp was applied as the illuminant and the only energy input. A Thorlabs PM-100D 

optical power meter with an S401C sensor was utilized to measure the intensity of. 

During the experiment, 10 mg catalyst was first reduced in a flow of 10% H2/Ar at 300 

oC for 1 h, and then was smoothly dispersed onto an air-permeable quartz fiber filter in 

the reactor. A thermocouple located at the center of sample surface was utilized to 

monitor the temperature of catalyst. The mixed reaction gas (CO2/H2 = 1:1) flowed 

through the system with a rate of 20 mL min-1. After purging for 0.5 h, the light was 

switched on to initial the solar-driven experiment. The venting gas was injected into a 

gas chromatography (Shimadzu GC2014) to analyze the components. The CG was 

equipped with two capillary columns (porapak-Q and shincarbon-A) and a flame 

ionization (FID) detector. 

The solar energy conversion efficiency (η) was calculated by the following 

formula[28]: 

η =  
𝑟(𝐶𝑂) × ∆𝑓𝐻𝐶𝑂

0 + 𝑟(𝐻2𝑂) × ∆𝑓𝐻𝐻2𝑂
0 − 𝑟(𝐻2) × ∆𝑓𝐻𝐻2

0 − 𝑟(𝐶𝑂2) × ∆𝑓𝐻𝐶𝑂2

0

𝑃𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛

× 100% 

where Pirradiation is the energy power of input light. r(x) is the reaction rate of reactant or 

product x, and ΔfH
0 is relevant standard enthalpy of formation. The ΔfH

0 for CO2, H2, 
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H2O and CO are -393.8, 0, -242 and -110.6 kJ mol-1. In this chapter, the main product 

was CO with almost 100% selectivity. Thereby, the r(x) of CO2, H2, H2O and CO was 

considered to be the same for the calculation of η. 

Photo-assisted thermocatalytic CO2 hydrogenation reaction was carried out in a flow-

type stainless-steel reaction system with external electric heating, which has also been 

described in chapter 2. The catalyst temperature was controlled by a temperature 

controller (TC-1000 JASCO) and a thermocouple. The visible light source was an LA-

251 Xe lamp with L42 and HA30 filters. Specifically, 10 mg sample was uniformly 

dispersed onto the sample holder and reduced in 10% H2/Ar atmosphere at 300 oC for 

1 h. Then a gas mixture (CO2/H2 = 1/1) flowed through the reaction system with a rate 

of 20 mL min-1. After purging for 30 min, the electrical heater was turned on to elevate 

the reactor temperature in a ramping rate of 5 oC min-1. The analysis of products was 

the same as the above experiment. 

3.2.5 In situ DRIFTS analysis 

A JASCO FT-IR 6300 Spectrometers equipped with a liquid nitrogen-cooled 

mercury-cadmium-telluride (MCT) detector and an in situ diffuse reflectance cell was 

utilized to conduct in situ diffuse reflectance infrared Fourier transform spectroscopy 

(DRIFTS) test. DRTFTS spectra were recorded at 4 cm-1 resolution with 32 scans. 

Before the experiment, 10 mg catalyst was in-situ reduced by 10%H2/Ar at 300 oC for 

1 h, and then cooled to room temperature in Ar atmosphere. The background spectrum 

was recorded in Ar at 30 oC, and afterwards the gas flow was changed into the reaction 

gas (CO2/H2 = 1/1, 20 mL min-1). Then the heating system was turned on to elevate the 

reaction temperature under irradiation with a ramping rate of 10 oC min-1. Each 

spectrum was obtained after the reaction stage was maintained for 30 min. 

The light enhancement mechanism in photothermal RWGS reaction was further 

investigated by analyzing the DRIFTS spectra of the process in dark and light 

conditions at 250 oC over the optimized catalyst. Specially, 10 mg catalyst was initially 

reduced and then the reaction gas mixture (CO2/H2 = 1/1) was introduced into the 
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reaction system. After the fully absorption of reactants on the catalyst surface, the 

reaction system was closed and the DRIFTS spectra were collected with or without 

light irradiation at 250 oC. 

3.3 Results and discussion 

3.3.1 Photothermal catalytic activity measurement 

In this chapter, a series of Cux/MgO-Al2O3 (noted as Cux/MA, x is the stoichiometric 

ratio of Cu in relative precursors) catalysts were synthesized for the photothermal 

catalytic CO2 reduction with H2, and the results were shown in Figure 3.1. With the 

light irradiation with the intensity of 1.88 W cm-2 from a 300 W Xenon lamp, CO was 

the main product among all catalysts (selectivity > 99%) with only a small portion of 

methanol as the side product. Obviously, with the increase of Cu amount in catalysts (x 

from 0.15 to 0.6), the CO production was enhanced at first because of the increase of 

active Cu sites in catalysts and Cu0.6/MA showed an excellent activity with 84.8 mmol 

g-1 h-1 CO production. While further increasing the amount of copper (x from 0.6 to 

1.5), the catalytic activity rapidly decreased, possibly due to the increasing size of Cu 

nanoparticles. For comparison, reference catalysts (Cu0.6/MA-wet, Cu0.6/MgO and 

Cu0.6/Al2O3) were synthesized by wet impregnation method and their photothermal 

catalytic CO production was quite lower than the optimized Cu0.6/MA, implying the 

catalysts derived from LDH exhibited stronger metal-support interaction, which 

promoted the conversion of CO2 to CO. Then the optimized catalyst Cu0.6/MA was 

utilized for the long-term photothermal RWGS reaction. As shown in Figure 3.2, after 

6 h reaction process, the production of CO gradually decreased to 70.0 mmol g-1 h-1, 

with only ~80% remaining compared with the fresh catalyst. The unsatisfying stability 

of the catalyst propelled me to find an approach to modulate the Cu0.6/MA catalyst for 

better performance. 
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Figure 3.1 Photothermal catalytic RWGS activity over different catalysts at 1.88 W 

cm-2. CO2/H2 = 10/10 mL min-1. 

 

Figure 3.2 Stability test of photothermal catalytic CO production on Cu0.6/MA. 

On the base of previous reports, I utilized an oxide-modified strategy to enhance the 

stability of catalysts and then fabricated a series of Cu0.6@MO/MgO-Al2O3 (noted as 

Cu0.6@M/MA, M = CeO2, ZrO2, Al2O3) by impregnation.[19] Photothermal catalytic 

CO2 reduction was carried out on the above catalysts, and the results were shown in 

Figure 3.3. The temperatures of catalysts were recorded by a thermocouple and Figure 

3.3a depicted a linear relationship between the light intensity and the equilibrium 

temperature of catalysts. All catalysts exhibited a similar equilibrium temperature at the 

same light intensity, indicating that the introduction of metal oxides did not change the 

light-to-heat conversion ability of catalysts. CO was still the main product among all 

catalysts, suggesting that the reaction selectivity of photothermal catalytic CO2 
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hydrogenation was not altered by the addition of metal oxides. Figure 3.3b showed the 

CO production rates under different irradiation intensities. Compared with Cu0.6/MA, 

it could be concluded that the introduction of CeO2 and ZrO2 promoted the RWGS 

reaction while additional Al2O3 inhibited the CO generation to some degree. Obviously, 

Cu0.6@Zr/MA exhibited the highest CO production of 125.7 mmol g-1 h-1 at the light 

intensity of 1.88 W cm-2, increased by ~50 % than the Cu0.6/MA catalyst at the same 

condition (84.8 mmol g-1 h-1), while Cu0.6@Ce/MA showed a performance of 90.7 

mmol g-1 h-1 CO production, only a slight enhancement in reaction activity. I also 

calculated the conversion efficiency (η) of solar energy in RWGS reaction on catalysts, 

which could be defined as the efficiency of converting solar energy into chemical 

energy in the form of reaction enthalpy. As shown in Figure 3.3c, due to the excellent 

performance in reaction, the η of Cu0.6@Zr/MA attained 0.97% with the light intensity 

of 1.88 W cm-2. 

Since Cu0.6@Zr/MA catalyst could achieve superior photothermal RWGS activity, I 

further investigated the stability of the optimized catalyst in the long-time reaction 

process. As shown in Figure 3.3d, the CO production on Cu0.6@Zr/MA was almost 

stable after 8 h reaction, and the activity still remained 93% compared with the fresh 

catalyst after 12 h continuous process. Obviously, the stability of catalyst was 

significantly enhanced via the oxide-modification strategy, possibly due to the 

stabilization of Cu nanostructure by the modulation of ZrO2, and the optimized 

Cu0.6@Zr/MA catalyst showed an outstanding photothermal CO2 reduction 

performance compared with reported works (Table 3.2). The detailed origins of 

improved activity and stability of catalysts by ZrO2 would be investigated in the 

following part of this chapter. 
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Table 3.2 Comparison of catalytic performance for some RWGS catalysts 

Entry Catalyst Gas composition Catalytic condition CO production rate Stability Ref. 

1 Cu0.6@Zr/MA 

CO2/H2 = 50/50 

20 mL min-1 

300 W Xe lamp 

(1.88 W cm-2) 

125.7 mmol gcat
-1 h-1 93% (12 h) 

This 

chapter 

2 Cu0.6/MA 

CO2/H2 = 50/50 

20 mL min-1 

300 W Xe lamp 

(1.88 W cm-2) 

84.8 mmol gcat
-1 h-1 80% (6.5h) 

This 

chapter 

3 10Cu5Ga/CeO2
 

CO2/H2 = 50/50 

20 mL min-1 

300 W Xe lamp 

(1.95 W cm-2) 

111.2 mmol gcat
-1 h-1 70% (10 h) 

Chapter 

2 

4 CF-Cu2O 

CO2/H2 = 83/17 

43 mL min-1 

Visible light, LED light, 

5.0 W cm-2, 4 bars 

139.6 mmol gcat
-1 h-1 75% (30 h) [7] 

5 

Cu1Ca9(PO4)6(OH

)2 

CO2/H2 = 50/50 

2 mL min-1 

300 W Xe lamp 

(2.0 W cm-2), 300 oC 

0.84 mmol gcat
-1 h-1 77% (20 h) [13] 

6 Al@Cu2O 

CO2/H2 = 50/50 

10 mL min-1 

supercontinuum fiber 

laser (10 W cm-2) 

2.03 mmol gcat
-1 h-1 - [12] 

7 Cu/Pd/HyWO3-x 

CO2/H2 = 50/50 

4 mL min-1 

120 W Xe lamp, 

2.0 W cm-2, 250 oC 

1.18 mmol gcat
-1 h-1 83% (10 h) [15] 

8 CuSiO/CuOx 

CO2/H2/Ar = 24/72/4 

20 mL min-1 

500 oC 40.4 mmol gcat
-1 h-1 - [29] 

9 Ni12P5/SiO2
 

CO2/H2 = 5/1 

3 mL min-1 

0.8 W cm-2, 

290 oC 

13.5 mmol gcat
-1 h-1 89% (40 h) [30] 
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Figure 3.3 Solar-driven photothermal catalytic RWGS reaction. (a) Catalyst 

temperatures with different light intensities, (b) photothermal CO production and (c) 

solar energy conversion efficiency over Cu0.6@M/MA catalysts, (d) durability test of 

Cu0.6/MA and Cu0.6@Zr/MA under the irradiation of 1.88 W·cm-2. 

3.3.2 Characterization of catalysts 

The structure and morphology of CuMgAl-LDH precursors were analyzed by SEM 

images, as displayed in Figure 3.4a and b. Generally, the images illustrated the disk 

shape of LDH materials with around 100 nm in diameter. After annealing in air and 

modified by ZrO2, the SEM patterns suggested the morphology of Cu0.6/MA and 

Cu0.6@Zr/MA was similar, inherited from the LDH precursors, implying that the 

morphology was not changed by the modulation of ZrO2 (Figure 3.4c and d). Figure 

3.5 showed the XRD patterns of Cu0.6@M/MA, illustrating the existence of metallic Cu 

(JCPDS No. 04-0836) and MgO (JCPDS No. 65-0476), while no peaks belonging to 

Al2O3 were detected, suggesting the amorphous phase of Al2O3 in catalysts. 

Furthermore, the additional metal oxide (CeO2, ZrO2, Al2O3) also exhibited no 
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diffraction peaks in XRD patterns, possibly due to their relatively low amount 

according to ICP-OES results (Table 3.3). High-resolution TEM (HRTEM) images 

depicted the nanostructure of catalyst Cu0.6/MA and Cu0.6@Zr/MA, as shown in Figure 

3.6. In Cu0.6/MA (Figure 3.6a), the lattice fringes of 0.21 nm could be attributed to the 

(200) plane of MgO and (111) plane of Cu nanoparticles, and MgO (220) facet was also 

observed with the lattice fringes of 0.15 nm. No lattice fringes belonging to Al2O3 could 

be observed in catalyst, indicating the amorphous phase of Al2O3, in correspondence 

with XRD data. Energy dispersive X-ray spectrometry (EDS) images in Figure 3.6b 

showed that Cu was well dispersed in the catalysts, mainly as nanoparticles on the 

MgO-Al2O3 support. After the introduction of Zr species, Figure 3.6c exhibited similar 

lattice fringes assigned to Cu and MgO, indicating that Zr did not change the 

nanoarchitecture between Cu NPs and support. Typically, the lattice fringes of 0.29 nm 

were observed near the Cu NPs, which could be assigned to ZrO2 (111) facet, 

suggesting the direct interplay between Cu NPs and additional ZrO2. Furthermore, the 

EDS patterns of Cu0.6@Zr/MA (Figure 3.6d) showed that Cu and Zr elements were 

uniformly dispersed on the surface of catalyst, implying the loading of ZrO2 stabilized 

the nanostructure of Cu nanoparticles and thereby promoted the stability of catalyst. 

Table 3.3 Element composition and physical properties of catalysts 

Catalyst wt% of Cua wt% of Metala DCu (%) b 

Cu0.6/MA 15.7 - 78.0 

Cu0.6@Ce/MA 13.1 3.7 (Ce) 18.7 

Cu0.6@Zr/MA 12.6 4.4 (Zr) 61.1 

Cu0.6@Al/MA 13.8 14.4 (Al) 49.7 

Used Cu0.6/MA - - 60.1 

Used Cu0.6@Zr/MA - - 58.6 

a analyzed by ICP-OES, b calculated from N2O chemisorption results 
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Figure 3.4 SEM patterns of (a) and (b) CuMgAl-LDH precursors, (c) Cu0.6/MA and (d) 

Cu0.6@Zr/MA catalysts. 

 

Figure 3.5 XRD patterns of H2-reduced Cu0.6/MA and Cu0.6@M/MA (M = Ce, Zr, Al) 

catalysts. 
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Figure 3.6 HRTEM (a and c) and EDS (b and d) images for Cu0.6/MA (a and b) and 

Cu0.6@Zr/MA (c and d) catalyst. 

The reducing behaviors of catalysts in H2 atmosphere was investigated by H2-

temperature-programmed reduction (H2-TPR) experiment, and the results were shown 

in Figure 3.7. The Cu0.6/MA catalyst showed two peaks centered at 196 and 217 oC, 

which could be attributed to the reduction of surface CuO and Cu2O, respectively. After 

the introduction of metal oxides, the intensity of reducing peaks of Cu species in 

catalysts was decreased to some degree, possibly due to the cover of oxides on the 

catalyst surface, especially on the Cu nanoparticles. Typically, the reducing peaks in 

Cu0.6@Ce/MA and Cu0.6@Zr/MA shifted to lower temperatures, which could be 

attributed to the interaction between ZrO2/CeO2 and Cu. As for Cu0.6@Al/MA, the 

reducing peaks of Cu shifted to higher temperatures (217 and 234 oC), implying the 

addition of Al2O3 inhibited the reduction of Cu2+ to Cu0, therefore decreasing the 

activity of catalyst. Furthermore, the N2O chemisorption method was utilized to analyze 
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the dispersion of Cu (DCu), which was defined as the ratio of Cu atoms exposed at the 

surface to total Cu atoms and a higher DCu suggested more active sites on Cu NPs.[25] 

As listed in Table 3.3, the DCu of Cu0.6/MA was 78.0%, suggesting the high dispersion 

of copper in the catalyst. After the introduction of metal oxides, DCu of all the catalysts 

was decreased, especially Cu0.6@Ce/MA (only 18.7%), which could be attributed to 

the strong interaction between Cu and CeO2, hindering the oxidation of Cu NPs during 

the N2O chemisorption process. The optimized catalyst Cu0.6@Zr/MA showed a 

slightly decreased DCu of 61.1%, compared with Cu0.6/MA. However, after the stability 

experiment, the DCu of Cu0.6/MA decreased to 60.1%, while that of Cu0.6@Zr/MA only 

reduced to 58.6%, demonstrating that the introduction of ZrO2 successfully alleviated 

the aggregation of Cu nanoparticles in the reaction process, thereby promoting the 

stability of catalysts. 

 

Figure 3.7 H2-TPR patterns of Cu0.6/MA and Cu0.6@M/MA (M = Ce, Zr, Al). 

To further elucidate the influence of ZrO2 on the catalyst, XPS was applied to analyze 

the chemical states of elements in Cu0.6/MA and Cu0.6@Zr/MA (Figure 3.8a-c). In the 

Cu 2p patterns, two peaks centered at 932.4 eV and 933.8 eV were observed, which 

could be assigned to Cu0/Cu+ and Cu2+.[31] The existence of Cu2+ was probably due to 
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the oxidation of Cu0 by the exposure to air before XPS analysis. Both Cu0.6/MA and 

Cu0.6@Zr/MA showed similar chemical states of Cu, implying that the introduction of 

ZrO2 did not change the electronic structure of Cu NPs. Figure 3.8c showed the XPS 

spectra for Zr 3d in Cu0.6@Zr/MA, and the peak centered at 181.9 eV could be assigned 

to Zr4+ in monoclinic ZrO2.
[32] The optical properties of Cu0.6/MA and Cu0.6@Zr/MA 

catalysts were analyzed by UV-Vis DRS. Figure 3.8 depicted a wide absorption peak 

centered at 590 nm in Cu0.6/MA catalysts, which was induced by the LSPR effect of Cu 

NPs. As for Cu0.6@Zr/MA, the peak position was not changed after the addition of ZrO2 

while the absorption spectra were flatter than Cu0.6/MA, possibly due to the slight cover 

of ZrO2 on the surface of Cu NPs. 

 

Figure 3.8 XPS patterns of (a-c) Cu 2p and Zr 3d in Cu0.6/MA and Cu0.6@Zr/MA, (d) 

UV-Vis DRS spectra of Cu0.6/MA and Cu0.6@Zr/MA. 

In order to further study the conditions of Cu in Cu0.6/MA and Cu0.6@Zr/MA 

catalysts, CO was utilized as a probe molecular in DRIFTS analysis. Generally, the CO 

absorbed on metal atoms of different chemical states showed different IR peaks due to 
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the tiny changes of C=O bond, which could help distinguish the physiochemical 

properties of metal atoms.[33-35] As shown in Figure 3.9a, three peaks centered at 2058, 

2098 and 2170 cm-1 were detected on Cu0.6/MA. The 2170 cm-1 could be assigned to 

gaseous CO, and the adsorption band at 2098 cm-1 with a shoulder at 2058 cm-1 was 

due to the CO absorbed on metallic copper Cu0, indicating the different types of Cu 

species existed in Cu0.6/MA. [36-40] For Cu0.6@Zr/MA catalyst, the intensity of CO 

adsorption peaks was obviously diminished in comparison with Cu0.6/MA, implying 

the partial cover of ZrO2 on Cu NPs as suggested by chemisorption analyses. The 

adsorption peak at 2058 cm-1 was not observed, illustrating the uniform dispersion of 

Cu NPs after the introduction of ZrO2. In addition, the adsorption peak of CO-Cu0 

shifted to a higher wavenumber (2104 cm-1), probably due to the interaction between 

Cu and ZrO2, in accordance with the H2-TPR results. 

 

Figure 3.9 CO-DRIFT spectra of (a) Cu0.6/MA catalysts and (b) Cu0.6@Zr/MA 

catalysts. 

The reaction pathway for photothermal RWGS reaction over Cu0.6/MA and 

Cu0.6@Zr/MA catalysts was investigated by in situ DRIFTS experiment and the spectra 

were shown in Figure 3.10. At room temperature, both reduced Cu0.6/MA (Figure 3.10a) 

and Cu0.6@Zr/MA (Figure 3.10b) catalysts exhibited a broad absorption in the range of 

1000 to 1700 cm-1 after the introduction of reaction gas (CO2 and H2), corresponding 

to surface carboxylate (1685 cm-1 and 1220 cm-1) and carbonate species (1440 cm-1 and 

1294 cm-1).[41-43] With the increase of reaction temperature from 30 to 300 oC, the 

spectra showed several new absorption peaks related to possible intermediates, 
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including formate species (2846 cm-1, 1623 cm-1,1327cm-1) and carbonyl species (2050 

– 2200 cm-1).[44-46] On Cu0.6/MA, the intensity of carbonates and carboxylates was 

decreased as the temperature increased, and the formate species appeared at 100 oC and 

continued to increase until 200 oC, suggesting the conversion of absorbed CO2 to 

formate species. As further elevating the temperature, the intensity of the formate peak 

started to decrease, and meanwhile the peak related to CO was observed in the range of 

2050 – 2200 cm-1, demonstrating the reaction pathway of the dissociation of formate to 

generate CO.[47] When comparing the DRIFTS spectra of Cu0.6/MA and Cu0.6@Zr/MA, 

it could be noted that the introduction of ZrO2 did not change the reaction pathway of 

RWGS reaction. Furthermore, the intensity of formate peaks on Cu0.6@Zr/MA at 250 

and 300 oC was much lower than that on Cu0.6/MA, while the intensity of CO peak 

seemed similar, suggesting that the decomposition of formate was facilitated on 

Cu0.6@Zr/MA catalyst, possibly via modulating the Cu nanoparticles based on the 

above investigation, therefore enhancing the activity of CO production. 

 

Figure 3.10 In situ DRIFTS spectra collected over (a) Cu0.6/MA and (b) Cu0.6@Zr/MA 

catalysts during photo-assisted RWGS reaction under different temperatures. 

3.3.3 Light-assisted catalytic activity 

In the process of photothermal catalytic CO2 reduction, except solar-to-heating effect, 

photo-induced hot carriers might also participate in the reaction via activating the 

absorbed reactants and intermediates. In order to elucidate the mechanism of light 

irradiation in this chapter, I conducted the photo-assisted thermocatalytic CO2 
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conversion with H2 on Cu0.6/MA and Cu0.6@Zr/MA catalysts in a stainless-steel 

reaction system equipped with a temperature controller and an external electrical heater 

to excluded the light-heating effect during the reaction. L42 and HA30 filters were 

applied to eliminate ultraviolet and infrared light, and the intensity of visible light (400 

nm < λ < 800 nm) was measured to be 644.2 mW cm-2. As shown in Figure 3.11a, in 

the dark condition, with the temperature was elevated from 200 oC to 300 oC, the CO 

production of Cu0.6@Zr/MA was increased from 1.5 mmol·g-1·h-1 to 77.9 mmol·g-1·h-

1, higher than that of Cu0.6/MA at same temperatures. After the introduction of light 

irradiation, the production rate of CO on both catalysts was enhanced. Specially, the 

CO yield over Cu0.6@Zr/MA was increased to 3.1 mmol·g-1·h-1 at 200 oC under visible 

light, 2.1 times higher than the production in dark condition. As the reaction 

temperature was elevated to 300 oC, the CO production reached 94.7 mmol·g-1·h-1, still 

higher than the production without light. These results revealed the obvious promoting 

effect of visible light on the RWGS reaction, which could be attributed to photo-

induced hot carriers in Cu NPs. 

To investigate the RWGS reaction kinetics under dark and light conditions, the 

apparent activation energy (Ea) was calculated based on the Arrhenius equation (ln r = 

−Ea/RT + ln A) in the temperature range from 200 oC to 300 oC (Figure 3.11b). The 

apparent activation energy for Cu0.6/MA in dark was 107.7 kJ·mol-1, and was reduced 

to 85.9 kJ·mol-1 with the introduction of light, indicating that light could promote the 

reaction process, possibly due to the enhanced activation of reactants and conversion 

of intermediates by photo-induced hot carriers in Cu NPs. In addition, the ZrO2 in 

Cu0.6@Zr/MA decreased the Ea to 84.0 kJ·mol-1 and 66.6 kJ·mol-1 in dark and light 

conditions respectively, suggesting the reaction activity could be promoted by the 

modulation by ZrO2. 
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Figure 3.11 Photo-assisted thermocatalytic RWGS reaction. (a) CO production over 

Cu0.6/MA and Cu0.6@Zr/MA catalysts at different temperatures under dark (electrical 

heating) and light (photo-assisted electrical heating) conditions, (b) Arrhenius plots for 

RWGS reaction under different reaction conditions. 

In order to further investigate the effect of light irradiation on RWGS reaction 

process, the time-resolved DRIFTS spectra were recorded on Cu0.6@Zr/MA in dark and 

light conditions with the temperature controlled at 250 oC. As displayed in Figure 3.12, 

almost no apparent changes in spectra were observed in dark condition during the 

recording time. In comparison, upon light irradiation, the peak centered at 2846 cm-1 

assigned to absorbed formate species was decreased and the two peaks at 2170 and 

2100 cm-1 belonging to CO were increased, indicating that the reaction pathway of the 

decomposition of formate intermediates to form CO as the final product, which could 

be accelerated by the light-induced hot carriers in Cu NPs. 

 

Figure 3.12 In situ DRIFTS spectra recorded on Cu0.6@Zr/MA catalyst under (a) dark and 

(b) light conditions with reaction temperature at 250 oC. 
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Figure 3.13 Schematic illustration of the reaction mechanism for photothermal 

catalytic CO2 hydrogenation over Cu0.6/MA and Cu0.6@Zr/MA. 

3.4 Conclusion 

In conclusion, this study demonstrates the irreducible oxide (ZrO2)-modified Cu-

based photothermal catalysts which are not only highly active but also extremely stable 

for CO2 reduction to CO (Figure 3.13). The optimized catalyst Cu0.6@Zr/MA shows an 

excellent CO production of 125.7 mmol·g-1·h-1 under light irradiation of 1.88 W·cm-2 

and the conversion efficiency of solar energy reaches 0.97%. After 8 h reaction, the 

activity is almost stable, and still remains 93% after 12 h continuous reaction process. 

The detailed study illustrates that the modification of ZrO2 can stabilize the 

nanostructures of Cu nanoparticles and alleviate the aggregation of Cu at rough 

conditions, such as high temperature and wet atmosphere, thereby improving the 

stability of catalyst. This chapter provides a universal strategy to design and fabricate 

highly efficient and long-time stable photothermal catalysts for CO2 reduction. 
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Chapter 4 Photothermal catalytic CO2 hydrogenation to 

methanol over Ru/In2O3 catalysts under atmospheric 

pressure 

4.1 Introduction 

The development of modern society has accelerated the consumption of non-

renewable fossil fuel energy, resulting in multiple energy crises and environmental 

problems.[1, 2] Methanol (CH3OH) is an essential chemical industrial feedstock and also 

considered as a promising candidate for clean and renewable energy carrier due to its 

high volume-specific energy density.[3] George A. Olah has drawn a future prospect 

about “methanol economy”, in which methanol acts as the medium for energy 

consumption and chemical industry in the near future.[4] Nowadays, fossil fuels 

conversion domains the process of industrial methanol production, resulting in massive 

energy consumption and immense CO2 emission. Methanol production from CO2 

hydrogenation is regarded as a sustainable and environmental-friendly route and has 

attracted worldwide interest.[5-7] 

Over the past several decades, many efforts have been taken to realize effective 

thermocatalytic CO2 hydrogenation to methanol, mostly using Cu-based 

nanocomposites as catalysts.[8-12] However, due to the exothermic characteristics of 

methanol synthesis (eqn (1)) and the competing CO production via side reverse water-

gas shift reaction (RWGS, eqn (2)), this process demands relatively harsh reaction 

conditions, especially an ultrahigh pressure (temperature of 200 ~300 oC and pressure 

of 3 ~ 10 Mpa), to simultaneously achieve high methanol selectivity and production 

rate, which results in excess energy input, thereby hindering the large-scale industrial 

application.[13, 14] 

CO2 + 3H2 ⇔ CH3OH + H2O,      ΔH°298K = −49.5 kJ mol−1 (1) 

CO2 + H2 ⇔ CO + H2O,       ΔH°298K = +41.2 kJ mol−1 (2) 
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Recently, photothermal catalysis based on plasmonic nanometals composites has 

attracted great interest due to its promising prospect in the field of fuel production and 

fine chemical conversion, together with the utilization of clean and regenerable solar 

energy, which is regarded as an ideal energy source for future human society.[15-20] The 

light-induced hot carriers are capable to activate chemical bonds and trigger reaction 

processes, such as the dissociation of H2 and the activation of C=O bond.[20-24] 

Therefore, it is expected to be a promising technology to catalyze CO2 hydrogenation 

to methanol via photothermal process, also known as “solar methanol production”, 

which could convert solar energy into valuable chemical energy as fuel and industrial 

feedstock without extra greenhouse gas generation.[25, 26] However, quite few studies 

have been reported on photothermal methanol production under mild conditions, 

especially at ambient pressure.[27-30] Among these studies, both activity and selectivity 

are still relatively low, inhibiting the further application of photothermal methanol 

production from CO2 hydrogenation, and the detailed mechanism still requires 

thorough investigation and discussion. 

In2O3 has been demonstrated to be an excellent catalyst for CO2 hydrogenation to 

CH3OH according to recent reported works, including thermal catalysis, photocatalysis 

and photothermal catalysis.[28, 30-32] The oxygen vacancies (Vo) in In2O3 play a key role 

in modulating the catalytic activity of methanol production in CO2 hydrogenation.[30, 33-

35] Furthermore, transition metals including noble metals (Pd, Pt, Rh, Au) and non-noble 

metals (Ni, Co) have been utilized to modify the surface chemical architectures of In2O3 

and provide active sites for CO2 and H2 activation, thereby contributing to enhanced 

catalytic performance.[31, 36-39] However, most related researches are focused on the 

thermal catalytic process under high pressure (usually 1.0 MPa ~ 5.0 MPa), thus 

rendering such composites potential candidates for solar methanol production under 

mild conditions. 

Herein, Ru-loaded In2O3 nanorods were synthesized for photothermal methanol 

production from CO2 hydrogenation under atmospheric pressure. Upon light irradiation, 

a maximum methanol production of 280.4 μmol g-1 h-1 was obtained over 2 wt% 
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Ru/In2O3, which was around 50 times higher than that of pure In2O3. Mechanism 

investigation demonstrated that the outstanding catalytic activity was assigned to the 

interfacial interaction between Ru and In2O3, the improved concentration of oxygen 

vacancies by loading Ru, as well as the photo-thermal synergistic effect on CO2 

hydrogenation. Detailed studies and DFT calculations suggested that methanol was 

mainly produced via the CO-hydrogenation route, in which Ru nanoparticles facilitated 

the activation and conversion of H2 and CO2 assisted by light-induced hot carriers, and 

afterwards the oxygen vacancies on In2O3 favored the hydrogenation process from 

absorbed intermediates *CO to final product methanol. 

4.2 Experimental section 

4.2.1 Materials 

All chemicals were utilized without any treatment. Indium (III) chloride (InCl3), 

rhodium (III) chloride (RhCl3), ruthenium (III) chloride (RuCl3), hexachloroplatinic 

acid (H2PtCl6), palladium (II) chloride (PdCl2), copper (II) nitrate trihydrate 

(Cu(NO3)2·3H2O), aluminum(III) nitrate nonahydrate (Al(NO3)3·9H2O), zinc(II) 

nitrate hexahydrate (Zn(NO3)2·6H2O), sodium carbonate (Na2CO3), urea, Sodium 

borohydride (NaBH4), commercial In2O3 were purchased from Wako Chemical Co., 

Ltd. Distilled water (18.2 MΩ cm) was utilized in this work. 

4.2.2 Catalyst preparation 

Synthesis of In2O3. In2O3 was synthesized based on a reported hydrothermal 

method.[40] Typically, 0.29 g InCl3 and 1.2 g urea were dissolved with 80 ml of 

deionized water. After vigorous magnetic stirring at room temperature for 1 h, the above 

solution was subsequently transferred into a 100 mL Teflon-lined stainless-steel 

autoclave and heated at 140 oC for 12 h. After the reaction finished, the autoclave was 

cooled to room temperature. The white precipitates were collected by centrifugation 

and washed with distilled water for several times, then dried at 70 oC in a vacuum oven 
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overnight. Afterwards, the white precursors were annealed at 250 oC for 4 h in air with 

a ramping rate of 5 oC min-1 to obtain In2O3 powder. 

Synthesis of nanometals/In2O3. Metal nanoparticles (Ru, Rh, Pt, Pd, Cu) were 

loaded on synthesized In2O3 using NaBH4 as a reducing agent. Typically, for 2 wt.% 

Ru/In2O3, 200 mg In2O3 and 8.2 mg RuCl3 were dissolved into 100 mL deionized water 

under vigorous stirring. After stirring for 1 h, fresh NaBH4 aqueous solution (10 mL, 

100 mM) was added into the above mixture drop by drop. Afterwards, the sample was 

filtered and washed with water for 6 times, and then dried overnight at 70 oC. For 

different loading amount (0.5 wt.%, 1.0 wt.%, 5.0 wt.%), the amount of RuCl3 was 

changed to 2.1, 4.1 and 20.5 mg respectively. Rh/In2O3, Pt/In2O3, Pd/In2O3 and 

Cu/In2O3 were produced through the same procedure except using corresponding metal 

precursors (RhCl3, H2PtCl6, H2PdCl6, Cu(NO3)2·6H2O). 

Synthesis of reference catalysts. CuZnAl was synthesized using the same method as 

described in chapter 2. Reference catalyst (2Ru/com-In2O3) was synthesized by the 

same method above except for the commercial In2O3 instead of synthesized In2O3. 

Another reference catalyst (2Ru/In2O3-wet) was synthesized by the wet-impregnation 

method. A certain amount of RuCl3 solution was impregnated on synthesized In2O3 

followed by calcination in air at 250 oC for 2h. 

4.2.3 Characterization 

A PANalytical B.V. XRD diffractometer with Cu Kα radiation (λ = 1.5406 Å) was 

utilized to obtain the powder X-ray diffraction (XRD) results. The contents of Ru and 

In in samples were analyzed via inductively coupled plasma-optical emission 

spectrometry (ICP-OES, Agilent 720-ES). A JEOL JEM-F200 (HR) transmission 

electron microscopy operated at 200 kV was utilized to collect the transmission electron 

micrography (TEM) and high-resolution TEM (HRTEM) images of catalysts. The 

elemental distribution of samples was recorded through energy-dispersive X-ray 

spectroscopy (EDS) test on the above TEM equipment. The AutoChem II 2920 

chemisorption equipment was used to carry out H2-TPR test. The Thermo Fisher 
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ESCALAB Xi+ system was utilized to collect X-ray photoelectron spectroscopy (XPS) 

of samples. A Shimadzu UV-2500 spectrometer with an integrating sphere accessory 

was used to obtain the UV-Visible diffuse reflectance spectroscopy (UV-Vis DRS). 

Raman spectroscopy was collected on the Raman microscope (NRS-1000, Japan) 

equipped with a green laser (532 nm) as the excitation source. Indium K-edge X-ray 

absorption near edge structure (XANES) spectra were measured at the Photon Factory 

Advanced Ring in Tsukuba, Japan. 

4.2.4 Catalytic activity evaluation 

Solar-driven photothermal catalytic CO2 hydrogenation experiment was carried out 

in a homemade quartz reactor, which has been described in chapter 2. 300 W Xenon 

arc lamp equipped with an L42 filter was utilized as the illuminant and the only energy 

input. A Thorlabs PM-100D optical power meter with an S401C sensor was utilized to 

measure the intensity of. During the experiment, 10 mg catalyst was smoothly dispersed 

onto an air-permeable quartz fiber filter in the reactor. A thermocouple located at the 

center of sample surface was utilized to monitor the temperature of catalyst. The mixed 

reaction gas (CO2/H2 = 1:3) flowed through the system with a rate of 20 mL min-1. After 

purging for 0.5 h, the light was switched on to initial the solar-driven experiment. The 

venting gas was injected into a gas chromatography (Shimadzu GC2014) to analyze the 

components. The CG was equipped with two capillary columns (porapak-Q and 

shincarbon-A) and a flame ionization (FID) detector. 

Photo-assisted thermocatalytic CO2 hydrogenation reaction was carried out in a flow-

type stainless-steel reaction system with external electric heating, which has also been 

described in chapter 2. The catalyst temperature was controlled by a temperature 

controller (TC-1000 JASCO) and a thermocouple. The visible light source was an LA-

251 Xe lamp with L42 and HA30 filters. Specifically, 10 mg sample was uniformly 

dispersed onto the sample holder. Then a gas mixture (CO2/H2 = 1/3) flowed through 

the reaction system with a rate of 20 mL min-1. After purging for 30 min, the electrical 

heater was turned on to elevate the reactor temperature in a ramping rate of 5 oC min-1. 

The analysis of products was the same as the above experiment. 
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4.2.5 In situ DRIFTS analysis  

A JASCO FT-IR 6300 Spectrometers equipped with a liquid nitrogen-cooled 

mercury-cadmium-telluride (MCT) detector and an in situ diffuse reflectance cell was 

utilized to conduct in situ diffuse reflectance infrared Fourier transform spectroscopy 

(DRIFTS) test. DRTFTS spectra were recorded at 4 cm-1 resolution with 32 scans. 

Before the analyses, 10 mg catalyst was purged by Ar flow for 30 min at room 

temperature. Then the temperature was elevated with a ramping rate of 10 oC min-1 and 

maintained at 200 oC. After the background spectrum was obtained in Ar atmosphere, 

the gas flow was changed into the mixture of CO2/H2 (5/15 mL min-1) and then in situ 

DRIFTS experiment was performed under irradiation. 

4.2.6 Density functional theory calculations 

All density functional theory (DFT) calculations were conducted on the QUANTUM 

ESPRESSO package. The exchange and correlation energy were described by the 

Perdew-Burke-Emzerhof (PBE) and the generalized gradient approximation (GGA) 

functional. The cutoff energy of plane-wave basis was set as 65 Ry and the Monkhorst-

Pack k-point was set as 3 × 3 × 1. Energy and gradient convergences with 10-6 Ry and 

0.001 Ry / Å were adopted in the calculations. 

The In2O3 (111) surface was modeled with a (2 × 2) supercell from the bulk In2O3, 

according to XRD result. The surface slab contained 48 In atoms and 72 O atoms. In 

order to exclude any interaction between layers, the vacuum height was set as 12 Å. 

The defective surface (In2O3-Ov) was obtained by removing one oxygen atom from the 

surface. The Ru4/In2O3-Ov model was established by loading a tetrahedral Ru4 cluster 

on the defective surface In2O3-Ov. After optimizing the model, the atoms in the bottom 

layer were fixed, and the rest of atoms were allowed to relax during the calculations of 

the reaction mechanism investigation. The relative energy of each reaction state was 

defined as the energy difference between the corresponding and initial states. 
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Table 4.1 Performance of thermal catalytic CO2 hydrogenation of In2O3 loaded with 

different metal catalysts at 250 oC. Metal loading: 2 wt%. Reaction conditions: 250 oC, 

1 bar, CO2/H2 = 5/15 mL min-1 

Catalyst 
CO yield  

(μmol g-1 h-1) 

CH3OH yield  

(μmol g-1 h-1) 

CH3OH selectivity  

(%) 

In2O3 156.2 29.5 21.3 

Ru/In2O3 337.2 122.8 35.2 

Cu/In2O3 275.0 26.1 11.1 

Rh/In2O3 2581.0 147.8 9.0 

Pt/In2O3 595.4 68.3 12.8 

Pd/In2O3 1059.1 120.1 11.2 

4.3 Results and discussion 

4.3.1 Preliminary screening of metal catalysts 

In(OH)3 nanorods were first synthesized by a hydrothermal method and then 

annealed at 250 oC for 4 h in air to obtain In2O3 nanorods[40]. After that, a variety of 

metals (Cu, Ru, Rh, Pd, Pt) were loaded on In2O3 nanorods via a NaBH4-reducing 

method with the loading amount of metal designed at 2 wt%. According to X-ray 

diffraction (XRD) patterns (Figure 4.1), all diffraction peaks in these catalysts were 

ascribed to the cubic In2O3 phase (PDF #65-3170). No peaks belonging to loaded metals 

were observed, probably due to the high dispersion of metal nanoparticles in the 

catalysts.[41] In2O3 loaded with various metals and pure In2O3 were used to evaluate the 

thermal catalytic CO2 hydrogenation at 250 oC and atmosphere pressure. As shown in 

Figure 4.2 and Table 4.1, pure In2O3 showed a methanol production rate of 29.5 μmol 

g-1 h-1 with a selectivity of 21.3%. The catalytic activity for methanol production was 

remarkably improved by loading metals (Ru, Rh, Pt and Pd), except Cu. Whereas only 

loading Ru can improve both the activity and selectivity of methanol, reaching 122.8 
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μmol g-1 h-1 and 35.2%, respectively, and loading other metals on In2O3 obviously 

reduced the selectivity of methanol. Therefore, Ru was selected as the promoter for 

improving the performance of In2O3 in photothermal catalytic CO2 hydrogenation to 

methanol in the following part of this chapter. 

 

Figure 4.1 XRD patterns for M/In2O3 (M = Ru, Cu, Rh, Pt, Pd) catalysts 

 

Figure 4.2 Screening of metal catalysts for In2O3 in CO2 hydrogenation to CH3OH 

under dark conditions: 10 mg of catalyst, 250 oC, 1bar, CO2/H2 = 5/15 mL min-1.  

4.3.2 Structure and morphology characterization 

I then prepared a series of Ru/In2O3 catalysts with different Ru amount (denoted as 

xRu/In2O3, where x is the weight percent of Ru). The exact content of Ru in the catalysts 
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was analyzed by the inductively coupled plasma-optical emission spectrometry (ICP-

OES), as shown in Table 4.2. The results demonstrated the consistency between the 

designed and real component of synthesized catalysts. The structure of catalysts was 

characterized by XRD and the results were shown in Figure 4.3. The diffraction peaks 

of xRu/In2O3 were all ascribed to cubic In2O3 phase with no peaks assigned to Ru 

species, indicating the high dispersion of Ru on the catalysts. I also calculated the size 

of In2O3 particles based on Debye-Scherrer equation and the results were shown in 

Table 4.2. The size of pure In2O3 was calculated to be ~17.5 nm, while all Ru/In2O3 

particles were within ~ 20 nm, indicating that the In2O3 nanoparticles slightly grew with 

the introduction of Ru species. The morphology of catalysts was recorded by scanning 

electron microscope (SEM), as shown in Figure 4.4. Both pure In2O3 and Ru/In2O3 

showed similar rod-like structures with around 1~2 μm in length and ~200 nm in width. 

In addition, high resolution transmission electron microscope (HRTEM) was utilized 

to analyze the nano structure of 2Ru/In2O3 catalyst, as shown in Figure 4.5 and Figure 

4.6. The images showed that the catalysts were composed of In2O3 nanoparticles with 

~20 nm in diameter, in correspondence with the size calculation results from XRD. The 

lattice distance of 0.29 nm was attributed to the facet of In2O3 (222), and the Ru 

nanoparticles were also observed on the surface of In2O3 with a lattice distance of 0.21 

nm, corresponding to the facet of Ru (101). The energy-dispersive X-ray spectroscopy 

(EDS) elemental distribution of 2Ru/In2O3, as shown in Figure 4.5c-f, demonstrated 

that Ru was highly dispersed on the surface of In2O3 nanorod, confirming the presence 

of Ru in the catalyst. The high dispersion of Ru also explained the absence of Ru 

diffraction peaks in XRD result. 

Table 4.2 Physical and chemical properties of catalysts 

Catalysts 
Ru amount 

(wt%)a
 

Particle size 

(nm)b
 

Specific surface area 

(m2 g-1)c 

Oxygen vacancy 

concentration (%)d 

In2O3
 0 17.5 82.76 24.9 
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0.5Ru/In2O3
 0.48 20.1 79.81 32.0 

1Ru/In2O3
 0.89 20.4 76.42 35.7 

2Ru/In2O3 1.75 21.3 77.83 38.7 

5Ru/In2O3 4.48 21.2 78.21 46.2 

a. ICP-OES analysis, b. calculated by Scherrer equation using XRD data, c. derived from N2 absorption-desorption 

study, d. calculated by XPS data. 

 

Figure 4.3 XRD patterns for Ru/In2O3 with different Ru amount 

 

Figure 4.4 SEM images of (a) In2O3 and (b) 2Ru/In2O3. 
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Figure 4.5 Morphology of Ru/In2O3 catalyst. (a) and (b): TEM and HRTEM images, 

(c-f) elemental distribution spectra (EDS) of Ru/In2O3. 

 

Figure 4.6 TEM image for 2Ru/In2O3 

The chemical states of elements in the catalysts were identified by XPS analysis, as 

shown in Figure 4.7, Figure 4.8 and Figure 4.9. Figure 4.7 illustrated that the In3d 

spectra in both In2O3 and 2Ru/In2O3 showed similar peaks, and the peak centered at 

444.2 eV could be attributed to In3+ 3d5/2, corresponding to the abundant In-O bonds 

in catalysts.[42] The oxygen vacancies in catalysts could be confirmed by O1s spectra in 

Figure 4.8b and Figure 4.9. The peaks centered at 529.7 eV, 531.3 eV and 532.4 eV 
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could be assigned to lattice oxygen, oxygen vacancy and absorbed OH, respectively.[43] 

I calculated the relative amount of oxygen vacancies on the surface of different catalysts 

according to references and the results were shown in Table 4.2. The concentration of 

oxygen vacancies was 24.9 % in bare In2O3, obviously lower than that of all Ru/In2O3 

catalysts. In addition, the concentration of oxygen vacancies on the surface of 

xRu/In2O3 catalysts was increased as the amount of Ru was elevated from 0.5 wt.% to 

5 wt.%, indicating that Ru nanoparticles facilitated the formation of oxygen vacancies 

in catalysts, which implied that the oxygen vacancies played a key role during the 

reaction process of CO2 hydrogenation. The Ru3d spectra showed two peaks centered 

at 281.8 eV and 280.6 eV (Figure 4.8c), ascribed to Rux+ and Ru0 respectively, implying 

that the Ru nanoparticles were partially oxidized in the catalysts, which could be 

attributed to the possible Ru-O bond at the interface between Ru nanoparticles and 

In2O3.
[44, 45] 

Furthermore, the interaction between Ru and In2O3 in Ru/In2O3 catalysts was also 

studied by H2- temperature programmed reduction (H2-TPR), and the patterns were 

shown in Figure 4.8d. The profile of In2O3 exhibited a single small peak at 152 oC, 

which could be attributed to the formation of oxygen vacancy.[46] As for 2Ru/In2O3, 

two obvious peaks at 137oC and 152 oC appeared in the pattern. The former peak was 

attributed to the reduction of RuOx to metallic Ru and the latter peak was attributed to 

the formation of oxygen vacancies.[47] Compared with pure In2O3, the obviously lower 

temperature of oxygen vacancy formation with larger peak area suggested that the 

introduction of Ru in catalysts promoted the reduction of In2O3 through H2 dissipation 

on Ru, therefore facilitating the generation of oxygen vacancies, in agreement with the 

XPS analysis.[48] 
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Figure 4.7 XPS patterns for In 3d in In2O3 and 2Ru/In2O3. 

 

Figure 4.8 Structural characterization of Ru/In2O3. XPS patterns for O 1s in (a) In2O3, 

(b) 2Ru/In2O3 and for Ru 3d in (c) 2Ru /In2O3. (c) H2-TPR patterns for In2O3 and 

2Ru/In2O3. 
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Figure 4.9 XPS patterns of (a) O 1s for 0.5Ru/In2O3, (b) O 1s for 1Ru/In2O3, (c) O 1s 

for 5Ru/In2O3, and (d) Ru 3d for used 2Ru/In2O3. 

X-ray absorption near edge structure (XANES) analysis was employed to investigate 

the chemical status of indium in In2O3 and 2Ru/In2O3 catalysts. As shown in the In K-

edge XANES (Figure 4.10), the absorption edge in 2Ru/In2O3 was shifted to a lower 

energy compared with pure In2O3, suggesting a lower average coordination number 

around In atoms, which could be attributed to the more oxygen vacancies in 

2Ru/In2O3.
[35] In addition, the Raman spectra also demonstrated that 2Ru/In2O3 

contained more oxygen vacancies than pure In2O3.
[49] Figure 4.11 showed the Raman 

spectra of In2O3 and 2Ru/In2O3 at room temperature. The peaks centered at 303, 495 

and 629 cm-1 could be assigned to the vibration of octahedral InO6 in In2O3. The former 

one was attributed to the bending vibration, and the latter two peaks at 495 and 629 cm-

1 were due to the stretching vibration. In addition, the small peak at 368 cm-1 was usually 

interpreted as the stretching vibration of In-O-In, which could reflect the existence of 

oxygen vacancies in both catalysts.[50] Furthermore, the ratio of two peaks (I2/I1) at 303 

cm-1 (I1) and 368 cm-1 (I2) could quantify the amount of oxygen vacancies in different 



Chapter 4 

111 

 

catalysts.[49] For pure In2O3, the value of I2/I1 is 0.10, while for 2Ru/In2O3, the value is 

0.27, suggesting more oxygen vacancies in 2Ru/In2O3. 

 

Figure 4.10 Normalized In K-edge XANES spectra of In2O3 and 2Ru/In2O3 

 

Figure 4.11 Visible Raman spectra of In2O3 and 2Ru/In2O3 at room temperature. 

4.3.3 Photothermal catalytic activity measurement 

The above synthesized xRu/In2O3 catalysts were then utilized for solar-driven 

photothermal catalytic CO2 hydrogenation at atmosphere pressure, and the results were 

shown in Figure 4.12 and Figure 4.13. A 300 W Xenon arc lamp equipped with an L42 

filter (>400 nm) was utilized as the only energy source. Upon light incidence, the 
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catalyst temperature was monitored to increase rapidly to the equilibrium temperature 

within 10 min (Figure 4.12). As depicted in Figure 4.13a, the equilibrium temperature 

of catalysts exhibited a linear dependence on irradiation intensity. All xRu/In2O3 

catalysts showed much higher temperatures than that on pure In2O3 under the same 

condition, suggesting that Ru nanoparticles could absorb and convert more photon 

energy into phonon energy, therefore increasing the catalyst temperature. In general, 

only CO and methanol were detected over all catalysts in the output gas. With the 

introduction of Ru on In2O3 support, both CO and CH3OH production increased 

obviously, compared with pure In2O3 (Figure 4.14). Under the light irradiation intensity 

of 1413 mW cm-2, the optimized catalyst 2Ru/In2O3, exhibited the highest methanol 

production (280.4 μmol g-1 h-1), ~50 times higher than that on pure In2O3 catalyst (5.2 

μmol g-1 h-1). Figure 4.13c showed that the methanol selectivity over xRu/In2O3 

catalysts declined with increasing light intensity, due to the competitive endothermic 

RWGS reaction. It is worth noting that with the increase of Ru amount, the activity and 

selectivity of methanol rose at first (from 0.5 wt% Ru to 2.0 wt% Ru) and then declined 

(from 2.0 wt% Ru to 5.0 wt% Ru), implying that 2Ru/In2O3 enhanced CH3OH 

production while inhibited CO yield to some extent in comparison with other Ru/In2O3 

catalysts, probably because of the excessive Ru covered on the surface blocking some 

active sites. Moreover, for comparison, I also prepared commercial methanol synthesis 

catalyst Cu/Zn/Al and Ru/commercial In2O3 (2Ru/com-In2O3), as well as Ru/In2O3 by 

wet impregnation method (2Ru/In2O3-wet). As shown in Figure 4.13d, the yield and 

selectivity of methanol over 2Ru/In2O3 were much higher than those of other control 

catalysts. Compared with the previous works[27-29, 51, 52], 2Ru/In2O3 exhibited an 

impressive solar methanol yield at atmospheric pressure (Table 4.3).  
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Figure 4.12 Temporal temperature evolution over the catalysts under irradiation (1.41 

W cm-2) 

 

Figure 4.13 Solar-driven photothermal catalytic CO2 hydrogenation. (a) Monitored 

catalyst temperatures with different light intensities, (b) solar methanol generation rate 

and (c) selectivity over xRu/In2O3 catalysts, (d) comparison of methanol activity over 

different catalysts. 
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Figure 4.14 CO production over xRu/In2O3 catalysts in photothermal CO2 

hydrogenation (under the irradiation of 1413 W cm-2) 

Table 4.3 Comparison of methanol production and selectivity for CO2 hydrogenation 

catalysts at atmospheric pressure. 

Catalyst Reactor 

Gas 

composition 

Catalytic condition 

CH3OH 

production rate 

Selectivity Ref. 

2Ru/In2O3 flow 

CO2/H2 = 1/3 

20 mL min-1 

300 W Xe lamp 

(1.41 W cm-2) 

280.4 μmol gcat
-1 

h-1 

18.0% 

This 

work 

In2O3 flow 

CO2/H2 = 1/3 

20 mL min-1 

300 W Xe lamp 

(1.41 W cm-2) 

5.2 μmol gcat
-1 h-1 53.5% 

This 

work 

2Ru/In2O3-

wet 

flow 

CO2/H2 = 1/3 

20 mL min-1 

300 W Xe lamp 

(1.41 W cm-2) 

101.8 μmol gcat
-1 

h-1 

6.55% 

This 

work 

In2O3-x(OH)y flow 

CO2/H2 = 1/3 

8 mL min-1 

130 W Xe arc lamp, 

(5.0 W cm-2) 

63.73 μmol gcat
-1 

h-1 

53.03% [27] 

BixIn2-xO3 Flow 

CO2/H2 = 1/3 

4 mL min-1 

300 W Xe lamp 

(2.0 W cm-2) 

158 μmol gcat
-1 h-1 14.7% [28] 
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Cu/ZnO flow 

CO2/H2 = 1/3 

20 mL min-1 

Visible light (0.58 

W cm-2), 

220 oC 

127.8 μmol gcat
-1 

h-1 

7.1% [51] 

[Zn1.5Cu1.5Ga(

OH)8]+
2[Cu(O

H)4]2- 

Batch 

H2 (1.67 mmol) 

CO2 (0.177 

mmol) 

500 W Xe lamp, 

150 oC 

0.49 μmol gcat
-1 h-

1 

87.50% [29] 

37.5PdCuZn/

SiC 

Flow 

CO2/H2 = 1/9 

 100 mL min-1 

200 oC 110 μmol gcat
-1 h-1 80.9% [52] 

4.3.4 Light enhancement effect and reaction mechanism 

Light irradiation can not only increase the surface temperature of catalysts by 

photothermal heating effect to promote the CO2 hydrogenation but also potentially 

induces the energetic hot carriers-mediated activation of reactants to enhance the 

catalytic activity.[53] In order to investigate the mechanism of this photothermal process, 

I carried out a series of photo-assisted thermal catalytic CO2 hydrogenation at different 

reaction temperatures and with or without the irradiation of light (400 <  < 800 nm, 

644.2 mW cm-2). In this reaction process, an electrical heater with a temperature 

controller was equipped to alleviate the photo-induced heating effect on the catalysts. 

Figure 4.15a and 4.15b illustrated the production rate and selectivity of methanol over 

catalysts at 250 oC with and without light irradiation. In the dark condition, the 

optimized 2Ru/In2O3 exhibited a methanol production much higher than that on pure 

In2O3. Upon light irradiation, the methanol yield over 2Ru/In2O3 was increased from 

122.8 μmol g-1 h-1 to 178.0 μmol g-1 h-1, promoted by nearly 50% than dark condition. 

Notably, there was almost no change in the methanol production over pure In2O3 

between dark and light conditions, revealing that the visible light exhibited no effect on 

In2O3 and the light-induced enhancement in 2Ru/In2O3 was mainly attributed to the Ru 

nanoparticles, possibly due to the coupling of light-to-heat and photo-induced hot 

carrier activation of reactants in Ru. Meanwhile, the selectivity of methanol remained 
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almost no change under light irradiation, suggesting that the irradiation promoted the 

production of both CO and methanol. 

To further study the mechanism of light-enhanced methanol production, I carried out 

a series of experiments on 2Ru/In2O3 at different temperatures under dark and 

illumination. As shown in Figure 4.15c, due to the exothermic property of CO2 

hydrogenation to methanol, there was a maximum production rate of methanol under 

dark or illumination, and the value of the maximum production rate of methanol and 

the corresponding reaction temperature were obviously different in these two 

conditions. Specifically, under dark condition, the maximum production rate of 

methanol obtained at 290 oC was 254.9 μmol g-1 h-1, whereas, under light irradiation, 

the methanol production rate reached a maximum of 290.4 μmol g-1 h-1 at 280 oC, ~20% 

higher than that under dark. This result demonstrated that the enhancement in the 

maximum methanol production rate induced by light irradiation was not caused by the 

temperature elevation via light heating, since, if so, the maximum methanol production 

rates under dark and illumination should be the same, but by the hot carriers-promoted 

methanol production over 2Ru/In2O3 catalyst. In addition, when I focused on the 

methanol generation over pure In2O3 at different temperatures under dark and 

irradiation (Figure 4.15c), the relationship between methanol activity and temperature 

on In2O3 was similar to that on 2Ru/In2O3. However, there was almost no difference in 

production at the same temperature between dark and light conditions, indicating that 

the light-enhancement effect on activity over 2Ru/In2O3 was mainly due to the hot 

carriers excited from Ru nanoparticles. 
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Figure 4.15 Photo-assisted thermal catalytic CO2 hydrogenation. (a) Methanol 

production and (b) selectivity over In2O3 and xRu/In2O3 catalysts in thermocatalytic 

process (dark) and photo-assisted thermocatalytic process (light) at 250 oC, (c) 

methanol production over In2O3 and 2Ru/In2O3 as a function of temperature in dark and 

light, (d) Arrhenius plots for CO2 conversion over 2Ru/In2O3 in dark and light, (e) 

stability test of In2O3 and 2Ru/In2O3 at 280 oC under the visible light irradiation. 

Irradiation condition: 400 <  < 800 nm, 644.2 mW cm-2. 

I calculated the apparent activation energy (Ea) of CO2 conversion on 2Ru/In2O3 

under dark and light conditions, as shown in Figure 4.15d. With the assistance of light 

irradiation, the Ea of CO2 conversion on Ru/In2O3 decreased from 110.3 ± 4.8 kJ mol-1 
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in dark to 84.5 ± 2.7 kJ mol-1 under irradiation, indicating that light irradiation 

facilitated the reaction kinetics of CO2 hydrogenation. In addition, the time-on-steam 

(TOS) photothermal catalytic performances of In2O3 and 2Ru/In2O3 were carried out at 

280 oC with visible light irradiation to investigate the stability of catalysts, and the 

results were shown in Figure 4.15e and Figure 4.16. Obviously, after 10 h reaction 

process, the production rate of methanol of Ru/In2O3 remained almost unchanged, while 

the methanol selectivity gradually increased owing to the gradually decreased CO yield. 

After 10 h reaction, the selectivity of methanol was increased up to 23.0 % over 

2Ru/In2O3. By contrast, the methanol production rate of In2O3 was decreased to only 

~56% after 5 h of irradiation, indicating that the introduction of Ru significantly 

enhanced the stability of catalysts. Furthermore, the structure of the used catalysts 

showed almost no change after the long-time reaction (Figure 4.17). 

 

 

Figure 4.16 Methanol selectivity on In2O3 and 2Ru/In2O3 during the stability test 
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Figure 4.17 XRD patterns for fresh and used catalysts after the stability test 

The dependence of methanol production rate on light irradiation intensity over 

2Ru/In2O3 showed a linear relationship, as shown in Figure 4.18. This suggested that 

the enhancement of reaction activity was driven by hot carriers induced by light 

irradiation.[54] In addition, the optical absorption properties of catalysts were studied by 

ultraviolet-visible diffuse reflectance spectroscopy (UV-vis DRS) and the result was 

shown in Figure 4.19. Pure In2O3 mainly exhibited absorption in UV range, while all 

catalysts containing Ru nanoparticles showed much higher absorption in visible light 

range, which could be mainly attributed to the intra- and/or inter-band excitations of Ru 

nanoparticles.[54, 55] This phenomenon indicated that the hot carriers in Ru nanoparticles 

were initially excited by incident photons. Then part of them dissipated rapidly to 

elevate the surface temperature of catalyst, while others transferred to the absorbed 

reactants to promote the activation of reactants CO2 and H2, thus enhancing the activity 

of methanol production, which explains the extra activity increase between thermal and 

photothermal methanol production in Figure 4.15c. 
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Figure 4.18 Relationship between methanol production and light intensity on 

2Ru/In2O3 at 250 oC 

 

Figure 4.19 UV-Vis DRS of In2O3 and xRu/In2O3 ctalaysts 

Based on the previous reports about methanol synthesis, it has been concluded that 

there are mainly two pathways for CO2 hydrogenation to methanol reaction, one is 

hydrocarboxyl (*COOH) intermediate for the CO hydrogenation route and the other is 

formate (*HCOO) intermediate for the direct CO2 hydrogenation route.[1, 5, 13] In order 

to clarify the reaction pathway on Ru/In2O3, I carried out in situ diffuse reflectance 

infrared fourier transform spectroscopy (DRIFTS) experiment at 200 oC and the results 

were shown in Figure 4.20. The broad absorption area in the range from 1200 cm-1 to 

1700 cm-1 was assigned to the absorption of CO2 on catalyst surface, including CO2
- 



Chapter 4 

121 

 

and carbonate species.[46, 56] When I concentrated on the intermediate components in 

the reaction, the FTIR spectrum showed a peak centered at 2070 cm-1, which could be 

attributed to CO-Ru vibration.[38] Besides, the peak centered at 1848 cm-1 corresponded 

to the stretch vibration of C=O bond in *COOH species.[56-59] This indicated that the 

reaction process on Ru/In2O3 followed the route of RWGS-CO hydrogenation pathway, 

in agreement with previous reports.[49] 

 

Figure 4.20 In situ DRIFTS for CO2 hydrogenation process over 2Ru/In2O3 at 200 oC. 

In order to further investigate the reaction mechanism of CO2 hydrogenation, I 

conducted density functional theory (DFT) calculations about the reaction process of 

CO2 hydrogenation to CH3OH via *CO on both In2O3 and Ru/In2O3 surface, based on 

the result of in situ DRIFTS and reported studies.[49] As demonstrated in Figure 4.21 

and Figure 4.22, the pathway of CO2 hydrogenation on In2O3 and Ru/In2O3 could be 

divided into two continuous processes: (1) the dissociation of CO2 with the assistance 

of spillover *H to form adsorbed *CO via a *COOH pathway; (2) the consequent 

hydrogenation of *CO on catalyst surface to form methanol as final product. As shown 

in Figure 4.22, the overall process over Ru/In2O3 exhibited an obvious decrease in 

reaction state energy compared with that over pure In2O3, suggesting that the reaction 

process was more favorable on Ru/In2O3 surface. For process (1), the detailed 
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calculation results about CO2 and H2 dissociation showed that on In2O3-Ov catalyst, the 

formation of *COOH was thermodynamically unfavorable due to the high reaction 

energy (ΔE = 1.78 eV). In contrast, the introduction of Ru nanoparticles significantly 

decreased this reaction energy to 0.46 eV, therefore improving *CO generation, the 

important intermediate for CO2 conversion. As for process (2), the hydrogenation 

process also showed a decreased energy with the assistance of Ru. As analyzed above, 

the oxygen vacancies (Ov) on In2O3 surface also participated in the reaction process of 

CO2 hydrogenation to methanol, usually as the absorption sites of oxygenate species. 

In this case, the reaction intermediate HxCO was absorbed at the surface oxygen 

vacancy site in the hydrogenation process to finally form methanol. For comparison, I 

also calculated the reaction energy of process (2) on Ru site instead of oxygen vacancy 

site (Figure 4.23). Obviously, the reaction process from *HCO to CH3OH on Ru site 

required ΔE = 0.28 eV, much higher than that on oxygen vacancy site (ΔE = - 2.96 eV), 

suggesting that oxygen vacancy played an important role in the hydrogenation process. 
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Figure 4.21 The configurations of all reaction intermediates involved in CO2 

hydrogenation process to methanol on (a) In2O3-Ov (111) and (b) Ru4/In2O3-Ov (111). 

 

Figure 4.22 Energy profiles for CO2 hydrogenation to methanol over In2O3-Ov (111) 

and Ru4/In2O3-Ov (111) models. 



Chapter 4 

124 

 

 

Figure 4.23 Energy profiles for process (2) *CO hydrogenation to methanol over In2O3-

Ov (111), Ru4/In2O3-Ov (111) (Ru site) and Ru4/In2O3-Ov (111) (Ov site) models 

On the base of the above analysis and discussion, I proposed the reaction mechanism 

of photothermal CH3OH synthesis from CO2 hydrogenation over Ru/In2O3, as depicted 

in Figure 4.24. The interaction between Ru and In2O3 increased the generation of 

surface oxygen vacancies (Ov), which provided more absorption sites for CO2. Initially, 

hydrogen and CO2 were adsorbed on the Ru surface and Ov of In2O3, respectively. The 

activation and conversion of reactants were facilitated by the interaction between Ru 

metal and In2O3 support and then formed adsorbed intermediate *CO via *COOH. 

Moreover, with the introduction of light, the excited hot carriers in Ru nanoparticles 

not only increased the surface temperature by dissipation to accelerate the reaction rate, 

but also directly enhanced the activation of H2 and CO2 and the conversion of 

intermediates to form adsorbed *CO. On one hand, CO was prone to be adsorbed on 

Ru site, leading to the decrease of CO generation as product to some extent. On the 

other hand, the oxygen vacancies facilitated the hydrogenation of *CO to CH3OH, 

increasing the formation of methanol as final product. Therefore, the process of 

methanol generation was promoted on Ru/In2O3 catalyst. 
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Figure 4.24 Proposed mechanism for photothermal CH3OH synthesis from CO2 

hydrogenation on Ru/In2O3 catalysts 

4.4 Conclusion 

In summary, Ru/In2O3 catalyst was synthesized for highly efficient and stable 

photothermal CH3OH production from CO2 hydrogenation under atmospheric pressure. 

Under light irradiation, Ru nanoparticles not only efficiently convert solar energy into 

thermal energy to elevate the catalyst temperature, but also generate considerable hot 

carriers, which could synergistically promote the activation of adsorbed H2 and CO2 to 

form the essential intermediate *CO via *COOH. Furthermore, the generation of 

surface oxygen vacancies in In2O3 is promoted by Ru nanoparticles, which favors the 

consequent hydrogenation process of *CO to form final product methanol. As a result, 

a remarkable solar methanol production rate of 280.4 μmol g-1 h-1 was obtained over 

the optimized Ru/In2O3 catalyst. This chapter provides a promising strategy for 

photothermal methanol production via CO2 hydrogenation under mild conditions. 
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Chapter 5 General Conclusion and Future Prospects 

5.1 General conclusion 

In this thesis, the main object is to develop nanometals/oxides catalysts for highly 

efficient and long-term stable photothermal catalytic CO2 hydrogenation to CO via 

RWGS reaction at mild conditions by coupling light-to-heat effect and photo-induced 

hot carrier-mediated activation of reactants, as well as selectively generating highly 

value-added solar methanol under ambient pressure. The detailed study could be 

concluded in the following parts. 

1. Metal-organic framework-derived Ga-Cu/CeO2 catalyst for highly efficient 

photothermal catalytic CO2 reduction 

Ga-Cu/CeO2 catalyst is synthesized by direct pyrolysis of the Ga and Cu-containing 

Ce-metal-organic frameworks for efficient photothermal catalytic CO2 hydrogenation. 

Because of the highly dispersed Ga and Cu species in CeO2, the optimized catalyst 

10Cu5Ga/CeO2 (10 wt% Cu and 5 wt% Ga) achieves a CO production rate of 111.2 

mmol·g-1·h-1 with nearly 100% selectivity under full solar spectrum irradiation, which 

is superior to most reported Cu and other earth-abundant metals-based photothermal 

catalysts. Mechanism study demonstrates that the synergy of solar heating and light 

promotion reduces the apparent activation energy and contributes to the dramatically 

increased CO production. The introduction of Ga promotes the generation of oxygen 

vacancies on CeO2 surface and increases the interaction between Cu and CeO2, thus 

enhances CO2 adsorption on catalyst surface and bidentate formate intermediates 

formation. The irradiation could facilitate the decomposition of formate species into 

carbonyl and finally into CO as product. 

2. Metal oxide-modified Cu/MgO-Al2O3 catalyst for efficient and stable 

photothermal catalytic CO2 conversion 
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In this part, I utilize a facile strategy to synthesize a series of metal oxide modified 

Cu/MgO-Al2O3 photothermal catalysts derived from the calcination of CuMgAl-LDH 

followed by impregnation of metal nitrate. Due to the highly dispersed Cu and 

stabilization by the addition of metal oxide (ZrO2), the catalysts show not only highly 

efficient activity of CO production (125.7 mmol·g-1·h-1 under 1.88 W·cm-2 irradiation), 

but also a long-term stability during the photothermal catalytic RWGS reaction. After 

8 h reaction, the activity is almost stable, and still remains 93% after 12 h continuous 

reaction process on the optimized catalyst Cu0.6@Zr/MA, while only 80% of activity 

left after 6.5 h on the catalyst without ZrO2. Detailed study demonstrates that the 

addition of metal oxide stabilizes the architecture of Cu nanoparticles and prevents the 

aggregation of active Cu in rough conditions, such as high temperature and wet 

atmosphere, thus preserving the active sites of catalysts during the reaction process. 

The mechanism investigation indicates that the reaction pathway is not changed by the 

introduction of ZrO2, and the light-induced hot carriers facilitated the decomposition of 

formate intermediates to final product CO. 

3. Photothermal catalytic CO2 hydrogenation to methanol over Ru/In2O3 catalysts 

under atmospheric pressure 

In this part, solar methanol is effectively generated from the photothermal CO2 

hydrogenation process over Ru/In2O3 catalyst with a yield of 280.4 μmol g-1 h-1 under 

1413 mW cm-2 irradiation without additional thermal energy input, much higher than 

the reported works at ambient pressure. Mechanism studies demonstrate that the 

introduction of Ru promotes the formation of oxygen vacancies in In2O3 and the 

interaction between Ru and oxygen vacancies on In2O3 enhances the activation and 

conversion of CO2 and H2 on the catalyst surface. Detailed investigations illustrate that 

the synergy of photothermal heating and light-induced hot carriers on Ru nanoparticles 

contributes to the effective solar methanol production. DFT calculations further 

elaborate that Ru promotes the activation of CO2 and H2 to form intermediate *CO via 

*COOH, and oxygen vacancies on In2O3 surface favor the consequent hydrogenation 

process to form methanol. 
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5.2 Future prospects 

  Although some progresses have been made in photothermal catalytic CO2 

hydrogenation to valuable fuels and chemicals over nanometals/oxides composites, 

there are still multiple challenges for the development of efficient and stable catalysts 

for CO2 conversion with desired selectivity towards valuable products, as well as the 

investigation of reaction mechanism of photo-enhancement on the activation and 

conversion of reactants. As listed are some important issues demanding special 

attention and further study: 

  First, the efficiency and long-term stability of photothermal catalysts are important 

aspects to be investigated for practical applications. (1) Most of the reported works are 

conducted with a relatively low CO2 conversion (< 10%), which is far from the 

requirement for large-scale application. (2) Additionally, most durability evaluations in 

the reported works are carried out within two days, and the consequent studies about 

deactivation are generally insufficient. In order to push forward the photothermal 

catalytic CO2 hydrogenation process towards industrial application, it is necessary to 

modify the catalysts and optimize the systems and reaction conditions to inhibit the 

deactivation of the catalysts, possibly resulted by the collapse, sintering, reduction of 

active sites, and carbon deposition during the reaction process. Furthermore, 

conducting in situ and in operando test studies is essential to systematically elucidate 

the reaction mechanisms of various photothermal CO2 reduction processes. This will 

aid in identifying the source of deactivation and developing design strategies for 

actively regenerating catalysts. 

  Second, the selectivity of photothermal catalytic CO2 hydrogenation still needs to be 

improved. At current stage, the dominate products from photothermal CO2 reduction in 

research works are CH4 and CO. It will be more appealing if we could obtain more 

value-added products from direct CO2 hydrogenation process, such as methanol, 

ethanol, and hydrocarbons. Although several works have shown that feasibility of such 

perspectives, in which alcohols and C2+ hydrocarbons are produced in the photothermal 
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CO2 reduction systems, there is still a significant disparity between the current progress 

and the actual demand. The regulation of selectivity towards desired products in 

photothermal CO2 hydrogenation process remains a great challenge for the future 

research on the coupling of light-to-heat conversion and photo-induced hot carrier-

mediated activation of reactants. In order to develop photothermal catalytic CO2 

reduction systems that can produce value-added chemicals with adjustable selectivity, 

more works should be devoted to on the design of highly efficient catalysts, the 

optimization of reaction conditions (including temperature, light intensity, reaction 

pressure/time, CO2/H2 ratio) and the improvement of reaction devices. 

  Finally, at current stage, the chemical and physical mechanisms of photothermal 

catalytic CO2 hydrogenation process still remain to be further explored. The synergetic 

effect of photo-heating and photo-induced hot carrier-mediated activation of reactants 

has been proposed and widely accepted, but some following critical issues should be 

carefully addressed to thoroughly comprehend the mechanism of the complicated 

photothermal catalysis. (1) The detailed mechanism of hot carrier activation demands 

further investigation, due to the ultrafast process of the transfer or dissipation of hot 

electrons (usually < 100 ps). In order to understand the process of hot carrier activation, 

some advanced technologies, such as in situ transient surface analysis, are expected to 

help the research on the activation process of reactants on the plasmonic nanostructures. 

(2) The contribution of photo-heating effect and photo-induced hot carrier effect should 

be distinguished clearly. To this end, the localized monitor of nanoscale temperatures 

and transient intermediate species of catalysts is in demand to clarify the thermal and 

non-thermal effect in the photothermal catalysis. 
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