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Abstract 

Hydrogenation of carbon dioxide is considered as a viable strategy to generate fuels while 

closing the carbon cycle (heavily disrupted by the abuse in the exploitation of fossil resources) 

and reducing greenhouse gas emissions. The process can be performed by heat-powered 

catalytic processes, albeit conversion and selectivity tend to be reduced at increasing 

temperatures owing to thermodynamic constraints. Recent investigations, as summarised in this 

overview, have proven that light activation is a distinct possibility for the promotion of CO2 

hydrogenation to fuels. This effect is particularly beneficial in methanation processes, which can 

be enhanced under simulated solar irradiation using materials based on metallic nanoparticles as 

catalysts. The use of nickel, ruthenium and rhodium has led to substantial efficiencies. Light-

promoted processes entail performances on a par with (or even superior to) those of thermally-

induced, industrially-relevant, commercial technologies. 

 

Keywords: carbon dioxide, solar fuels, photocatalysis, photothermal effect, methanol, methane. 

 

1 Introduction 

Recycling carbon dioxide into fuels is considered today as a compelling strategy to compensate 

for the greenhouse effects caused by increasing emissions [1-2]. The use of renewable energy is 

the most desirable option to power such process in order to establish pathways for sustainable 

development for the mid-term future [3]. Among the different known technologies to transform 

CO2 into hydrocarbon fuels, catalytic hydrogenation is the most mature approach [1-5]. 

Obviously, the main challenge regarding this is to ensure that the hydrogen needed as the 

reducing agent is produced from renewable resources and energy [1, 3, 6], as opposed to the 

currently dominating pathways relying on fossil fuels. 

Catalytic reactions between carbon dioxide and hydrogen can give rise to several 

transformations (see Table 1), chiefly CO generation via reverse water-gas shift (equation 1), 

methanol synthesis (equation 2), and methanation (equation 3).  
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Table 1 Main reactions involving CO2 and H2 and related changes in thermodynamic potentials at standard 

conditions 

equation # reaction G0/kJ mol−1 H0/kJ mol−1 

1 CO2(g) + H2(g)  H2O(g) + CO(g) 28.6 41.2 

2 CO2(g) + 3 H2(g)  CH3OH(g) + H2O(g) 3.5 −53.3 

3 CO2(g) + 4 H2(g)  CH4(g) + 2 H2O(g) −113.6 −165.0 

Reverse water-gas shift is an up-hill (under standard conditions) and endothermic reaction, 

which is thus favoured at high temperatures. On the other hand, CO2 hydrogenation processes 

yielding methanol or methane are exothermic, and therefore, conversions tend to diminish at 

increasing temperatures. These reversible reactions take place simultaneously and a particular 

system may evolve toward near-equilibrium situations, especially at high temperatures 

(> 300 °C), whereby enrichments in CO have been theoretically predicted and experimentally 

proven [7] (see Fig. 1). Hydrogenation reactions leading to fuel substances are in contrast 

favoured at lower temperatures and high pressures [5, 7]. However, activation of the formidably 

stable carbon dioxide substrate is challenging due to kinetic barriers, and the design of 

appropriate catalytic systems that enable the attainment of chemical equilibrium is crucial for 

the success of CO2-to-fuel technologies. Another point to note is that, in practice, local hot spots 

can be observed due to heat release as the exothermic hydrogenation reactions proceed [5]. 

 

Fig. 1 Calculated product distribution of a typical CO2 methanation feed at equilibrium as a function of temperature. 

Reproduced from reference [7] (© The Royal Society of Chemistry, 2012). 

Hydrogenation of CO2 can result in the formation of several products, among which, methane 

(synthetic natural gas) can be obtained at high yields [4-5], whereas other condensable (liquid) 

fuels such as higher hydrocarbons or methanol are preferred due to their easier storage and 

transport [1, 4, 8]. These latter routes are often limited by low selectivity and narrow 

temperature ranges of operation, respectively and low selectivity. Irrespective of the final 

product, the reverse water-gas shift reaction leading to CO (equation 1) has been suggested as 



3 
 

the initial CO2 conversion step [4, 7]. Thus, active catalysts for the hydrogenation of carbon 

dioxide should also perform satisfactorily for CO as the substrate, especially regarding 

resistance to poisoning. 

Despite the notable level of advancements in the hydrogenation of carbon dioxide into fuels, 

several matters of concern still remain. The cost of separation of CO2 from other substances in 

real streams such as flue gases is one the main problem [9-10], albeit the corresponding 

technologies are well developed. Furthermore, the use of fossil resources should be minimised 

by employing renewable energy both to supply hydrogen and to activate the conversion of CO2 

into carbon-based fuels [1, 3]. Regarding the latter topic, harnessing solar energy to power the 

related processes by means of photocatalysis is attracting significant attention [11-15]. In the 

context of CO2 hydrogenation, process improvements may be prompted by the use of light [4, 

13, 16-17]. Herein, a general overview of research activities on the topic is provided, with 

special focus on light-promoted productivity enhancements. 

 

2 Catalytic Hydrogenation of CO2 for the Production of Fuels 

The reduction of carbon dioxide by hydrogen can be activated at moderate temperatures and 

pressures using a range of catalysts, generally based on metal nanoparticles on oxide supports. 

Depending on the materials used and on the operating conditions, product distributions can be 

tuned towards specific outcomes including carbon monoxide, methane, higher hydrocarbons, 

methanol, dimethyl ether, higher alcohols, or formic species [4]. Most frequently, fixed bed 

reactors are used for the hydrogenation of CO2. Typical temperatures for methanation processes 

range between 200 and 400 °C, yet the effect of exothermicity has been shown to cause 

increases above 600 °C [5]. The production of highly reduced products (e.g. methanol or 

methane) is favoured at high pressures, since the corresponding reactions are volume-reducing 

reversible processes [7], as stated above (see equations 2 and 3 in Table 1). In practice, 

laboratory testing at atmospheric pressure (for convenience) can provides satisfactory results. 

Ruthenium has been claimed as the most efficient metal for CO2 methanation, followed by 

nickel, iron and cobalt [4-5], whereas iron or mixed cobalt-iron catalysts, reminiscent of 

Fischer-Tropsch processes, have been used for the production of heavier hydrocarbons [4]. 

Highly selective methanation of CO2 has been reported to take place at moderate to high 

conversions (40–90%) at temperatures above 250 °C [5] (see Table 2). Consistent with these 

results, situations near chemical equilibrium can be achieved on M/Al2O3 (M = Ni [18-19] or Ru 

[19]) only at temperatures above 400 °C, although unfortunately, conversions and selectivities 

to methane decline under such conditions. As mentioned above, lower temperatures are more 

favourable, and in this regard, striking improvements (100% conversion, 100% selectivity to 
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CH4, 180 °C) by using TiO2-supported ruthenium catalysts prepared by a sputtering method 

have been claimed [20]. Nickel catalysts have also been optimised for performance at moderate 

temperatures (87% conversion, 99% selectivity to CH4, 250–350 °C) by introducing magnesium 

into oxide solid solution nanoparticles and further encapsulation with silica shells [21]. 

Selectivity shifts toward preferential CO formation (with minor formation of C2 products) has 

been observed by using catalysts based on cobalt nanoparticles supported on mesoporous silica 

[22], whereas the use of Nicore-Coshell analogues also leads to the formation of formaldehyde and 

methanol [23]. 

Table 2 Selected recent data on catalytic CO2 hydrogenation to methane or methanol 

    

  production rate/ 

µmol gcat
−1 h−1  

catalyst feed composition P/bar T/°C 
(CO2)/ 

% 

S(CH4)/ 

% 
CH4 CO CH3OH reference 

methanation          

Ru(0.8%)/TiO2 CO2/H2(g, 1:4) 1 180 100 100 6980 - - [20] 

Ni0.8Mg0.2O(60%)/SiO2 CO2/H2/N2(g, 1:4:4) 1 300 87 99 20873 - - [21] 

Ru(3%)/Al2O3 CO2/H2/N2(g, 6:30:64) 1 375 91 100 9924 - - [19] 

NicoreCoshell(5%)/SiO2 CO2/H2/He(g, 6.6:20.7:14.7) 6 350 0.92 3 5 137 14 [23] 

methanol synthesis          

Ni5Ga3(17%)/SiO2 CO2/H2(g, 1:3) 1 210 - - - - 7803 [24] 

Ni5Ga3(17%)/SiO2 CO2/H2(g, 1:3) 1 200 ~8 - 16 5930 3745 [25] 

For the synthesis of methanol by hydrogenation of CO2, the most widely studied catalysts are 

based on copper or mixed copper-zinc materials [4, 8]. The benchmark material in this category 

is the methanol synthesis catalysts employed in industry using CO/CO2/H2 feeds, i.e. 

Cu/ZnO/Al2O3 [26]. Other related materials have been recently developed for synthesis of 

methanol using CO2 as the only carbon substrate, as for example Cu/CeOx/TiO2 [27], or novel 

nickel-gallium [24-25] or gallium-palladium [28] nanoalloy materials, which enable high 

methanol productivities (see Table 2). Unlike methanation, success in methanol synthesis from 

CO2 and H2 is limited by thermodynamics, and fine adjustments of both catalytic systems and 

reaction conditions are required for moderate conversions and selectivities. Extremely high 

pressures might facilitate the process at moderate temperatures (theoretically, conversion > 80% 

at 300 bar and 125 °C), although under more realistic conditions (H2/CO2 = 3:1, 50 bar and 

250 °C), selectivity to methanol might reach 68%, yet at low conversions (27%) [8]. 
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3 Hydrogenation of CO2 under Irradiation 

The aforementioned kinetic and thermodynamic constraints leave narrow ranges of operation 

for feasible CO2-to-fuel technologies based on catalytic hydrogenation. Activation of the stable 

carbon dioxide molecule is challenging at low temperatures. An opportunity in this context 

relies on the use of light (preferably sunlight) to promote efficient CO2 hydrogenation under 

mild conditions. Efforts from several research groups have brought about alternative approaches 

entailing significant activity enhancements under irradiation, as outlined in this review. 

Relevant data including active materials and production rates are collected in Table 3. 

3.1 Production of CO by Light-Promoted CO2 Reaction with H2 

One of the most common products of CO2 reduction processes is CO. In photocatalytic 

approaches, detection of CO has been occasionally ascribed to the decomposition of small 

amounts of adventitious organic residues present on the surface of the employed materials [29], 

or to the reverse Boudouard reaction (CO2(g) + C(s) → 2 CO(g)) [30]. For this reason, 

experimental proof of suggested CO2 reduction pathways is always desirable, especially 

regarding the formation of CO as a product at low turnovers. Spectroscopic studies of the 

photocatalyst surfaces are useful to identify key intermediates and to provide support to 

mechanisms in these processes. Tanaka and co-workers used FTIR to investigate the 

transformation of CO2 into CO in the presence of H2 on ZrO2, and observed that CO2 was first 

adsorbed in the form of carbonates in the dark, and later reduced into formate under irradiation 

[31]. The intermediate carbonate would be photo-activated by near-UV light, as suggested by 

phosphorescence spectroscopy. This was the basis to explain why wavelengths longer than 

required for ZrO2 band gap transitions (< 250 nm, 5.0 eV) were sufficient for activity, whereas 

other classical semiconductors (e.g. TiO2, WO3 or ZnO) did not lead to CO formation [32], 

presumably due to little tendency for adsorption of CO2. Later, the same authors proposed the 

formation of transient [CO2]•− by irradiation of the adsorbed carbonates, and the subsequent 

reduction into formate by dark reaction with H2, based on EPR spectroscopy data and blank 

experiments [33]. In the latter step of this suggested mechanism, shown in Fig. 2, formate acts 

as a reducing agent enabling the transformation of gaseous CO2 into CO and the regeneration of 

carbonate species, as supported by direct reactions using deliberately adsorbed formate [31]. 

The validity of the reaction was further extended to other insulator solids showing capacity for 

carbon dioxide absorption, such as the basic MgO, which showed activities above 

1 µmol gcat
−1 h−1 (see Table 3) [34], thus confirming that activation is not caused by generation 

of charges by light absorption as in the case of classical semiconductor photocatalysis, but 

rather by excitation of adsorbed carbonates and formates [35]. The order of CO2 reduction 

activity on alkaline perovskites (LiTiO3 > NaTiO3 > KTiO3) was also found to correlate to some 

extent with the measured chemisorption capacity [36]. 
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Table 3 Selected data on light-promoted catalytic CO2 hydrogenation 

   

 

 

 

production rate/ 

µmol gcat
−1 h−1 

reference 

catalyst feed composition light source 
P/W 

(I/mW cm-2) 
T/°C 

(CO2)/ 

% 
CH4 CO C2H4 C2H6 C3H6 C3H8 CH3OH 

 

ZrO2 CO2/H2(g, 3:1) Hg 500 - 6.0 - 0.550 - - - - - [32] 

ZrO2 CO2/H2(g, 3:1) Hg 500 62 1.9 - 0.722 - - - - - [33] 

ZrO2 CO2/H2(g, 3:1) Hg 500 200 10.1 - 3.4 - - - - - [33] 

MgO CO2/H2(g, 3:1) Hg 500 - 11.5 - 1.6 - - - - - [34] 

-Ga2O3 CO2/H2(g, 1:1) Hg-Xe 200 - 2.4 - 0.720 - - - - - [37] 

MgO CO2/H2(g, 1:1) Hg-Xe 200 - 2.4 - 0.710 - - - - - [38] 

CaO CO2/H2(g, 1:1) Hg-Xe 200 - 1.2 - 0.350 - - - - - [38] 

ZrO2 CO2/H2(g, 1:1) Hg-Xe 200 - 0.4 - 0.124 - - - - - [38] 

Al2O3 CO2/H2(g, 1:1) Hg-Xe 200 - 0.2 - 0.072 - - - - - [38] 

LiTaO3 CO2/H2(g, 3:1) Hg-Xe 200 - 0.55 - 0.017 - - - - - [36] 

NaTaO3 CO2/H2(g, 3:1) Hg-Xe 200 - 0.13 - 0.004 - - - - - [36] 

KTaO3 CO2/H2(g, 3:1) Hg-Xe 200 - 0.07 - 0.002 - - - - - [36] 

Rh(1%)/TiO2 CO2/H2(g, 3:1) Hg 500 - 6.2 0.06 5.1 - - - - - [39] 

Rh(4%)/TiO2 CO2/H2(g, 3:1) Hg 500 - 0.5 0.4 - - - - - - [39] 

TiO2 CO2/H2(g, 1:19) UVA (365 nm) 4 × 15 43 - 1.46 0.060 - 0.070 - - - [40] 

TiO2 CO2/H2(g, 1:19)[a] UVA (365 nm) 4 × 15 43 - 4.1 0.140 - 0.100 - - - [40] 

ZrO2 CO2/H2(g, 1:19) UVA (254 nm) 4 × 15 43 - - 0.620 - - - - - [40] 

ZrO2 CO2/H2(g, 1:19)[a] UVA (254 nm) 4 × 15 43 - - 0.510 - - - - - [40] 

In2O3-x(OH)y CO2/H2(g, 1:1) Xe (220) 150 - - 0.25 - - - - - [41] 

In2O3-x(OH)y CO2/H2(g, 1:1) Xe (220) 150 - - 15 - - - - - [41] 

Pt(0.5%)/NaTaO3 CO2/H2(g, 1:1)[a] Xe 300 - - 1.13 139.1 - - - - - [42] 

NaTaO3 CO2/H2(g, 1:1)[a] Xe 300 - - 2.07 10.1 - - - - - [42] 

TiO2 CO2/H2/He(g, 30:20:50) Hg (150) 120 1.7 68 58 0.13 3.25 0.33 0.38 - [43] 

In2O3(3.5%)/TiO2 CO2/H2/He(g, 30:20:50) Hg (150) 120 6.42 31 2028 0.48 1.94 0.19 0.18 - [43] 

Cu2O(1%)-In2O3(3.5%)/TiO2 CO2/H2/He(g, 30:20:50) Hg (150) 120 9.57 41.85 6540 0.6 2.82 1.7 0.88 - [43] 

NiO(1%)-In2O3(3.5%)/TiO2 CO2/H2/He(g, 30:20:50) Hg (150) 120 10.2 34 12029 0.33 1.95 2.36 1.01 - [44] 
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[Zn3Al(OH)8]2[CO3] CO2/H2(g, ~1:9.4) Xe 500[b] - 0.16 - 0.620 - - - - 0.039 [45] 

[Zn1.5Cu1.5Al(OH)8]2[CO3] CO2/H2(g, ~1:9.4) Xe 500[c] - 0.16 - 0.580 - - - - 0.200 [45] 

[Zn1.5Cu1.5Al(OH)8]2[CO3] CO2/H2(g, ~1:9.4) Xe 500[b] - 0.11 - 0.370 - - - - 0.130 [45] 

[Zn3Ga(OH)8]2[CO3] CO2/H2(g, ~1:9.4) Xe 500[b] - 0.02 - 0.080 - - - - 0.051 [45] 

[Zn1.5Cu1.5Ga(OH)8]2[CO3] CO2/H2(g, ~1:9.4) Xe 500[b] - 0.03 - 0.079 - - - - 0.170 [45] 

Cu-ZnO (Cu:Zn = 54:46) CO2/H2(g, ~1:9.4) Xe 500[b] - 0.006 - 0.030 - - - - - [45] 

-Ga2O3 CO2/H2(g, ~1:9.4) Xe 500[b] - 0.01 - 0.047 - - - - - [45] 

[Zn3Ga(OH)8]2[Cu(OH)4] CO2/H2(g, ~1:9.4) Xe 500[d] - 0.04 - 0.130 - - - - 0.300 [46] 

[Zn1.5Cu1.5Ga(OH)8]2[Cu(OH)4] CO2/H2(g, ~1:9.4) Xe 500[d] - 0.05 - 0.070 - - - - 0.490 [46] 

Ti-SBA-15 CO2/H2(g, 1:2) Hg 120 40 0.02 0.012 - 0.008 0.005 - - - [47] 

Ru/RuO2(3.8%)/TiO2
[e] CO2/H2/Ar(g, 5:60:35) solar simulator (80) 46 98 51.8 - - - - - - [48] 

Ru/SiO2(glass) CO2/H2(g, 1:4) Xe (320) 150 - 75.2 - - - - - - [49] 

Ru/Si CO2/H2(g, 1:4) Xe (320) 150 - 140 - - - - - - [49] 

Ru/Si(nanowires) CO2/H2(g, 1:4) Xe (320) 150 - 990 - - - - - - [49] 

Ru(2.4%)/Al2O3 CO2/H2(g, 1:4.1) Xe 300 370 95.8 300000 - - - - - - [50] 

Rh(2.6%)/Al2O3 CO2/H2(g, 1:4.1) Xe 300 370 96.3 156000 - - - - - - [50] 

Ni(2.1%)/Al2O3 CO2/H2(g, 1:4.1) Xe 300 380 93.3 48000 3000 - - - - - [50] 

Co(2.5%)/Al2O3 CO2/H2(g, 1:4.1) Xe 300 350 92.6 21000 6000 - - - - - [50] 

Pd(2.0%)/Al2O3 CO2/H2(g, 1:4.1) Xe 300 370 93.4 8000 2000 - - - - - [50] 

Pt(2.4%)/Al2O3 CO2/H2(g, 1:4.1) Xe 300 350 60.4 600 9600 - - - - - [50] 

Ir(2.8%)/Al2O3 CO2/H2(g, 1:4.1) Xe 300 320 14.9 720 640 - - - - - [50] 

Fe(2.4%)/Al2O3 CO2/H2(g, 1:4.1) Xe 300 320 7.3 30 420 - - - - - [50] 

Al2O3 CO2/H2(g, 1:4.1) Xe 300 150 - - 1.92 - - - - - [50] 

Ni/SiO2·Al2O3 CO2/H2(g, 1:4.6) solar simulator - 150 94.9 54608 1573 - - - - - [51] 

NiO CO2/H2(g, 1:4.6) solar simulator - 150 89.8 13290 - - - - - - [51] 

Fe2O3 CO2/H2(g, 1:4.6) solar simulator - 150 51 325 7171 - 53 - - - [51] 

CoO CO2/H2(g, 1:4.6) solar simulator - 150 27.4 1569 2453 - 32 - - - [51] 

[a] Saturated with water vapour. [b] Irradiance = 42 mW cm-2 at 555 nm. [c] Irradiance = 106 at 555 nm. [d] Irradiance = 110 mW cm-2 at 555 nm. [e] 3.8% Ru vs. TiO2.  
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Fig. 2 Suggested mechanism for the light-induced reduction of CO2 to CO in the presence of H2 on solids such as 

ZrO2 or MgO. The proposed activation steps (top) include adsorption as carbonates, absorption of light by these 

species, one-electron reduction on the solid, and further reduction by H2 into formate; both activation and CO release 

by reaction between formate and gaseous CO2 are also schematically summarised (bottom). Reproduced from 

reference [33] (© The Owner Societies, 2000). 

A screening on several oxides performed by the same research team revealed that, in addition to 

other basic oxides such as CaO, the activity was surprisingly high using Ga2O3 [37-38]. In 

contrast to the mechanism on ZrO2 or MgO, heterolytic dissociation of H2 on Ga2O3 (observed 

by FTIR spectroscopy), and direct influence of its partial pressure on reaction rates following a 

Langmuir-Hinshelwood model, pointed to a completely different activation route [37]. 

Regarding classical photocatalysts, Tanaka and co-workers observed that Rh/TiO2 produced CO 

and traces of CH4, as opposed to the otherwise inactive bare titania [39]. The presence of 

deposited rhodium was found to enable reduction, even in the dark to a little extent, yet 

absorption of light by the semiconductor was required, as proven by the lack of activity of 

analogous Rh/SiO2. Other researchers have confirmed the production of CO by light-promoted 

(254 nm) reduction of CO2 on ZrO2 in the presence of H2 at 43 °C [40]. In the same study, it 

was proven that TiO2 becomes active under band gap irradiation (365 nm) especially when the 

gas feed is saturated with water vapour (see Table 3), and that the selectivity is switched to the 

preferential production of methane [40]. Similarly, combined beneficial effects of H2/H2O 

presence have been recently claimed for photocatalysts based on NaTiO3, whereby peroxides 

generated by water oxidation would be in turn annihilated by hydrogen [42]. Metal deposition 

of such materials was shown to enhance activity, with platinum and ruthenium favouring the 

formation of either CO or CH4, respectively. 

The production of CO by hydrogenation of CO2 under UV-vis light on titania-based materials 

may be greatly enhanced by increasing the temperature, as demonstrated by Tahir and Amin 

[43-44]. These researchers found an optimum operation temperature of 120 °C. In addition, they 

claimed the process to be initiated by light, given that no products were observed during 
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experiments in the dark in the 120–150 °C range. Regarding photocatalysts, bare TiO2 was 

related to decreased CO selectivities and preferential formation of CH4 and other alkanes, 

whereas the presence of indium or indium/copper co-catalysts boosted CO productivities (see 

Table 3) [43]. Similar effects were later reported for analogous indium/nickel materials [44]. 

Single-component indium oxide-hydroxides exhibiting activity for the reduction of CO2 into CO 

by H2 under simulated solar light have been developed by Ozin and co-workers [41]. The 

optimum temperature was 150 °C. Significant endeavours were undertaken to elucidate the real 

influence of light in the promotion of the reaction, a fact which was proven by measuring the 

enhanced CO production rates at a fixed temperature under increasing irradiances, and the lower 

activities in the dark. 

3.2 Production of Methanol by Light-Promoted Hydrogenation of CO2 

As discussed above, methanol is an easily transportable liquid fuel and chemical feedstock, and 

as such, its production by reduction of CO2 is preferred for many processes over other 

contenders. Achieving high methanol selectivities is challenging due to thermodynamic and 

mechanistic limitations. In the context of photocatalytic CO2 transformations, many researchers 

have focused on designing materials and irradiation systems for methanol production [13-14]. 

The family of layered double hydroxides comprises hexagonal structures formed by positively 

charged layers held together by electrostatic interactions with intercalating anions (or solvated 

anions) [13]. Izumi and co-workers have studied zinc- or zinc/copper-based layered double 

hydroxides paired with carbonate anions ([Zn3−xCuxMIII(OH)8]2[CO3]·mH2O, where MIII = Al or 

Ga, and x = 0 or 1.5) as photocatalysts for the hydrogenation of CO2 to methanol under UV-vis 

light, with formation of CO as a co-product [45-46, 52]. Based on their screening, the most 

active material was [Zn3Al(OH)8]2[CO3]·mH2O (0.16% conversion after 5 h), albeit the main 

product was CO [45]. Introduction of copper into the structures rendered the solids slightly less 

active yet more selective (to methanol), and further improvements were achieved by using 

gallium counterparts. The reversible reducibility of copper and the modified (narrower) band 

gaps induced by its inclusion were claimed as causes to the improved performances. The 

authors proposed the formation of hydrogencarbonate at active copper (or copper-gallium) sites, 

and their subsequent hydrogenation as the key factors determining selectivity, based on XANES 

and FTIR measurements [45, 52]. Despite the rather low formation rates (< 1 µmol gcat
−1 h−1, see 

Table 3), the advances made by these researchers towards the challenging production of 

methanol by photocatalytic reduction of CO2 are noteworthy. Conversions using mixed copper-

zinc oxides (reminiscent of commercial methanol synthesis catalysts) or gallium(III) oxide were 

significantly lower than those found for layered double hydroxides [45]. Furthermore, only CO 

was formed on these reference catalysts, a fact which is consistent with previous data for Ga2O3 

[37]. 
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Additional improvements in methanol productivity (0.49 µmol gcat
−1 h−1, see Table 3) were 

achieved by replacing inter-layer carbonate with tetrahydroxycuprate anions ([Cu(OH)4]2−) in 

the zinc-gallium or zinc-copper-gallium materials [46]. The selectivity to methanol reached a 

maximum at 88% for [Zn1.5Cu1.5Al(OH)8]2[Cu(OH)4]·mH2O, presumably due to the more active 

copper centres provided by the anions. In this study, the authors also proved that pretreatment of 

the photocatalyst under vacuum led to activity improvements due to partial removal of solvating 

water molecules, and consequently facilitated diffusion of carbon dioxide. 

In spite of the relatively low conversions and yields, the work performed by Izumi and co-

workers proves the possibility of transforming CO2 to methanol by the action of light on 

appropriate photocatalytic materials. Further investigations on this topic are expected to 

contribute to strategies for recycling carbon dioxide to fuels and chemicals. 

3.3 Light-Promoted Methanation of CO2 

The production of variable amounts of CH4 by methanation of carbon dioxide under irradiation 

has been reported by several researchers. For example, TiO2 has been shown to enhance 

selectivities to methane over carbon dioxidemonoxide, with minor amounts of ethane also 

formed (see Table 3) [40]. Methane and other C2 and C3 hydrocarbons have been observed on 

titania-based [43-44] or NaTiO3 [42] photocatalysts. On the other hand, Mul and co-workers 

described the production of methane, ethane and ethylene on titanium-containing mesoporous 

silica materials (Ti-SBA-15) under UV-vis light [47]. 

Enhancements in the reduction of CO2 by H2 to CH4 (i.e. methanation of carbon dioxide, or 

Sabatier reaction [53]) were first reported by Grätzel and co-workers by using Ru/RuOx/TiO2 

materials irradiated by means of a solar simulator [48]. In that pioneering study, conversion of 

CO2 and formation of CH4 were observed under irradiation (80 mW cm−2, see Table 3); a 

significant temperature increase from ambient to 46 °C was also noted. Since dark conditions 

also resulted in measurable activity, the authors designed experiments to elucidate whether or 

not the reaction was activated by light to some extent. First, they recorded a lower yield at the 

same temperature in the absence of light, as show in Fig. 3. Then, they proved that the initial 

methanation rates only increased by using near-UV light, based on data from irradiations using 

a water jacket (to remove IR frequencies) and several cut-off filters (< 435 nm). These 

evidences led to conclude that absorption of light by the semiconductor (TiO2) played a role in 

promoting the reaction by the photo-generation of charges, thus adding up to the effects of 

thermal activation [48]. 
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Fig. 3 Time profiles of CO2 methanation reactions on Ru/RuOx/TiO2 either under irradiation (CO2/H2/Ar = 

0.05:0.60:0.35 atm, solar simulator, 80 mW cm−12, 46 °C) or in the dark under analogous conditions. Reproduced 

from reference [48] (© MacMillan Publishers Limited, 1987). 

A later thorough investigation revisited the results of Grätzel and co-workers and concluded that 

only thermal effects, to some extent caused by irradiation, were responsible for the methanation 

of CO2 on irradiated Ru/RuOx/TiO2 [54]. On In that report, Melsheimer et al. claimed that the 

enhancement in CH4 production was effectively suppressed by passing the beam through a 

25 mm (optical length) water filter, even when varying irradiance from 2 to 350 mW cm−12. 

Also in contrast to Grätzel’s data, the use of glass filtering off wavelengths below ca. 320 nm 

had no effect, a fact which suggested that the reaction was not photocatalytic. 

In line with the use of ruthenium catalysts for light-promoted methanation of CO2, Ozin and co-

workers have recently reported the preparation of novel Ru/Si nanomaterials whereby 

ruthenium was deposited in the form of small nanoparticles by sputtering on silicon nanowires 

[49]. These materials outperformed counterparts based on silicon wafer supports (990 and 

140 µmol gcat
−1 h−1, respectively, see Table 3), presumably as a consequence of a superior light 

absorbance. Activities were also noticeable in the dark, as mentioned above for other ruthenium 

catalysts. Therefore, the authors performed tests while carefully monitoring temperatures to 

discern between thermal and radiative activation. They observed that reaction rates were 

directly dependent on photon flux under different wavelength ranges at a constant temperature 

(93 °C), and moreover, that enhancement increases with heating were more marked under 

irradiation, yet activation energies (and thus, mechanistic routes) appeared to be identical. With 

these evidences in hand, the process was claimed to be genuinely promoted, at least in part, by 

photocatalysis [49]. 

The possibility of achieving high efficiencies—superior to those of typical catalytic processes—

by virtue of sunlight-like irradiation for the production of synthetic natural gas by 

hydrogenation of CO2 has been recently explored using a range of Group VIII metallic 

nanomaterials [50]. Activities depended strongly on the metal, specifically in the Ru > Rh > Ni 

> Co > Pd > Pt >> Ir > Fe order (see Table 3), for alumina-supported catalysts prepared by 
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impregnation. Reaction rates were exceptionally elevated, especially for ruthenium. Selectivities 

to methane were noticeably high, except for Pt, Ir and Fe. Temperature monitoring revealed that 

substantial heating (up to 350–400 °C) occurred upon irradiation, a phenomenon which was 

ascribed to the photothermal effect of metal nanoparticles, that is, the transformation of 

radiative energy into heat. Experiments in the dark confirmed this, and the authors thus claimed 

that no true photocatalysis (rather, only thermal activation) was taking place. However, the 

semiconductor-based Ni/TiO2 performed better than Ni/Al2O3 under irradiation [50]. 

In line with the aforementioned report, Fu and co-workers demonstrated that the hydrogenation 

of CO on M/TiO2 (M = Ru [55] or Ni [56]) catalysts at moderate temperatures can be further 

promoted by UV irradiation. This was confirmed by the lack of effect in the case an analogous 

catalyst based on alumina, which being an insulator, cannot contribute via a photocatalytic 

pathway. Spectroscopic (XPS and FTIR) measurements revealed that CO adsorbed on the 

metallic surface underwent activation on the electron-enriched irradiated samples. 

Corma and co-workers have investigated on the transformation of CO or CO2 by different 

semiconductor oxides under simulated solar irradiation. On an initial stage, it was demonstrated 

that the water-gas shift reaction could be photocatalysed on titania-based materials, among 

which Au/TiO2 enabled high conversions [57]. Subsequently, a screening of n- and p-type 

semiconductors for the CO hydrogenation reaction under visible light was performed [58]. Data 

derived from that study revealed that, whereas n-type semiconductors (e.g. TiO2) favoured the 

water-gas shift reaction, p-type counterparts (e.g. NiO) led to the formation of methane. Time 

monitoring suggested that CO and H2O reacted to yield CO2 and H2 initially, yet at longer 

reaction times, hydrogen was consumed giving rise to CH4 formation. Surprisingly, the reaction 

between CO and H2 resulted in the evolution of CH4 and O2. These evidences, in conjunction 

with photo-action spectra, suggested that CO was readily reduced on p-type semiconductors. 

Later, it was also demonstrated that CO2 methanation proceeded at high rates on 

nanoparticulated nickel materials under simulated solar light [51]. Other p-type semiconductors, 

such as CoO, Fe2O3 or Fe3O4 mainly produced CO, although CH4 and C2H6 were also formed in 

smaller amounts. Striking activities (95% conversion, > 97% selectivity, after only 15 min of 

irradiation) and reusability (up to six cycles performed by evacuating the system and then 

adding fresh feed gases) for the methanation reaction was were reported for Ni/SiO2·Al2O3 

catalysts. The activity was only reduced to a quarter of the original by filtering off the UV 

portion of the incident light. Although temperature increases (up to around 150 °C) were noted, 

negligible activity was observed in the dark, a fact which—in conjunction to the detection of 

photo-generated charges by laser flash photolysis experiments and to photo-action spectra—

suggested the existence of genuine light-promotion for the process. 
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It is apparent from the various examples in the literature that irradiation under appropriate 

conditions promotes the hydrogenation of CO2 on supported metal (especially ruthenium, 

rhodium and ornickel) catalysts. Both photothermal and photocatalytic processes might be at 

play. Elucidating the extent of each effect remains challenging, due to the difficulty in 

unambiguously probing the real contributions of heat and light. Regardless of the exact 

activation routes, the beneficial effects of solar light on the outcome of CO2-to-fuel processes 

have been largely proven. Provided hydrogen is produced from renewable resources and energy, 

as depicted in Fig. 4, this strategy would become sustainable [3, 50]. 

 

Fig. 4 A schematic view of a sunlight-driven CO2-to-fuel strategy, including the use of solar energy for both the 

production of H2 and the methanation of CO2. Reproduced from reference [50] (© Wiley, 1987). 

 

4 Conclusions and Prospects 

Solar fuels, that is, substances which enable the storage of sunlight energy in the form of 

transportable chemical energy, are at the centre of key technologies for sustainable development 

away from the exploitation of finite, fossil resources. Carbon dioxide can be used as the 

feedstock for solar fuels via appropriate reduction processes, among which, hydrogenation is 

capable to provide a range of substances compatible with current supply schemes. Provided that 

the hydrogen required is obtained from renewable energy and raw materials, the transformation 

into fuels such as methane or methanol is an ideal strategy to reduce net emissions of carbon 

dioxide. Finally, if solar energy is used to promote these processes, requirement of fossil 

carbon-based raw materials is virtually reduced to a minimum. 

State-of-the-art methods for hydrogenation of carbon dioxide using sunlight as the main energy 

input have proven to be highly efficient, even outperforming the known, commercially relevant, 

heat-activated competitor processes. The production of synthetic natural gas (or solar methane) 
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from carbon dioxide and hydrogen on appropriate nanomaterials takes place at high conversions 

and selectivities (both above 95%) and at formidably fast rates (> 104 μmol gcat
−1 h−1). Materials 

based on ruthenium, rhodium or nickel nanoparticles have been claimed as the best performers 

in light-promoted methanation. On the other hand, layered double hydroxides containing zinc, 

copper and gallium enable high methanol selectivities under UV-visible light, albeit at low 

conversions. Other semiconductor oxides perform moderately as photocatalysts for the reverse 

water-gas shift to produce carbon monoxide. The mechanisms of activation for the most active 

processes, especially methanation on nano-sized metallic materials, are currently under debate. 

Local heating of the catalyst surface by action of solar-like irradiation has been claimed as the 

main factor leading to fast rates and efficient conversion, whereas experiments using 

semiconductors as components of the active materials suggest that genuine charge separation 

across their band gaps—i.e. via photocatalysis—might be also at play. Further investigations in 

this field of research are desirable in order to clarify the relevance of actual activation routes and 

to design revolutionary nanomaterials for appealing solar fuel technologies. 
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