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A B S T R A C T   

A new hybrid catalyst composed of mesostructured silica SBA-15 functionalized with TiO2 and further loaded 
with RuO2 was developed to efficiently promote thermo-photocatalytic CO2 hydrogenation into methane at low 
temperatures. The catalytic activity was assessed with respect to TiO2:RuO2 loading, catalyst dosage, illumina
tion source (polychromatic sunlight and monochromatic LEDs) and power, [H2]:[CO2] molar ratio, temperature, 
and catalyst reusability. The best methanation yields were attained for the RuO2(6.4%):TiO2(16.9%)/SBA-15 
nanocomposite at 150 ºC, under simulated sunlight (0.21 W) and stoichiometric [H2]:[CO2] molar ratio, 
reaching: a specific CH4 production rate of 13.6 mmol gcat

-1 h-1; 99.8 % selectivity; 96.8 % CO2 conversion (110- 
min; 40 mL); and apparent photonic efficiency/quantum yield of 39.5 %/42.1 %. Considering only the active 
RuO2:TiO2 photocatalyst mass (23.3 %), the CH4 production rate increased to 58.6 mmol gactive_cat

-1 h-1. Besides, 
this highly-active photocatalyst featured excellent UV-Vis-IR light absorbance, high surface area, and stability for 
reuse when moist gas was removed between cycles.   

1. Introduction 

In the last few decades, a growing trend in fossil fuel consumption 
and anthropogenic CO2 emissions has been witnessed, leading to an 
energy crisis and global warming. The Intergovernmental Panel on 
Climate Change (IPCC) has warned that urgent actions are needed to
ward an energy transition pursuing climate change mitigation [1]. 
Power-to-X (PtX) technologies occur through CO2 hydrogenation, which 
can result in X-type products. The current synthetic natural gas (SNG) 
production approach is based on the synthesis of methane (Sabatier 
reaction) provided by CO2 captured and H2 resulting from power-to-gas 
technologies through the electrolysis process generated during the 
excess electricity peak period. The industrial structure is ready to 
employ methane since it is the most prevalent chemical in natural gas 
and has a density that allows storage [2]. Therefore, investigations in 
this area have drawn industries’ interest. According to Thema et al. [3] 

PtX technologies have been tested on a pilot plant scale in central Europe 
and the USA, with a capacity of almost 39 MW. 

Under mild conditions, the kinetic of CO2 methanation is slow; thus, 
catalysts and high temperatures between 300 ◦C and 500 ◦C are needed 
to increase conversion efficiencies [4]. In this context, a hybrid process 
that synergically combines thermal catalysis with heterogeneous pho
tocatalysis, that is, heterogeneous thermo-photocatalysis, for CO2 con
version at gas-phase under mild operating conditions has rekindled 
attention [5,6]. Furthermore, biomimetic or bioinspired strategies can 
be applied to boost photocatalytic activity through photocatalyst 
structural engineering by increasing the active sites amount, prolonging 
electrons’ lifetime, improving reaction selectivity, and enhancing visible 
light response [7,8]. N-type semiconductors (e.g., TiO2 or SrTiO3) 
loaded with metal oxides exhibiting a p-type electrical conductivity 
behaviour (such as NiO or RuO2) can lead to an artificial Z-scheme 
photocatalytic mechanism, improving electron flow, visible-light ab
sorption and solar-to-fuel conversion efficiency [9,10]. Based on this 

* Corresponding authors at: LSRE-LCM – Laboratory of Separation and Reaction Engineering-Laboratory of Catalysis and Materials, Faculty of Engineering, 
University of Porto, Rua Dr. Roberto Frias, Porto 4200-465, Portugal. 

E-mail addresses: vilar@fe.up.pt (V.J.P. Vilar), tania.silva@fe.up.pt (T.F.C.V. Silva).  

Contents lists available at ScienceDirect 

Applied Catalysis B: Environmental 

journal homepage: www.elsevier.com/locate/apcatb 

https://doi.org/10.1016/j.apcatb.2023.123232 
Received 11 May 2023; Received in revised form 5 August 2023; Accepted 27 August 2023   

mailto:vilar@fe.up.pt
mailto:tania.silva@fe.up.pt
www.sciencedirect.com/science/journal/09263373
https://www.elsevier.com/locate/apcatb
https://doi.org/10.1016/j.apcatb.2023.123232
https://doi.org/10.1016/j.apcatb.2023.123232
https://doi.org/10.1016/j.apcatb.2023.123232
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Applied Catalysis B: Environmental 340 (2024) 123232

2

mechanism, a recent study has demonstrated 90 % of CO2 methanation 
using SrTiO3/RuO2 at 150 ºC [11]. 

Besides, using semiconductors incorporated within porous materials 
(such as MOFs, zeolites, and mesoporous silica) can provide an attrac
tive platform to hierarchically organise light-harvesting antennae and 
catalytic centres to achieve CO2 reduction [12,13]. Mesoporous silica 
has become a significant class of widely studied ordered materials, with 
MCM-41 and SBA-15 materials the most described in the literature. 
However, the SBA-15 mesoporous silica is preferred due to its large pore 
volume (up to 1 cm3 g− 1) and the ability to yield a higher specific sur
face area (400–1000 m2 g− 1). In addition to having great potential as a 
support for the active phase of heterogeneous catalysts, it can also in
crease light scattering, facilitating mass and photon transport within the 
catalytic layer [13,14]. Moreover, the semiconductor heterojunction has 
been used to improve the general characteristics of the photocatalysts 
[15,16]. Although many papers about the high activity of RuO2 on 
photo/electro-reduction of CO2 have been published [11,17], to the best 
of our knowledge, no previous study has investigated SBA-15 func
tionalised with TiO2 and RuO2 to promote thermo-photo-assisted CO2 
hydrogenation at low temperature in the gas phase. Dispersing the TiO2: 
RuO2 photocatalyst in the mesoporous silica SBA-15 could be a prom
ising strategy to foster CO2 thermo-photoconversion. 

Accordingly, this study aimed the development of a novel highly 
photoactive nanostructured composite, utilizing an SBA-15 support 
functionalized with RuO2:TiO2 catalytic materials, to boost solar- 
assisted CO2-to-CH4 conversion via thermo-photocatalysis. The cata
lytic activity was evaluated under gas phase batch mode to optimize the 

CO2 hydrogenation process, considering various factors: (i) material 
composition (in terms of TiO2 and RuO2 loading), (ii) material dosage; 
(iii) illumination source (polychromatic sunlight and monochromatic 
UV and Vis LEDs) and radiant power (reaching the reactional system, 
determined by chemical actinometry); (iv) feed composition (in terms of 
[H2]:[CO2] molar ratio); (v) temperature (under dark and light condi
tions); and (vi) photocatalyst reuse (for up to 10 cycles). Additionally, 
this work also intended to address the literature gap regarding the sys
tematic understanding of how reaction products contribute to catalyst 
deactivation. The main findings of this research hold the potential to 
advance the knowledge of thermo-photocatalytic CO2 methanation 
powered by sunlight at temperatures lower than those found in con
ventional methanation technologies. 

2. Materials and methods 

2.1. Chemical products 

The chemical products (analytical grade) used throughout the 
experimental activities are briefly described in Table 1. All of them were 
used as received without further purification. Ultrapure water (UPW) 
used to prepare/wash the photocatalytic materials was produced by a 
Millipore Direct-Q® ultrapure-water system (resistivity of 18.2 MΩ cm-1 

at 25 ◦C). 

Nomenclature 

[C2H6]f Final molar concentration of ethane (mol L-1). 
[CH4]f Final molar concentration of methane (mol L-1). 
[CO2]0 Initial molar concentration of carbon dioxide (mol L-1). 
[CO2]f Final molar concentration of carbon dioxide (mol L-1). 
A Frequency factor. 
Aλ Average absorbance of the ferrioxalate solution at a 

wavelength λ. 
b Photoreactor light path length (cm). 
c Light velocity (3.00 × 108 m s-1). 
C Average concentration of the ferrioxalate solution (mol L- 

1). 
dn

(
Fe2+)/dt Number of Fe2+ moles formed per irradiation time 

(mol s-1). 
E Spectral irradiance (J s-1 m-2 nm-1). 
Ea Apparent activation energy (kJ mol-1). 
Eph,λ Photon energy at a wavelength λ (J). 
Ep Spectral photon irradiance (Einstein s-1 m-2 nm-1). 
Eu Urbach energy (eV). 
fλ Apparent fraction of light absorbed by the photocatalyst 

considering the wavelength λ of a monochromatic 
illumination source. 

fλf − λi Average apparent fraction of light absorbed by the 
photocatalyst considering the wavelength interval of a 
polychromatic illumination source. 

F(R∞) Kubelka-Munk function. 
h Planck’s constant (6.63 × 10-34 J s-1). 
K Absorption coefficient. 
kCO2 Pseudo-first-order kinetic constant as a function of time 

(min-1). 
k’

CO2 
Pseudo-first-order kinetic constant as a function of 
accumulated energy (L kJ–1). 

NA Avogadro number (6.02 × 1023 mol-1). 

Paλ Photon flux (Einstein s-1). 
Pa280–580 Photon flux reaching the photoreactor between 280 and 

580 nm determined by ferrioxalate actinometry (Einstein 
s-1). 

Pa280–800 Estimated photon flux reaching the photoreactor between 
280 and 800 nm (Einstein s-1). 

Q Accumulated energy (kJ L-1). 
r0 Initial CO2 reduction rate (mmol L-1 min-1). 
R Universal gas constant (8.314 J mol-1 K-1). 
R∞ Absolute reflectance. 
RP Radiant power reaching the photoreactor (J s-1). 
RP280–580 Radiant power reaching the photoreactor between 280 

and 580 nm determined by ferrioxalate actinometry (J s-1). 
RP280–800 Estimated radiant power reaching the photoreactor 

between 280 and 800 nm (J s-1). 
S Scattering coefficient. 
SC2H6 Selectivity of ethane (%). 
SCH4 Selectivity of methane (%). 
Se,λ Relative spectral distribution of the illumination source. 
t Time (min). 
T Temperature (K). 
V Reactor volume (L). 
XCO2 Percentage of CO2 reactant converted (%). 
YC2H6 Production yield of ethane (%). 
YCH4 Production yield of methane (%). 
ΦAPE

CO2 
Apparent photonic efficiency (%). 

ΦAQY
CO2 

Apparent quantum yield (%). 
Φλ Quantum yield of the ferrioxalate actinometer at 

wavelength λ. 
ελ Molar absorptivity of the ferrioxalate solution at a 

wavelength λ (L mol-1 cm-1). 
λ Wavelength (nm).  
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2.2. Preparation of the supported catalytic materials 

2.2.1. Synthesis of mesoporous silica SBA-15 
The SBA-15 support was synthesized under hydrothermal conditions, 

according to the experimental procedure reported in the literature 
[18–20] (Fig. 1a). Concisely, 4.1 g of Pluronic P123 triblock polymer 
was dissolved in 30 mL of UPW under stirring for 2 h at 35 ◦C. Then, 
120 g of a hydrochloric acid (HCl) solution (2 mol L-1) was added, 
keeping the resulting solution under agitation for 2 h more. Subse
quently, 8.5 g (41 mmol) of tetraethoxysilane (TEOS) was slowly added 
to the solution and mixed for 24 h. Afterward, the mixture was hydro
thermally synthesised on a Teflon autoclave bottle for 24 h at 100 ºC. 
The product was collected by filtration, washed with 2 L of UPW and 
250 mL of ethanol, and dried under airflow at room temperature over
night. The surfactant was extracted with ethanol in a Soxhlet extractor 
for 36 h. The resulting SBA-15 powder was oven-dried at 150 ◦C. 

2.2.2. Functionalisation of SBA-15 support with TiO2 semiconductor 
After synthesising the SBA-15 support, TiO2 was incorporated into it 

by the sol-gel method [21] (Fig. 1b). In summary, 1 g of SBA-15 was 
suspended in 10 mL of isopropanol by sonication (Vibra Cell™VCX 130, 
Sonics, Newtown, USA) for 30 min at 20 kHz (80 % amplitude; pulse 
1-on and 2-off). Subsequently, different volumes of titanium isoprop
oxide (TTIP) were added to the colloidal suspension (see Table S1) to 

attain [TiO2]:[SBA-15] mass ratios of 1:10, 2:10 and 3:10 and kept 
under stirring for 45 min. In sequence, UPW was introduced into the 
mixture (with a TTIP:H2O volume ratio of 1:10), and stirring was 
maintained until complete TTIP hydrolysis. The resulting material was 
recovered by vacuum filtration (Nylon membrane filter, 0.22 µm, Ø 
47 mm), washed with UPW and ethanol, and slowly dried in an oven for 
2 days at 100 ◦C. Finally, the resulting powder was calcinated for 2 h at 
700 ◦C to form TiO2 crystals on the SBA-15 surface (TiO2/SBA-15). The 
actual titanium (Ti) concentration supported on SBA-15 for each pho
tocatalyst composition was estimated by flame atomic absorption 
spectrometry (FAAS), whose values are depicted in Table S1. 

2.2.3. Impregnation of RuO2 metal oxide in the TiO2/SBA-15 
nanocomposite 

The RuO2 was impregnated in the TiO2/SBA-15 composite by 
ethylene glycol-mediated synthesis (Fig. 1c), similar to the method re
ported in a previous work [22]. In a nutshell, different amounts of 
ruthenium (III) chloride hydrate (RuCl3⋅H2O) (see Table S1) were added 
to a suspension of TiO2/SBA-15 powder in ethylene glycol (5 mg mL-1, 
25 mL), previously obtained by sonication for 30 min at 20 kHz (80 % 
amplitude, pulse 1-on 2-off), to attain [Ru]:[TiO2/SBA-15] mass ratios 
of 0.4:10, 0.8:10, 1.2:10, 1.6:10 and 2.0:10. Then, the suspension un
derwent heating for 5 h at 100 ºC, followed by refluxing for 8 h at 180 
ºC, under continuous stirring (500 rpm). In sequence, the solid sample 

Table 1 
Description of the chemical products employed in the experiments.  

Chemical product Molecular 
formula 

Concentration 
(wt%) 

Density (kg 
L-1) 

Molecular 
weight (g mol- 
1) 

Supplier Purpose 

Pluronic P-123 or 
PEG-PPG-PEGa 

(C3H6O.C2H4O) 
x 

97 – average Mn 
~5800 

Sigma Aldrich Preparation of the SBA-15 support 

Tetraethoxysilane 
(TEOS) 

SiC8H20O4 98 0.94 208.33 

Isopropanol C3H8O  0.79 60.1 J.T. Baker Functionalisation of the SBA-15 support with TiO2 

Titanium 
isopropoxide 

C12H28O4Ti 97 0.96 284.22 Sigma Aldrich 

Ethylene glycol C2H6O2 99.9 1.11 62.07 VWR chemicals 
international 

Impregnation of RuO2 in the TiO2/SBA-15 material 

Ruthenium (III) 
chloride hydrate 

RuCl3xH2O  3.11 207.43 Merck 

Ethanol C2H5OH 99.9 0.79 46.07 J.T. Baker Washing of the catalytic materials 
Acetone C3H6O 99.5 0.78 58.08 JMGS 
Hydrochloric acid HCl 37 1.18 36.46 Fisher Scientific Digestion of the catalytic material samples to undergo ICP 

and FAAS analysis Nitric acid HNO₃ 65 1.51 63.01 
Hydrogen peroxide H2O2 30 1.45 34.01 Merck 
Hydrofluoric acid HF 38 1.13 20.00 
ICP multi-elemental 

solution 
(in 15 % HCl) 

Ir, Pt, Os, Rh, 
Pd, Ru 

10 mg L-1 – – VWR Standard solutions for ICP and FAAS calibration 

Titanium standard 
solution 
(in 0.24 % F-) 

Ti 999 ± 3 µg L-1 – – SCP Science 

Potassium chloride KCl 99.5 1.98 74.55 Scharlau Ionization suppressor for FAAS analysis 
Ferric chloride 

hexahydrate 
Cl3FeH12O6 98 1.82 270.29 Merck Actinometric tests 

Oxalic acid dihydrate C2H6O6 98 1.65 126.07 VWR chemicals 
international 

1,10-phenanthroline 
1-hydrate 

C12H8N2⋅H2O – – 198.23 Panreac Iron determination during actinometric tests 

Acetic acid CH3COOH 100 1.05 60.05 Fisher 
Ammonium acetate NH4C2H3O2 – – 77.08 Fisher 
L-ascorbic acid C6H8O6 – – 176.12 Acrós 
Carbon dioxide CO2 99.998 1.87 × 10-3 44.01 Air Liquide Gases for (i) methanation reaction (CO2; H2), (ii) GC- 

µTCD/FID analysis (H2; He; synthetic air), and (iii) GC- 
µTCD/FID equipment calibration (CO2; H2; CH4; C₂H₆) 

Hydrogen H2 99.999 8.38 × 10-5 1.00 
Helium He 99.999 1.79 × 10-4 4.00 
Synthetic airb N2 + O2 (20 % 

± 1 %) 
99.999 – – 

Methane CH4 >99.5 6.57 × 10-4 16.04 
Ethane C₂H₆ >99.95 3.77 × 10-4 30.07  

a Poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol); 
b Impurities: H2O: <3 ppm; CnHm: <0.1 ppm; CO2: <1 ppm; CO: < 1 ppm. 
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was separated by filtration (Nylon membrane filter, 0.22 µm, Ø 47 mm), 
washed with 1 L of UPW and 200 mL of acetone, and dried for 1 h at 100 
ºC. Lastly, the resulting powder was oxidised by calcination for 3 h at 
350 ◦C (Nabertherm Furnace, Germany) under an ambient atmosphere. 
The actual ruthenium (Ru) concentration in the catalytic material was 
determined by inductively coupled plasma emission spectrometry 
(ICP-OES), whose values are displayed in Table S1. The resulting pho
tocatalyst was kept inside a desiccator until use to avoid humidity 

interference. 

2.3. Materials characterisation techniques 

All analytical techniques employed in the characterisation of the 
synthesised materials are described in the Supplementary Material file 
(Table S2). 

Fig. 1. Sequential preparation methodology of the hybrid RuO2:TiO2/SBA-15 photocatalyst: (a) synthesis of mesoporous silica SBA-15 support; (b) functionalisation 
of SBA-15 support with TiO2 semiconductor; (c) impregnation of RuO2 into the TiO2/SBA-15 nanocomposite. 
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2.4. Experimental procedure 

The materials’ catalytic activity towards photo-assisted CO2 metha
nation was evaluated in a batch-mode thermo-photocatalytic system 
(Fig. 2) under the gas-phase. The experimental apparatus encompassed: 
(i) a 40 mL cylindrical quartz photoreactor; connected to (ii) a feeding 
system, composed of H2/CO2 gas bottles and Swagelok (Ohio, USA) 
connections (tubing, fittings and valves); (iii) a pressure control system 
(up to 4 bar), to regulate the reactor pressure/reactants feeding; (iv) a 
temperature controlling system (up to 300 ◦C), composed of a fibreglass 
heating ribbon (FHR), surrounding the reactor, coupled to a digital 
thermostat temperature controller (DTTC); (v) an irradiation source, 
which could be a xenon (Xe) lamp equipped in a sunlight simulator 
(Atlas, Suntest XLS+, Linsengericht, Germany), emitting polychromatic 
radiation between 280 and 800 nm (Fig. S1), or a light emitting diode 
(LED), emitting monochromatic radiation at 365 nm or 405 nm; and (vi) 
an on-line gas chromatography (GC) analytical system (YL 6500, YL 
Instrument CO. LTD, Anyang, Korea) to analyse the gas samples directly 
withdrawn from the reactor headspace by means of a peristaltic pump. It 
is worth mentioning that the internal reactor temperature and catalyst 
surface temperature were confirmed with a digital infrared thermometer 
(UNIT-T, UT300S) when required. 

In order to allow online detection/quantification of the reactants and 
products at the same time, the GC analytical system is composed of (i) 
two columns in series, (1) a Carbon Plot column (30 m × 0.32 mm ×
3.0 µm, Agilent Technologies, California, USA), to separate CO2 and 
C2H6, and (2) a Mol Sieve 5 A Plot fused silica capillary column 
(30 m × 0.32 mm × 3.0 µm, Supelco, Missouri, USA), to separate H2 
and CH4; (ii) two detectors, (1) a micro-thermal conductivity detector 
(µTCD), with the sensitivity of 400 pg mL-1, for H2 quantification, fol
lowed by (2) a flame ionisation detector (FID), with sensitivity 1.5 pg 
carbon sec-1, for CO2, CH4, and ethane (C2H6) quantification; and (iii) 

one methaniser, placed between the µTCD and FID, to convert CO2 into 
CH4. The GC has two six-way valves: (i) a primary injecting valve, placed 
before the first column, which allows online products’ analysis (though 
the sampling loop) and ensures that a consistent gas volume is injected 
into the columns; and (ii) a second switching valve, placed between the 
two columns, which directs gas flow from the Carbon Plot column to the 
detectors, bypassing the Molsieve 5 Å column, protecting it from high 
concentrations of CO2 and C2+ elements, thus reducing the need for 
frequent column regeneration [23]. The molar composition of the gas 
mixture inside the photoreactor was estimated by area normalisation 
with response factors. 

The thermo-photocatalytic methanation experiments proceeded as 
follows: (i) firstly, the composite photocatalyst (TiO2/SBA-15; RuO2/ 
SBA-15 or RuO2:TiO2/SBA-15) was added to the quartz reactor (10, 20, 
or 30 mg) followed by 10 min purge with H2 flux; (ii) then, the mixture 
of H2 and CO2 were fed to the reactor ([CO2]:[H2] molar ratio of 1:2, 1:4, 
or 1:7) by pressure control (PCO2:PH2 (bar/bar) of 0.32:0.64, 0.32:1.28, 
or 0.32:2.24); (iii) before starting the reaction, the first sample was 
taken at ambient temperature after 20-min stabilization and leaks 
checking; iv) sequentially, the heating system was switched on (50, 100, 
150, 200, or 250 ºC), and the second sample was collected after a 10-min 
stabilization period under dark conditions; (v) right after, the illumi
nation source was turned on (radiant power (RP) of (1) 0.211 ± 0.004, 
0.339 ± 0.006, 0.45 ± 0.01 or 1.09 ± 0.03 W, for Xe lamp, (2) 0.053 
± 0.009, 0.17 ± 0.03, 0.30 ± 0.05, or 0.55 ± 0.08 W, for LED at 
365 nm, or (3) 0.055 ± 0.008, 0.18 ± 0.02, 0.37 ± 0.06 or 0.55 
± 0.07 W, for LED at 405 nm, determined by ferrioxalate actinometry as 
described in Section 2.5.3); and (vi) four more samples were gathered up 
to 110 min reaction. After the reaction, the reactor was cooled down and 
cleaned with a compressed air jet, followed by UPW rinsing and drying 
for 3 h at 100 ºC. 

Fig. 2. Sketch of the batch-mode gas-phase thermo-photocatalytic methanation system.  
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2.5. Calculation formulas 

2.5.1. CO2 reduction efficiency 
The efficiency of the CO2 reduction reaction was assessed through 

the percentage of CO2 reactant converted (XCO2), product yield (YCH4 
and YC2H6), and product selectivity (SCH4 and SC2H6), according to Eqs. 
(1) to (5) [6]. 

XCO2 (%) =

(

1 −
[CO2]f
[CO2]0

)

× 100 (1)  

YCH4 (%) =

(
[CH4]f
[CO2]0

)

× 100 (2)  

YC2H6 (%) =

(
2 × [C2H6]f

[CO2]0

)

× 100 (3)  

SCH4 (%) =
YCH4

XCO2

× 100 (4)  

SC2H6 (%) =
YC2H6

XCO2

× 100 (5) 

XCO2 was estimated by the relation between its final (at 110 min 
reaction) and initial molar concentration ([CO2]f and [CO2]0, respec
tively) (Eq. (1)). YCH4 and YC2H6 were given by the ratio of the actual 
final molar concentrations (at 110 min reaction) of CH4 and C2H6 
([CH4]f and [C2H6]f, respectively) over the [CO2]0, which is the theo
retical CO2 concentration that could fully have been converted into CH4 
or C2H6 products (Eqs. (2) and (3), respectively). SCH4 and SC2H6 were 
determined from the ratio between the YCH4 and YC2H6, respectively, and 
the XCO2 (Eqs. (4) and (5), respectively). 

The pseudo-first-order kinetic constant for CO2 reduction (kCO2 or 
k’CO2, in min-1 or L kJ-1) was estimated by non-linear regression (Fig.P 
software of Biosoft) from Eqs. (6) and (7), as a function of time (t, in min) 
or accumulated energy (Q, in kJ L-1), respectively. In turn, the Q was 
obtained from the radiant power (RP, in J s-1) reaching inside the 
reactor, reaction time (t, in s), and reactor volume (V, in L), as depicted 
in Eq. (8). Also, initial CO2 reduction rate (r0, in mmol L-1 min-1) was 
calculated through Eq. (9). 

[CO2]t = [CO2]0 × exp− kCO2 × t (6)  

[CO2]Q = [CO2]0 × exp− k’CO2 × Q (7)  

Q =
RP × t

1000 × V
(8)  

r0 = [CO2]0 × kCO2 (9)  

where the [CO2]t and [CO2]Q stand for CO2 molar concentration (in 
mmol L-1) at time t and accumulated energy Q. 

2.5.2. Apparent photonic efficiency and apparent quantum yield 
The photon-to-CO2 conversion efficiency was evaluated by the: (i) 

apparent photonic efficiency (ΦAPE
CO2

), taking into account the number of 
CO2 mol converted per second (r0 × V, in mol s-1) and the photon flux 
(Paλ, in Einstein s-1, with λ = 365/405 nm for LEDs illumination and 
λ = 280–800 nm for simulated solar light, section 2.5.3) reaching inside 
the reactor, in line with Eq. (10) [24]; and (ii) apparent quantum yield 
(ΦAQY

CO2
), further considering the apparent fraction of light absorbed by 

the photocatalyst (f, section 2.5.4), as displayed in Eq. (11). 

ΦAPE
CO2

=
r0 × V

Paλ
× 100 (10)  

ΦAQY
CO2

=
r0 × V
Paλ × f

× 100 =
ΦAPE

CO2

f
(11)  

2.5.3. Photon flux 
Most studies determine the number of incident photons through the 

lamp’s useful power divided by the average photon energy. This does 
not ensure experimental accuracy, especially when dealing with poly
chromatic illumination. In this sense, actual Paλ striking the photo
catalyst surface, either under monochromatic irradiation (365 and 
405 nm) or polychromatic one (between 280 and 800 nm), was esti
mated by ferrioxalate actinometry ([Fe3+] = 23 mM; [Fe3+]:[oxalic 
acid] molar ratio of 1:5; V = 40 mL; sampling timeframe of 30 s; test 
ended at 25 % of ferrioxalate degradation), which is suitable for UV-Vis 
measurements up to 580 nm (see Fig. S1), as reported elsewhere [25, 
26]. The photochemical conversion of ferric ions (Fe3+) into ferrous ions 
(Fe2+) was quantified by the formation of the coloured 
tris-phenanthroline complex (ε = 11100 L mol-1 cm-1 at λmax = 510 nm), 
according to ISO 6332:1988 method. First, the radiant power (RPλ, in J 
s-1) emitted by the illumination source that reached the internal reactor 
wall was determined from Eq. (12); Then, Paλ (Einstein s-1) was calcu
lated from Eq. (13), adapted from Bossmann et al. [25]. 

RPλ =
dn

(
Fe2+)

dt
×

NA
∑λf

λi

[
Se,λ
Eph,λ

×
(
1 − 10− Aλ

)
× Φλ

] (12)  

Paλ = RPλ ×
∑λf

λi

[
Se,λ

Eph,λ
×

(
1 − 10− Aλ

)
]

(13)  

where: dn (Fe2+)/dt (mol s-1) is the number of Fe2+ mol formed per 
irradiation time; NA is the Avogadro number (6.02 × 1023 mol-1); Se,λ is 
the relative spectral distribution of the illumination source (estimated 
through the integration of the Xe lamp spectral irradiance (Fig. S1), 
between 280 and 580 nm, for polychromatic irradiation, and equal to 
one for monochromatic irradiation); Eph,λ (J) is the photon energy at a 
wavelength λ (Eq. (14)); Aλ is average absorbance of the ferrioxalate 
solution at a wavelength λ (Eq. (15)), considering the irradiation time
frame, and Φλ is the quantum yield of the ferrioxalate actinometer at a 
wavelength λ (Fig. S1). 

Eph,λ =
h × c

λ
(14)  

Aλ = ελ × b × C (15)  

where: h is the Planck’s constant (6.63 × 10-34 J s-1); c is the light ve
locity (3.00 × 108 m s-1); ελ is the molar absorptivity of the ferrioxalate 
solution at a wavelength λ (L mol-1 cm-1); b is photoreactor light path 
length (cm); and C is the average concentration of the ferrioxalate so
lution (mol L-1), during the irradiation timeframe. 

As regards the polychromatic illumination source, it should be noted 
that RP and Pa were quantified from actinometry only between 280 nm, 
the lower limit of the Suntest’s Xe lamp, and 580 nm (RP280–580 and 
Pa280–580), the upper limit of ferrioxalate absorption. To estimate the 
values of both parameters for the total Suntest spectrum, that is, be
tween 280 and 800 nm (RP280–800 and Pa280–800), the upper limit of the 
Xe lamp, Eqs. (16) and (17) were applied, taking into account the 
integration of the spectral irradiance (E, in J s-1 m-2 nm-1) and spectral 
photon irradiance (Ep, in Einstein s-1 m-2 nm-1) of the Suntest’s Xe lamp 
(Fig. S1). 

RP280–800 =

∫ 800
280 (E)dλ
∫ 580

280 (E)dλ
× RP280–580 (16)  

Pa280–800 =

∫ 800
280

(
Ep
)

dλ
∫ 580

280

(
Ep
)

dλ
× Pa280–580 (17) 
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2.5.4. Fraction of light absorbed by the photocatalyst 
If the reactor is under the same conditions as the UV-Vis DRS anal

ysis, the apparent fraction of the photons absorbed by the photocatalyst 
can be estimated using the Kubelka-Munk (K-M) equation (Eq. (18)) 
[27]. Under batch-mode and gas-phase operating conditions, the scat
tered and reflected light effects are similar to UV-Vis DRS measurement 
[24,28]. So, the (average) apparent fraction of light absorbed by the 
photocatalyst (f), for absorbance ≥ 0.05, can be estimated by the ab
solute reflectance of the material through the K-M function (F(R∞)), as 
described in Eq. (19) and Eq. (20), if considering monochromatic and 
polychromatic illumination sources, respectively. 

F(R∞)(λ) =
(1 − R∞ )

2

2 × R∞
=

K
S

(18)  

fλ = F(R∞)(λ) × S (19)  

fλf − λi =

∫ λf
λi

(F(R∞)(λ) × S) dλ
λf − λi

(20)  

where, R∞ is the absolute reflectance, with the subscript ∞ denoting a 
sample layer thickness high enough to entirely hide the support, K and S 
are the K-M absorption and scattering coefficients, respectively, fλ is the 

apparent fraction of monochromatic light absorbed by the photocatalyst 
for the wavelength λ (with λ = 365/405 nm for UV/Vis LEDs), and fλf − λi 

is the average apparent fraction of polychromatic light absorbed by the 
photocatalyst across a wavelength interval (with λi = 280 nm and λf =

800 nm for simulated sunlight). 

2.5.5. Activation energy for CO2 reduction 
The apparent activation energy (Ea, in J mol-1) for CO2 reduction was 

estimated by non-linear regression (Fig.P software of Biosoft) from the 
Arrhenius equation (Eq. (21)). 

kCO2 = A e−
Ea
RT (21)  

Where, kCO2 is the time-based pseudo-first-order kinetic constant for CO2 
reduction, A is frequency factor, R is the universal gas constant (R =
8.314 J mol-1 K-1) and T is the absolute temperature (in K-1). 

3. Results and discussion 

3.1. Materials characterisation 

The structural, morphological, and textural characteristics of the 
RuO2:TiO2/SBA-15 nanocomposite photocatalyst featuring the best 
composition were analysed by: (i) Fourier Transform Infrared (FTIR) 

Fig. 3. FTIR spectra of the pristine SBA-15 support (dashed line) and hybrid photocatalysts (solid line) for different experiments sets: (a) influence of the TiO2 load 
on SBA-15 in the absence of RuO2 (TiO2(y%)/SBA-15, with y = 10, 18, and 28 wt%); (b) influence of the TiO2 load on the SBA-15 in the presence of RuO2, keeping 
[Ru]:[TiO2/SBA-15] mass ratio at 0.8:10 (RuO2(x%):TiO2(y%)/SBA-15, with x%:y% = 9:0, 5:9, 6:17, and 6:26); (c) influence of the RuO2 load on the TiO2/SBA-15, 
keeping [TiO2]:[SBA-15] mass ratio at 2:10 (RuO2(y%):TiO2(x%)/SBA-15, with x%:y% = 3:18, 6:17, 12:16, 14:16, and 17:15); and (d) influence of the photocatalytic 
material reuse (RuO2(6.4%):TiO2(16.9%)/SBA-15 fresh and after 1 and 10 utilization cycles under the best operating conditions). 
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spectroscopy (Fig. 3); (ii) Scanning Electron Microscopy (SEM) and 
Energy Dispersive X-ray Spectroscopy (EDS), and EDS elemental map
ping and Transition Electron Microscopy (TEM) (Fig. 4); (iii) Brunauer- 
Emmett-Teller (BET) theory (Table S3); (iv) UV–vis Diffuse Reflectance 
Spectroscopy (DRS) (Fig. 5); (v) X-ray Powder Diffraction (XRD) (Fig. 6); 
and X-Ray Photoelectron Spectroscopy (XPS) (Fig. 7). Additionally, FTIR 
(for all material compositions), SEM-EDS, DRS, and XRD techniques 
were used to characterise SBA-15 and TiO2/SBA-15 samples. FTIR and 
XPS were also employed to analyse the hybrid RuO2:TiO2/SBA-15 
composite after 1/10 and 10 thermo-photocatalytic cycles, respectively. 

3.1.1. FTIR spectroscopy 
Fig. 3 depicts the FTIR spectra for all samples: SBA-15, SBA-15 

incorporated with TiO2, and RuO2 impregnated in the TiO2/SBA-15 
composite. Six infrared (IR) active vibration modes caused by Si-O bonds 
or Si-OH groups were detected in the mesoporous silica spectra at 
400–2000 cm-1 (the red highlights in Fig. 3a–b). Due to the twisting 
motion in the tetrahedral [3OSi-O-SiO3] cluster, the first IR activation 
mode at about 460 cm-1 is related to the symmetrical bending vibration 
of the ν(Si-O) bond [29,30]. The symmetric stretching vibration of the 
(Si-OH) bond in the silanol group results in the IR active modes at 960 
and 806 cm-1 [31,32]. Additionally, the band at 1082 cm-1 is caused by 
the antisymmetric tensile vibration of the ν(Si-O) bond in the [Si-O4] 
cluster. Also, the shoulder at 1208 cm-1 represents the antisymmetric 
tensile vibration of the ν(Si O) bond. Lastly, the absorption band at 
1636 cm-1 can be caused by water adsorbed on the SBA-15 surface, 
representing the bend vibration of the ν(Si-OH) bond [29,30]. 

SBA-15 functionalization with semiconductor results in a low- 
strength band at 570 cm-1 relating to stretching δ as (Ti-O-Ti) of TiO2 
[31]. The rise in TiO2 amount supported in mesoporous silica is corre
lated to the reduction in transmittance at 570 cm-1. As previously 
mentioned, the band at 960 cm-1 represents the presence of Si-OH 
groups; nevertheless, this peak can also represent the asymmetric 
Si-O-Ti vibration in the molecular sieve that contains titanium in the 
composed material [33] (Fig. 3a–c). 

According to Natarajan and Basu [34] and Joshi and Sutrave [35], 
the characteristic bands around 474, 530, 880, and 750 cm-1 represent 

the stretching mode of Ru-O, Ru–O–Ru, Ru––O, and O-Ru-O, respec
tively. However, these bands were not detected in the RuO2(y%):TiO2(x 

%)/SBA-15 photocatalyst due to its complex structure (where y and x are 
the weight percentages of RuO2 and TiO2, respectively). In this case, 
RuO2-loaded was evidenced by a large band between 3000 cm-1 and 
3757 cm-1, which provides stretching vibrations of -OH, confirming the 
formation of hydrated metal oxide [35,36] (Fig. 3b–c). 

Furthermore, the FTIR analysis also identifies some components that 
can easily be adsorbed on the mesoporous catalyst (Fig. 3d): (i) water at 
1628 and 3438 cm-1 with -OH band, (ii) gaseous CO2 band at 2348 cm-1, 
and (iii) C− H stretching vibration that appears at 2934 cm-1 [32]. The 
peaks of the adsorbed components become more evident after the use of 
the catalyst. However, there are no relevant changes in the catalyst FTIR 
spectrum, after its first use. The main exception is the modifications 
between 3000 cm-1 and 3757 cm-1 after the 10th reuse cycle, which are 
related to the RuO2, as further explored in XPS analysis (Section 3.2.6). 

3.1.2. Morphology and textural characteristics 
Fig. 4a shows the morphological behaviour of the material according 

to its composition by SEM/EDS analysis. SEM images of mesoporous 
silica (Fig. 4a.1) exhibit morphology analogous to uniform cylindrical 
long-rod particles, in agreement with results found in the literature for 
SBA-15 [37]. SBA-15 functionalised with TiO2 (Fig. 4a.2, TiO2 

(18.2%)/SBA-15) showed an uneven distribution of TiO2 over the SBA-15 
structure (Fig. 4a.3), while retaining the mesoporosity features of the 
SBA-15. This configuration enhances mass photon transfer, adsorption 
and light scattering between the material layers [14]. As expected, EDS 
(Fig. 4a) and TEM mapping (Fig. 4b) confirm the presence of all the 
elements used in the photocatalyst preparation steps, such as Si, O, Ti, 
and Ru, as well as the absence of any impurity. 

Fig. 4c shows the TEM images of the RuO2(6.4%):TiO2(16.9%)/SBA-15 
sample in different magnitudes. Remarkably, the TEM image reveals the 
preservation of the 2D hexagonal structure of the mesoporous silica, 
highlighting the material’s structural integrity [37]. In addition, the 
distribution of RuO2:TiO2 nanoparticles on the surface of the SBA-15 
material can be observed, showing a well-dispersed arrangement of 
these nanoparticles. This characterisation confirms the successful 

Fig. 4. SEM micrographs and EDS spectra for (a.1) SBA-15, (a.2) TiO2(18.2%)/SBA-15, (a.3) RuO2(6.4%):TiO2(16.9%)/SBA-15 materials, along with the (b) EDS 
elemental mapping (Si, Ti, Ru) and (c) TEM images for the RuO2(6.4%):TiO2(16.9%)/SBA-15 photocatalyst. 
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incorporation of the RuO2:TiO2 catalyst onto the SBA-15 support, which 
is crucial for efficient catalytic processes and holds potential for various 
applications that require high surface area and controlled nanoparticle 
distribution. The largest particles with dimensions between 17.4 and 
37.1 nm are related to TiO2 functionalisation. According to Sahu et al. 
[38], the smaller TiO2 nanoparticle size refers to the mesoporous 
confinement effect resulting in the inhibition of TiO2 growth. Further
more, no crystalline TiO2 was observed. The smaller particles, ranging 
from 5.9 to 8.6 nm, can be attributed to the catalyst loading with RuO2 
[22]. 

The textural characteristics of pristine SBA-15, TiO2(18.2%)/SBA-15, 
and RuO2(6.4%):TiO2(16.9%)/SBA-15 materials were reported in Table S3. 
Nitrogen adsorption-desorption isotherms were type IV with H1 

hysteresis loops, corresponding to the mesoporous materials with two- 
dimensional hexagonal structures [39]. The mean pore diameter 
(Dmean) was between 2 and 50 nm and is classified by the International 
Union of Pure and Applied Chemistry (IUPAC) as mesoporous. The 
specific surface areas (SBET) were higher than 440 m2 g-1 for all samples 
tested, which was consistent with the type of material [20]. The func
tionalisation of SBA-15 with TiO2 had a more impact on the textural 
characteristic’s parameters due to the greater abundance and size of the 
TiO2 particle than the deposited RuO2 particle. The mesopore volume 
(Vmeso) decreased from 1.05 to 0.84 cm3 g-1 comparing the SBA-15 with 
RuO2(6.4%):TiO2(16.9%)/SBA-15 sample. The results show that some TiO2 
and RuO2 have entered the SBA-15 mesopores [40]. The Dmean was 7.17, 
6.24, and 6.41 for SBA-15, TiO2(18.2%)/SBA-15, and RuO2(6.4%):TiO2 

(16.9%)/SBA-15, respectively. As the specific surface area, pore volume, 
and pore diameter of the composed material decreased compared to 
SBA-15, it can be implied that the TiO2 and RuO2 nanoparticles were 
also located inside the mesopores [20]. 

3.1.3. UV–vis diffuse reflectance spectra 
Fig. 5 depicts the UV-Vis DRS spectra (Fig. 5a), with the bandgap 

determination by Tauc Plot [41] (Fig. 5b.1–3) and the maximum 
wavelength (λmax) capable of triggering electronic excitation in the 
photocatalyst (Fig. 5c) for SBA-15, TiO2(18.2%)/SBA-15, and RuO2(6.4%): 
TiO2(16.9%)/SBA-15. The SBA-15 functionalised with TiO2 shows a high 
absorbance in the UV region (200–400 nm, Fig. 5a) with an optical band 
gap energy (Eg) of 3.13 eV (Fig. 5b.2), similar to commercial TiO2 
(3.2 eV). A blue shift of the semiconductor’s bandgap can be related to 
the known quantum size effect for semiconductors caused by SBA-15 
porous size restriction [42]. The silica-supported TiO2 provides a 
broad absorption band representing (i) the titanium atoms in octahedral 
coordination for absorption between 290 and 330 nm and (ii) the 
presence of hydrated titanium in 232 nm favoured by the hydrophilic 
nature of the silica surface [43]. In addition, the incorporation of RuO2 
onto TiO2/SBA-15 increased the plasmon band absorption [11,22], 
evidenced by strong, broad, and continuous spectrum-wide absorption 
in the UV (280–400 nm), visible (400–780 nm), and NIR 
(780–1000 nm) regions, which improves the overall solar conversion 

Fig. 5. Representation of the (a) UV–vis DRS data, (b) optical band gap energy (Eg) determination (Tauc Plot method) and (c) maximum wavelength (λmax) for 
electrons excitation (estimated from Eg) for (.1) SBA-15 (A), (.2) TiO2(18.2%)/SBA-15 (B), and (.3) RuO2(6.4%):TiO2(16.9%)/SBA-15 (C) materials. 

Fig. 6. XRD patterns for the SBA-15, TiO2(18.2%)/SBA-15, and RuO2(6.4%):TiO2 

(16.9%)/SBA-15 materials. 
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Fig. 7. Representation of the (a) overall XPS survey spectrum and high-resolution XPS spectra centered on the (.1) Si 2p, (.2) C 1 s + Ru 3d, (.3) Ru 3p + Ti 2p, (.4) O 
1 s regions for the (b) fresh RuO2(6.4%):TiO2(16.9%)/SBA-15 photocatalyst and (c) after 10 utilization cycles, along with the respective fitting and deconvolution curves. 
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efficiency. This extended absorption of Vis–NIR photons can promote 
several mechanisms, including: i) direct e–h pair generation, ii) indirect 
e–h pair generation, and iii) photothermal catalysis or thermal catalysis 
(i.e. plasmonic localized heating, non-radiative relaxation of semi
conductors, and thermal vibration in molecules) where photons are 
converted into heat for promoting photo-redox catalysis [44]. Therefore, 
the lower bandgap energy of 2.42 eV (Fig. 5b.3) allows the absorption of 
photons at higher λmax, enhancing the photo-response and photo
catalytic efficiency. 

To further corroborate the modification in the optical band gap en
ergy, the Urbach energy (Eu) was also determined for TiO2(18.2%)/SBA- 
15 and RuO2(6.4%):TiO2(16.9%)/SBA-15 samples (Fig. S2). The width of 
the defect bands caused by atomic structural disorder affects the optical 
transitions between the valence and conduction bands, resulting in 
localised states in the band tails, which is known as the Urbach tail. The 
energy associated with these defect states is referred to as Urbach energy 
(Eu), serving as a valuable parameter to assess the existence of tail-like 
energy levels within the bandgap. Such defects can be generated dur
ing the growth process, creating lattice disorder and stress in the ma
terial [45,46]. When RuO2 was loaded into TiO2/SBA-15, the Eu 
increased from 0.5 to 2.4 eV, indicating the formation of bad gap de
fects. This behaviour also suggests that the RuO2(6.4%):TiO2 

(16.9%)/SBA-15 nanoparticle has a broader tailing and higher atomic 
structural disorder, which reduces the Eg, allowing the transition of 
electrons even under visible light [47]. 

3.1.4. XRD pattern 
The XRD patterns of SBA-15, TiO2(18.2%)/SBA-15, and RuO2(6.4%): 

TiO2(16.9%)/SBA-15 are presented in Fig. 6. The successful formation of 
SBA-15 is confirmed by the presence of a broad region between 20º and 
30◦ in 2θ, which is characteristic of amorphous silica [20,48,49]. Ac
cording to Thahir et al. [48], this amorphous peak approach at 2θ = 23º 
can be attributed to the (100) planar orientation with hexagonal sym
metry (p6mm). In the presence of TiO2, new diffraction peaks appear at 
2θ = 25.4◦, 37.8◦, 48.1◦, 54.5º and 62.8◦ equivalent to (101), (110), 
(200), (210) and (300) lattice planes of the anatase phase of TiO2, 
respectively [20]. Anatase was the only TiO2 phase formed, as the rutile 
diffraction peaks were not observed. For the material loaded with 
Ru-oxide, the characteristic diffraction peaks of the RuO2 were reported 
in 2θ = 28.0◦ and 35.2◦, equivalent to (110) and (101) lattice planes of 
the RuO2, respectively [50]. 

3.1.5. High-resolution XPS spectra 
XPS analysis further confirms the purity of the fresh RuO2(6.4%):TiO2 

(16.9%)/SBA-15 composite, showing the elemental composition of O, Ti, 
Si, and Ru in the survey spectra (Fig. 7a). The Si 2p occupied state 
spectrum (Fig. 7b.1) reveals binding energies of 103.9, 101.9, and 
100.2 eV, which can be ascribed to Si-O, Si-Ox, and Si-O-Ti compounds, 
respectively. In addition, the C1s + Ru 3d combined spectrum 
(Fig. 7b.2) is composed of the C1s reference signal (284.6 eV), along 
with the Ru signals predominantly at 280.4 eV for Ru 3d5/2 orbital, 
indicating the presence of Ru-O in the 2 + oxidation state [51,52]. The 
Ru 3p + Ti 2p composed spectrum (Fig. 7b.3) is represented by the or
bitals 2p3/2 (458.0 eV) and 2p1/2 (463.4 eV) that are referenced to ti
tanium dioxide. Additionally, in this same electron shell, the presence of 
Ru from 468 to 490 eV, assigned to the Ru 3p1/2 and Ru 3p3/2 regions, 
can be associated with the change ligand screening at charge-transfer 
configurations caused by the junction of the Ru and Ti elements [53]. 
The O 1 s spectrum in Fig. 7b.4 illustrates the pristine mesoporous silica 
functionalised with TiO2, showcasing the Si-O-Ti peak at 531.7 eV [54]. 
Additionally, the surface of the catalytic material displays peaks corre
sponding to lattice oxygen at 528.4 eV [55] and 533.8 eV [56]. The 
discussion concerning XPS analysis performed on the photocatalytic 
sample after the 10th cycle of utilization (Fig. 7c) will be explored in 
Section 3.2.6. 

3.2. Photocatalytic activity 

The kinetics of CO2 reduction for all thermo-photocatalytic reactions 
followed a pseudo-first-order kinetic model (coefficient of determina
tion (R2) > 0.90). All the corresponding kinetic parameters and reaction 
efficiency indicators are reported in Table 2. It should also be mentioned 
that the main product of CO2 hydrogenation was CH4, with C2H6 being 
less than 0.2 %. CO or higher hydrocarbons were below the equipment 
detection limit. 

3.2.1. Effect of the photocatalyst composition 
Fig. 8a and Fig. 8b show the photocatalytic activity of the hybrid 

material (150 ºC, [CO2]:[H2] molar ratio of 1:4, RP of 0.45 W) con
taining different doses of (i) TiO2 over the SBA-15 silica support, in the 
absence and the presence of RuO2 (keeping an [Ru]:[TiO2/SBA-15] mass 
ratio of 0.8:10), and (ii) RuO2 over the TiO2/SBA-15 nanocomposite 
(keeping a [TiO2]:[SBA-15] mass ratio of 2:10), respectively. In absence 
of the RuO2, the conversion of CO2 into CH4 was negligible (< 6.5 %) 
regardless of the amount of TiO2 on the SBA-15 support (Table 2, ex
periments #1.1 to #1.3). Such a low performance can potentially be 
explained by two factors [57,58]: (i) as TiO2 is an n-type oxide semi
conductor, prone to oxygen vacancy defects, it acts as an electron donor 
to the lattice elements, and (ii) TiO2 redox potential for conduction band 
electrons (–0.52 V) is not enough to compensate for the single-electron 
reduction potential of CO2 to the carboxyl radical CO2

•− (E0 = –1.9 V vs. 
NHE). Besides, n-type semiconductors are usually applied to promote 
photocatalytic oxidation reactions, instead of the photoreduction ones, 
since interfacial electrons flow out from the semiconductor to attain 
equilibrium, lowering the Fermi level (located slightly below the con
duction band) energy and generating a potential gradient that moves the 
valence band holes toward the semiconductor interface. Conversely, 
p-type semiconductors are commonly employed in photocatalytic 
reduction reactions since the electrons on the conduction band migrate 
up to the semiconductor interface due to a band bending gradient caused 
by the Fermi level (located slightly above the valence band) energy in
crease [57,58]. 

On the other hand, with the incorporation of RuO2 in the SBA-15, 
CO2 reduction efficiency increased up to 22.7 % (Table 2, experiment 
#1.4). Depending on some factors, such as atmosphere redox nature, 
molecular structure and/or thin film morphology, RuO2 can feature a p- 
type electrical conductivity behaviour, despite being an n-type 
conductor at room temperature when stoichiometric, or closer so, con
trary to pure Ru, which is a p-type compensated metal [59,60]. For 
instance, it was found a change in the dominant charge carrier from 
electrons to holes, i.e., from n-type to p-type carriers, on the RuO2 metal 
when [60]: (i) the average film grain size was reduced, owing to a 
fast-deposition-rate procedure at low substrate temperature; (ii) the 
oxygen was progressively lost from RuO2 films to a two-phase mixture of 
RuO2 and Ru, as a result of film strains, non-stoichiometric surfaces, and 
point and/or extended defects; and (iii) the atmosphere was switched 
from oxidising (O2) to a reducing (CO) one at 250 ºC due to the loss of 
interior oxygen, after the depletion of the oxygen at the free and grain 
boundary surfaces. However, even using a material potentially oriented 
to photoreduction reactions, CO2 conversion was still low since it is 
difficult for a single-component photocatalyst to possess both a wide 
light absorption range and a sizable redox ability to attain high CO2 
reduction efficiencies. 

To enhance the electrical proprieties of the photocatalytic material, 
both TiO2 and RuO2 photocatalysts can be combined over the SBA-15 
support. According to Jin et al. [61], Ru/black TiO2 catalysts have 
good responsiveness to synergistic utilization of light and heat during 
the conversion of CO2. Furthermore, modifying an n-type semiconductor 
by loading it with suitable p-type metal oxide nanoparticles can form a 
composite structure working as a Z-scheme system, which is more 
effective in promoting CO2 photocatalytic reduction [58,62]. The 
distinct catalytic structure composed of SBA-15 decorated with RuO2: 

L.O. Paulista et al.                                                                                                                                                                                                                              



AppliedCatalysisB:Environmental340(2024)123232

12

Table 2 
Main operating conditions and methanation reaction performance indicators for each experiment.  

Trial # Photocatalyst Reactional system CO2 reduction CH4 generation ΦAPE (%) ΦAQY (%) 

Composition Mass (mg) Uses T (ºC) [CO2]:[H2] (mol:mol) RP (W) k × 102 

(min− 1) 
R2 r0 

(mM min− 1) 
XCO2 (%) YCH4 (%) SCH4 (%) PCH4 (mmol gcat-1 h-1) PCH4  

(mmol gactive_cat
-1 h-1) 

Effect of the photocatalyst composition (Section 3.2.1, Fig. 8) 
Variation of the TiO2 loading on SBA-15 in the absence of RuO2 

1.1 TiO2(10.0%)/SBA-15 30 1st 150 1:4 0.45 ± 0.01  -  -  -  - - - - - - - 
1.2 TiO2(18.2%)/SBA-15 0.064 ± 0.005 0.974 0.008 ± 0.001 6.4 6.4 100 0.6 3.3 0.6 - 
1.3 TiO2(28.2%)/SBA-15 0.013 ± 0.006 0.907 0.0017 ± 0.0009 1.8 1.8 100 0.2 0.6 0.1 - 
Variation of the TiO2 loading on SBA-15 in the presence of RuO2 [Ru:TiO2/SBA-15 = 0.8:10 (w/w)] 
1.4 RuO2(8.8%)/SBA-15 30 1st 150 1:4 0.45 ± 0.01 0.24 ± 0.02 0.983 0.033 ± 0.002 22.7 22.7 100 2.2 25.2 2.2 - 
1.5 RuO2(4.7%):TiO2(9.3%)/SBA-15 1.4 ± 0.1 0.976 0.19 ± 0.02 85.1 85.0 99.9 7.9 56.2 12.3 - 
1.6 RuO2(6.4%):TiO2(16.9%)/SBA-15 2.1 ± 0.3 0.960 0.28 ± 0.05 98.5 98.3 99.8 9.2 39.7 18.3 19.5 
1.7 RuO2(5.5%):TiO2(26.1%)/SBA-15 1.1 ± 0.1 0.959 0.14 ± 0.02 72.3 72.2 99.8 6.7 21.2 9.5 - 
Variation of the RuO2 loading on TiO2/SBA-15 [TiO2:SBA-15 = 2:10 (w/w)] 
1.8 RuO2(3.0%):TiO2(17.5%)/SBA-15 30 1st 150 1:4 0.45 ± 0.01 1.2 ± 0.1 0.976 0.17 ± 0.02 75.1 75.1 100 7.0 34.2 10.8 - 
1.6 RuO2(6.4%):TiO2(16.9%)/SBA-15 2.1 ± 0.3 0.960 0.28 ± 0.05 98.5 98.3 99.8 9.4 40.3 18.6 19.8 
1.9 RuO2(11.7%):TiO2(16.3%)/SBA- 

15 
2.3 ± 0.3 0.975 0.31 ± 0.04 98.5 98.4 99.9 9.5 33.8 20.4 - 

1.10 RuO2(13.9%):TiO2(15.7%)/SBA- 
15 

2.0 ± 0.3 0.966 0.26 ± 0.04 96.9 96.9 100 8.9 30.1 17.3 - 

1.11 RuO2(16.7%):TiO2(15.2%)/SBA- 
15 

1.9 ± 0.3 0.968 0.26 ± 0.04 92.9 92.9 99.9 8.9 27.8 16.9 - 

Effect of the photocatalyst loading (Section 3.2.2, Fig. 9) 
1.6 RuO2(6.4%):TiO2(16.9%)/SBA-15 30 1st 150 1:4 0.45 ± 0.01 2.1 ± 0.3 0.960 0.28 ± 0.05 98.5 98.3 99.8 9.4 40.4 18.6 19.8 
2.1 20 2.7 ± 0.4 0.975 0.36 ± 0.05 99.4 99.2 99.8 13.9 59.7 23.3 24.8 
2.2 10 1.18 ± 0.08 0.988 0.16 ± 0.01 72.7 72.5 99.7 19.9 85.5 10.2 10.8 
Effect of the illumination source and power (Section 3.2.3, Fig. 10) 
Polychromatic irradiation – simulated sunlight illumination 
3.1 RuO2(6.4%):TiO2(16.9%)/SBA-15 20 1st 150 1:4 0.211 ± 0.004 2.1 ± 0.3 0.969 0.28 ± 0.04 96.8 96.6 99.8 13.6 58.6 39.5 42.1 
3.2 0.339 ± 0.006 2.3 ± 0.3 0.977 0.32 ± 0.04 98.3 98.2 99.9 14.3 61.3 27.1 28.8 
2.1 0.45 ± 0.01 2.7 ± 0.4 0.975 0.36 ± 0.05 99.4 99.2 99.8 13.9 59.7 23.3 24.8 
3.3 1.09 ± 0.03 2.4 ± 0.3 0.970 0.32 ± 0.05 99.2 99.2 100 14.1 60.6 9.6 10.2 

Monochromatic irradiation - microscale illumination using LED at 365nm 
3.4 RuO2(6.4%):TiO2(16.9%)/SBA-15 20 1st 150 1:4 0.053 ± 0.009 0.73 ± 0.03 0.968 0.097 ± 0.005 58.4 58.3 99.8 8.1 34.9 40.4 43.6 
3.5 0.17 ± 0.03 0.98 ± 0.03 0.951 0.131 ± 0.008 68.7 68.7 99.9 9.4 40.4 16.5 17.9 
3.6 0.30 ± 0.05 1.51 ± 0.06 0.966 0.20 ± 0.01 87.3 87.1 99.8 12.2 52.3 14.9 16.1 
3.7 0.55 ± 0.08 2.0 ± 0.5 0.970 0.27 ± 0.07 98.5 98.3 99.8 14.3 61.3 10.9 11.8 
Monochromatic irradiation - microscale illumination using LED at 405 nm 
3.8 RuO2(6.4%):TiO2(16.9%)/SBA-15 20 1st 150 1:4 0.055 ± 0.008 0.9 ± 0.4 0.970 0.13 ± 0.05 65.6 65.4 99.7 9.1 39.3 45.4 48.8 
3.9 0.18 ± 0.02 1.27 ± 0.03 0.981 0.168 ± 0.007 78.6 78.6 100 11.1 47.4 18.7 20.1 
3.10 0.37 ± 0.06 1.56 ± 0.07 0.972 0.21 ± 0.01 88.2 88.0 99.9 12.4 53.2 11.2 12.1 
3.11 0.55 ± 0.07 1.6 ± 0.4 0.982 0.22 ± 0.06 88.8 88.7 99.9 12.5 53.5 7.7 8.3 
Effect of the H2:CO2 molar ratio (Section 3.2.4, Fig.11) 
4.1 RuO2(6.4%):TiO2(16.9%)/SBA-15 20 1st 150 1:2 0.211 ± 0.004 0.7 ± 0.3 0.923 0.10 ± 0.04 51.8 51.7 99.8 7.2 31.1 13.6 14.5 
3.1 1:4 2.1 ± 0.3 0.969 0.28 ± 0.04 96.8 96.6 99.8 13.6 58.6 39.5 42.1 
4.2 1:7 2.4 ± 0.3 0.980 0.32 ± 0.04 95.6 95.4 99.8 13.8 59.3 45.0 48.0 

(continued on next page) 
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Table 2 (continued ) 

Trial # Photocatalyst Reactional system CO2 reduction CH4 generation ΦAPE (%) ΦAQY (%) 

Composition Mass (mg) Uses T (ºC) [CO2]:[H2] (mol:mol) RP (W) k × 102 

(min− 1) 
R2 r0 

(mM min− 1) 
XCO2 (%) YCH4 (%) SCH4 (%) PCH4 (mmol gcat-1 h-1) PCH4  

(mmol gactive_cat
-1 h-1) 

Effect of the reaction temperature (Section 3.2.5, Fig.12) 
Under dark conditions – Thermal catalysis 
5.1 RuO2(6.4%):TiO2(16.9%)/SBA-15 20 1st 50 1:4 - 0.002 ± 0.001 0.941 0.0003 ± 0.0001 0.3 0.3 100 0.0 0.2 - - 
5.2 100 0.34 ± 0.03 0.972 0.046 ± 0.004 31.8 31.8 100 4.5 19.5 - - 
5.3 150 0.96 ± 0.06 0.988 0.128 ± 0.009 65.6 65.4 99.7 9.2 39.4 - - 
5.4 200 2.3 ± 0.4 0.956 0.30 ± 0.05 96.6 96.4 99.8 13.4 57.6 - - 
5.5 250 3.6 ± 0.5 0.978 0.47 ± 0.07 99.7 99.7 100 13.5 57.9 - - 
Under light conditions – Thermo-photocatalysis 
5.6 RuO2(6.4%):TiO2(16.9%)/SBA-15 20 1st 50a 1:4 0.211 ± 0.004 0.008 ± 0.001 0.930 0.0010 ± 0.0001 0.8 0.8 100 0.1 0.5 0.1 0.1 
5.7 100 0.55 ± 0.04 0.985 0.075 ± 0.005 46.3 46.2 99.6 6.5 27.9 10.4 11.1 
3.1 150 2.1 ± 0.3 0.969 0.28 ± 0.04 96.8 96.6 99.8 13.6 58.4 39.4 42.0 
5.8 200 3.1 ± 0.6 0.957 0.41 ± 0.08 98.1 98.1 100 13.8 59.4 57.0 60.7 
5.9 250 3.7 ± 0.3 0.991 0.49 ± 0.05 99.1 99.1 100 14.1 60.7 68.4 72.8 

Effect photocatalyst reuse (Section 3.2.6, Fig. 13) 
Reuse of the photocatalyst without reactivation between cycles 
3.1 RuO2(6.4%):TiO2(16.9%)/SBA-15 20 1st 150 1:4 0.211 ± 0.004 2.1 ± 0.3 0.969 0.28 ± 0.04 96.8 96.6 99.8 13.6 58.5 39.5 42.1 
6.1 2nd 1.8 ± 0.2 0.969 0.24 ± 0.03 93.4 93.3 99.9 12.9 55.3 32.9 35.0 
6.2 3rd 1.4 ± 0.2 0.948 0.18 ± 0.03 83.7 83.5 99.8 12.0 51.5 25.6 27.3 
6.3 4th 1.2 ± 0.2 0.957 0.15 ± 0.02 81.3 81.2 99.9 11.1 47.5 21.4 22.7 
6.4 5th 1.0 ± 0.1 0.951 0.13 ± 0.02 76.5 76.4 99.9 10.4 44.7 18.6 19.8 
6.5 6th 1.0 ± 0.2 0.924 0.14 ± 0.03 79.7 79.6 99.9 11.4 49.0 19.6 20.9 
6.6 7th 0.9 ± 0.1 0.969 0.12 ± 0.01 67.4 67.3 99.9 9.5 40.7 17.3 18.4 
6.7 8th 0.9 ± 0.1 0.970 0.13 ± 0.01 68.6 68.6 99.9 9.8 42.0 17.7 18.8 
6.8 9th 0.86 ± 0.07 0.981 0.12 ± 0.01 62.1 62.0 99.9 9.0 38.5 16.3 17.4 
6.9 10th 0.82 ± 0.07 0.976 0.11 ± 0.01 61.0 60.9 99.9 8.7 37.5 15.5 16.5 
Effect of the water presence 
6.10 RuO2(6.4%):TiO2(16.9%)/SBA-15 20 1st 150 1:4þH2Ob 0.211 ± 0.004 0.42 ± 0.07 0.911 0.06 ± 0.01 39.7 39.6 99.7 5.5 23.7 7.8 8.3 
Reuse of the photocatalyst with reactivation between cyclesc 

6.11 RuO2(6.4%):TiO2(16.9%)/SBA-15 20 1st 150 1:4 0.211 ± 0.004 2.1 ± 0.3 0.969 0.28 ± 0.04 96.8 96.6 99.8 13.4 57.3 38.5 41.0 
6.12 2nd 2.0 ± 0.3 0.973 0.27 ± 0.04 93.6 93.4 99.8 13.2 56.8 38.0 40.5 
6.13 3rd 1.9 ± 0.2 0.956 0.25 ± 0.03 92.7 92.6 99.9 13.0 56.0 28.2 37.9  

a Experiment equated to a methanation reaction via photocatalysis (without external heating) since the temperature of 50 ºC is the lowest feasible, as it coincides with the minimum temperature value that can be 
achieved inside the Suntest’s chamber. 

b Addition of 14.5 µL of ultrapure water. 
c Reutilization of the photocatalyst applying nitrogen flux at high temperature between the experiments to remove the steam water generated from the methanation reaction. 

L.O
. Paulista et al.                                                                                                                                                                                                                              



Applied Catalysis B: Environmental 340 (2024) 123232

14

TiO2 proved to be a viable alternative for the thermo-photoreduction of 
CO2, reaching conversions between 72.3 % and 98.5 %, with almost 100 
% selectivity for CH4 (Table 2, experiments #1.5 to #1.7). 

From Fig. 8a, it was possible to verify that increasing the TiO2 load 
from 9.3 % to 16.9 % (corresponding to [TiO2]:[SBA-15] mass ratios of 
1:10 and 2:10, respectively) in the RuO2(4.7–6.4%):TiO2/SBA-15 nano
composite (Table 2, experiments #1.5 and 1.6), while maintaining the 
[Ru]:[TiO2/SBA-15] mass ratio at 0.8:10, led to a significant improve
ment on the CO2 thermo-photoconversion (Fig. 8a.1), doubling the CH4 
yield right after 30-min reaction (Fig. 8a.2) and the pseudo-first-order 
kinetic constant for CO2 reduction (Fig. 8a.4). As expected, the metha
nation reaction performance was boosted as the number of active cen
tres on the structured material expanded. Moreover, the good molecular 
dispersion of Ti and Ru oxides in SBA-15 mesoporous silica prevented 

particle agglomeration. It thereby reduced the internal electron-holes 
recombination and the shading effect, which hinders the light absorp
tion by the semiconductor [37,42]. However, the over-loading of TiO2 
nanoparticles, achieved for a mass percentage of 26.1 % (Table 2, 
experiment #1.7), may have started the formation of clusters, which 
resulted in the physical blockage of the SBA-15 mesopores, thus 
compromising CO2 conversion (roughly 25 %) due to mass and photon 
transfer limitations [14,42,63]. Therefore, a [TiO2]:[SBA-15] mass ratio 
of 2:10, the equivalent of 16.9 % TiO2, was chosen for the trials 
regarding the RuO2 content optimization. Similar results were noticed 
by Chen et al. [14], where higher CO2 photoreduction efficiencies were 
obtained using ca. 20 % TiO2 in SBA-15 loaded with CdS. 

CO2 reduction and CH4 production kinetics showed similar profiles 
for RuO2 concentrations higher than 6.4 %, the equivalent to a [Ru]: 

Fig. 8. Temporal profile of the solar-driven thermo-photocatalytic conversion of (.1) CO2 into (.2) CH4, along with the (.3) pseudo-first-order kinetic constants for 
CO2 reduction and (.4) CH4 production yields, using different RuO2(x%):TiO2(y%)/SBA-15 catalyst compositions (where x and y are the amounts of RuO2 and TiO2, 
respectively, expressed in wt%): (a) variation of the (y%) TiO2 load on the SBA-15 support in the absence (open symbols) and the presence (solid symbols) of (x%) 
RuO2, maintaining the [Ru]:[TiO2/SBA-15] mass ratio at 0.8:10 (with x%:y% equal to 0:10 ( ), 0:18 ( ), 0:28 ( ), 9:0 ( ), 5:9 ( ), 
6:17 ( ), and 6:26 ( )); and (b) variation of the (x%) RuO2 load on the TiO2(y%)/SBA-15 nanocomposite, keeping the [TiO2]:[SBA-15] mass ratio at 2:10 
(with x%:y% equal to 3:18 ( ), 6:17 ( ); 12:16 ( ), 14:16 ( ), and 17:15 ( )). Operating conditions: V = 40 mL; PCO2 = 0.32 bar; PH2 = 1.28; 30 mg 
of photocatalyst; T = 150 ºC; and RP = 0.45 W. 
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[TiO2/SBA-15] mass ratio of 0.8:10, as displayed in Fig. 8b. Two 
opposite effects can be observed: (i) enriching the photocatalytic ma
terial with RuO2 increases the number of photoactive sites, boosting the 
methanation efficiency [11,64]; (ii) loading the photocatalytic material 
with RuO2 in excess can shorten the distance between the nanoparticles 
and act as an electron-hole recombination centre. Additionally, RuO2 in 
excess occupies the catalytically active sites, thus reducing the specific 
catalytic surface area, which declines the CH4 production yield [65]. In 
this sense, the occurrence of both effects was experimentally checked 
when the RuO2 percentage was raised: (i) from 3.0 % to 6.4/11.7 % 
(Table 2, experiments #1.8 to #1.6/#1.9, respectively), improving the 
CO2 conversion efficiency after 110 min from 75.1 % to 98.5 % 
(Fig. 8b.1–2, 4) and the kinetic constants for CO2 reduction from (1.2 
± 0.1) × 10-2 to (2.1 ± 0.03) × 10-2/(2.3 ± 0.3)× 10-2 min-1 (Fig. 8b.3); 
and (ii) from 6.4/11.7–16.7 % (Table 2, experiments #1.6/#1.9 to 
#1.11, respectively), resulting in a slight drop in the CO2 conversion up 
to 92.9 % (Fig. 8b.1–2, 4) and the kinetic constant decreased to (1.9 
± 0.3)× 10-2 min-1 (Fig. 8b.3). 

Given all the obtained results, the RuO2(6.4%):TiO2(16.9%)/SBA-15 
nanocomposite (Table 2, experiment #1.6) was selected as the optimal 
photocatalytic material to be used in the subsequent methanation ex
periments, considering the best compromise between the highest CO2 
conversion at the lowest RuO2 content. Due to the high selectivity as 
regards CH4 product, the CO2 concentration history will not be dis
played for the remaining trials to avoid redundancies. 

3.2.2. Effect of the photocatalyst dose 
Fig. 9 illustrates the influence of RuO2(6.4%):TiO2(16.9%)/SBA-15 

photocatalyst mass on the specific (Fig. 9a) and the overall (Fig. 9a: 
inset) CH4 production (150 ºC, [CO2]:[H2] molar ratio of 1:4, RP at 
0.45 W) expressed in mmol gcat

-1 and mmol L-1, respectively. Although 
lowering the photocatalyst dose from 30 to 20 mg (Table 2, experiments 
#1.6 and #2.1) implied a similar overall CH4 concentration of around 
13 mmol L-1 after 110 min, the specific production was increased by 48 
%, from 17.2 to 25.5 mmol of CH4 per gram of catalyst. This behaviour 
suggests that, within the limits of the experimental system set-up, the 
overall CO2 thermo-photoconversion is virtually unaffected (98.3–99.2 
%) by using catalyst masses higher than 20 mg since this amount is 
enough to absorb the photons reaching inside the reactor. In fact, using 

30 mg of photocatalyst led to a slight decrease (20 %− 22 %) in the 
values of the photonic efficiencies (Fig. 9c) and kinetic constants for CO2 
reduction (Fig. 9b), indicating photon-transfer limitations potentially by 
particles overloading. Conversely, the inverse effect occurred by 
lowering the catalyst mass from 20 to 10 mg (Table 2, experiments #2.1 
and #2.2), with the overall CH4 production (Fig. 9a: inset) and the CO2 
kinetic constants (Fig. 9b) being reduced by 56 % and 27 %, respec
tively. Moreover, the specific CH4 production (Fig. 9a) was increased to 
around 36 mmol gcat

-1 after 110 min, while photonic efficiency was 
compromised by 56 % (Fig. 9c). In this case, the decrease in the pho
tocatalyst amount implied a lower electron-hole pairs generation by the 
lack of photoactive sites, thus impairing reaction efficiency. Therefore, 
20 mg of RuO2(6.4%):TiO2(16.9%)/SBA-15 was selected for the following 
methanation tests as it led to a higher molar conversion efficiency. 

The main disadvantage of using semiconductors loaded with metal 
or non-metal nanoparticles is the occurrence of electron-hole pairs 
recombination centres [66]. Nonetheless, employing a mesostructured 
silica material, such as SBA-15, as a support of this kind of photocatalyst 
can result in spatial charge separation and, consequently, a photo
catalytic conversion differential [37,42,63], as represented in this work 
with a CO2 photoconversion of 99.4 % after 110 min (Table 2, experi
ment #2.1). To the best of our knowledge, available bibliographic data 
so far regarding catalytic activities (see Table S4) have indicated that 
this novel RuO2(6.4%):TiO2(16.9%)/SBA-15 photocatalyst is among the 
most efficient metal-based materials for photo-assisted CO2 methanation 
at low temperatures, achieving an average specific CH4 production rate 
of 13.9 mmol gcat

-1 h-1 at 150 ◦C (Table 2, experiment #2.1). It should 
also be noted that using SBA-15 in the nanostructured material 
composition requires fewer photoactive catalyst phases, i.e., TiO2 and 
RuO2. Such an aspect is highly relevant because ruthenium is an 
expensive noble metal, and minimising its content is essential for a 
cost-effective process. So, if we consider that only 23.3 % of the catalytic 
material composed of TiO2 and RuO2 (Table S1) is actually photoactive, 
the specific CH4 production rate increases about 4-fold, resulting in 
59.7 mmolCH4 gactive_cat

-1 h-1 or 286.1 mmolCH4 gRu
-1 h-1, using simulated 

solar irradiation with an RP of 0.45 W. Comparing this productivity 
value, which accounts only for the active photocatalyst, with the liter
ature reports on unsupported Ru-based catalysts (Table S4) under 
similar irradiation (Xe Lamp/Vis-NIR light) and temperatures (140/150 

Fig. 9. Representation of the (a) solar-driven 
thermo-photocatalytic production of CH4 over 
time, expressed in mmol per gram of photo
catalyst and mmol per litre (inset), along with 
the (b) pseudo-first-order kinetic constants for 
CO2 reduction and (c) apparent photonic effi
ciency (solid line bars) and apparent quantum 
yield (dash line bars), using different amounts 
of the RuO2(6.4%):TiO2(16.9%)/SBA-15 photo
catalyst: 10 mg ( ); 20 mg ( ); and 
30 mg ( ). Operating conditions: V 
= 40 mL; PCO2 = 0.32 bar; PH2 = 1.28; T = 150 
ºC; and RP = 0.45 W.   
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ºC), an 2.9- and 4.1-fold improvement can be observed. Such a perfor
mance, even at low temperatures, can be attributed to the increased 
surface area provide by the SBA-15 support (Table S3), which enhanced 
light harvesting and mass transfer efficiency [29]. 

3.2.3. Effect of the illumination source and power 
Upon irradiation, an electron-changeover from the valence to the 

conduction band of the photocatalyst occurs, being the electrons further 
used in the CO2 reduction reaction. Notwithstanding, the effect of 
distinct illumination sources on CO2 photoconversion is poorly under
stood. Despite Sun being the most sustainable irradiation source and, as 
such, the most pursued worldwide to assist photocatalytic processes, the 
polychromatic solar light is limited to the time of the day, the season of 
the year, and the geographic location. Therefore, its use must indeed be 
prioritised, but complementary lighting sources must be studied. In this 
sense, the miniaturised monochromatic illumination sources can be an 
attractive alternative for a more “customised” irradiation profile, 
resulting in a more efficient catalytic surface illumination [67]. 
Accordingly, the thermo-photocatalytic CO2 methanation (20 mg of 
RuO2(6.4%):TiO2(16.9%)/SBA-15, 150 ºC, [CO2]:[H2] molar ratio of 1:4) 

was evaluated under two different illumination sources (Fig. 10): (i) 
polychromatic, through a sunlight simulator, emitting radiation be
tween 280 and 800 nm (Table 2, experiments #2.1 and #3.1 to #3.3); 
and (ii) monochromatic, through a UV LED at 365 nm (Table 2, exper
iments #3.4 to #3.7) and a Visible LED at 405 nm (Table 2, experiments 
#3.8 to #3.11). The effect of different radiant power (RP) values 
reaching inside the photoreactor was also assessed for all lighting de
vices. Overall, the photocatalytic activity of the RuO2(6.4%):TiO2 

(16.9%)/SBA-15 nanocomposite towards CO2 reduction rate is ranked in 
the descending order, in terms of the illumination source, as follows: 
sunlight (initial CO2 reaction rate of 0.28–0.36 mM min-1, for RP from 
0.211 to 1.09 W) > 405 nm LED (0.13–0.22 mM min-1, for RP from 
0.055 to 0.55 W) > 365 nm LED (0.097–0.27 mM min-1, for RP from 
0.053 to 0.55 W). 

Regarding simulated solar irradiation, there was only a slight 
decrease in the time-based kinetic constant for CO2 reduction (Fig. 10a: 
inset), with the decline of the RP from 1.09/0.45–0.21 W (maximum 
and minimum irradiation limits allowed by the Suntest®). Also, there 
was virtually no difference in the CH4 production yield, being converted 
more than 96 % of CO2 after 110 min (Table 2, experiments #2.1 and 

Fig. 10. Representation of the (a) thermo-photocatalytic production of CH4 over time, along with the time-based pseudo-first-order kinetic constants for CO2 
reduction (inset), and (b) apparent photonic efficiency (area), together with the energy-based pseudo-first-order kinetic constants for CO2 reduction (bars), using 
different illumination sources and radiant power: (a.1) polychromatic simulated sunlight ( ), with RPs of 0.211 ( ), 0.339 ( ), 0.45 ( ), and 

1.09 ( ) W; (a.2) monochromatic UV-LED at 365 nm ( ), with RPs of 0.053 ( ), 0.17 ( ), 0.30 ( ), and 0.55 ( ) W; and (a.3) 

monochromatic Vis-LED at 405 nm ( ), with RPs of 0.055 ( ), 0.18 ( ), 0.37 ( ), and 0.55 ( ) W. Operating conditions: V = 40 mL; 
PCO2 = 0.32 bar; PH2 = 1.28; 20 mg of RuO2(6.4%):TiO2(16.9%)/SBA-15 photocatalyst; and T = 150 ºC. 
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#3.1 to #3.3), regardless of the photon flux reaching the photocatalyst 
surface. Conversely, the lower the RP, the higher the energy-based ki
netic constant for CO2 reduction and the higher the apparent photonic 
efficiency (Fig. 10b), suggesting that as the power increased, photons in 
excess were being generated and were not being used to excite the 
photocatalyst’s electrons. Moreover, since the reaction rate was practi
cally unchanged when the solar radiation intensity decreased 
(Fig. 10a.1), the apparent quantum yield increased from 10.2 % to 42.1 
%, which is higher than those commonly found in the literature (ranging 
between 0.25 % and 12.4 %) [68,69]. Therefore, the optimal 
thermo-photocatalytic performance of the RuO2(6.4%):TiO2 

(16.9%)/SBA-15 material was obtained for an RP of 0.21 W (the equiva
lent to an irradiance of 167 W m-2, considering that the reactor window 
diameter is 40 mm), the lowest value allowed by the sunlight simulator, 
achieving the highest photonic efficiency of 39.5 % (Fig. 10b, Table 2, 
experiment #3.1). This high value may have resulted from thermal 
enhancement over the plasmonic structures due to the synergistic effect 
between the combined plasmon-induced hot carrier generation, hot 
electron transfer, and thermalization processes resulting from the met
al/semiconductor heterojunction. Besides that, non-plasmonic struc
tures can also demonstrate a photo-thermal effect via direct interband 
and intraband electronic transitions analogously to the plasmonic 
components [70]. Moreover, incorporating the active photocatalyst into 
the SBA-15 support increases the surface area, improving light har
vesting, surface sites, and mass transfer [29]. Thus, such an outcome 
may be explained by the combination of the thermo-photocatalytic 
process and the exceptional absorption capability of the photocatalytic 
material across all the UV-Vis-IR regions (see Fig. 5). In these conditions 
(Table 2, experiment #3.1), a 96.8 % CO2 conversion and average 
specific CH4 production rates of 13.6 mmol gcat

-1 h-1 and 
58.6 mmol gactive_cat

-1 h-1 (280.7 mmolCH4 gRu
-1 h-1) were reached, which is 

among some of the highest values found in the literature (Table S4). For 
instance, Mateo et al. [11] have presented a recent study regarding the 
CO2 hydrogenation under batch mode operation, where the methane 
production yield was 14.6 mmolCH4 gcat

-1 h-1 (90 % of CO2 conversion) 
using SrTiO2:RuO2 photocatalyst also at 150 ºC under UV-Vis irradiation 
with a power of 1080 W m-2. This output is 75 % lower equivalent to 
1.02 W compared to the current study, considering the mass of the 
active RuO2:TiO2 photocatalyst (i.e., 4.7 mg) despite using an irradiance 
about 6.5-fold higher. 

According to the DRS spectra, the RuO2(6.4%):TiO2(16.9%)/SBA-15 
photocatalyst presents a high absorbance through whole the UV-Vis 
region (Fig. 5), which resulted in an apparent fraction of light absor
bed by the photocatalyst of 93.7 % (average), 93.1 % and 92.6 % 
(estimated by Eqs. (19) and (20)), considering the wavelength interval 
between 280 and 800 nm (associated with the simulated sunlight), and 
the wavelengths of 405 nm and 365 nm (associated to the Visible and 
UV LEDs), respectively. The remarkable visible-light photo-responsive
ness of this material can be attributed to the decline of the optical 
bandgap energy. That is, during the process of loading the TiO2 semi
conductor with the RuO2 metal oxide, impurity levels are generated 
between the valence and conduction bands, which creates new energy 
levels, thus reducing the optical bandgap energy [71]. Therefore, there 
are slight differences between apparent photonic efficiency and 
apparent quantum yield, even using solar light sources. Moreover, 
higher photon fluxes can boost the selectivity of multi-electron photo
reactions to produce methane, ethane, and other solar fuels [72]. Even 
though the kinetic constant as a function of time rises with radiation 
intensity for all illumination sources, the amplitude was smaller for solar 
irradiation (Fig. 10a inside) because the RP working range permitted by 
the LEDs power source (0.05 W < RP < 0.55 W) was lower than for the 
Suntest® system (0.21 W < RP < 1.09 W). However, if we consider an 
RP value common to all illumination sources within the coincidental RP 
range (0.21 W < RP < 0.55 W), for instance, 0.4 W, the kinetic constant 
obtained under polychromatic irradiation was 54 % higher than those 
obtained for monochromatic irradiation. The better performance is 

because polychromatic illumination can provide a higher number of 
photons at different wavelengths that can excite more reactive electrons 
at the different RuO2-loaded TiO2 energy levels, resulting in higher re
action rates. Accordingly, this material features outstanding light ab
sorption across the solar spectrum, leading to improved spatial charge 
separation, directing the photogenerated electron-hole pairs to different 
facets [73,74]. 

For both monochromatic illumination sources, similar CH4 produc
tion profiles were mostly attained, in agreement with DRS spectra 
(Fig. 5), being both gradually improved with the irradiance increasing 
(Fig. 10a.2–3 and Table 2, experiments #3.4 to #3.11), as above
mentioned, despite the photons at 365 nm being more energetic than at 
405 nm [75]. According to Fujishima et al. [57], even when the photon 
is completely absorbed, the excess photon energy cannot be used 
because vibrational relaxation occurs in the upper excited state before 
the charge transfer occurs. Furthermore, either visible LED or UV LED 
could keep the CO2 conversion at 110 min for upper irradiance values, 
attesting to the high photoactivity of this structured material under a 
wide wavelength range. Conversely, when considering the energy 
accumulated in the photocatalytic system, the kinetic constant for CO2 
reduction decreases as the RP increases, more sharply up to about 0.2 W 
(Fig. 10b, bars), in the same way as the apparent photonic efficiency 
(Fig. 10b, area), suggesting an excess of photons within the reactor. 

It should also be noted that the structured catalytic combination of 
TiO2 and RuO2 with mesoporous SBA-15 presents a large specific surface 
area (as shown in Table S3), increasing light scattering and enabling the 
mass and photon transport inside the photocatalytic layer. These results 
further support the idea of designing chemically productive structured 
photocatalysts featuring a high capacity to collect solar photons, so 
solar-driven chemical reactions between photons and the catalyst can be 
stimulated at the microscopic level [73,74]. Considering all the above, it 
can be concluded that a polychromatic illumination source, like sun
light, is the most efficient regarding the nanostructured photocatalytic 
material here tested; however, the alternative microscale illumination 
by 365/405 nm LEDs is also suitable for its activation. Therefore, the 
polychromatic sunlight at 0.21 W, featuring the higher photonic effi
ciency, was selected to pursue the remaining trials. 

3.2.4. Effect of the [H2]:[CO2] molar ratio 
Besides the photocatalyst composition, the feeding composition can 

also affect the selectivity of the CO2 hydrogenation reaction. Therefore, 
different CO2 to H2 molar ratios were tested (20 mg of RuO2(6.4%):TiO2 

(16.9%)/SBA-15, 150 ºC, RP at 0.21 W), keeping the same CO2 mole’s 
number, to evaluate the reaction selectivity towards other products 
rather than CH4 (Fig. 11). As expected, decreasing H2 content by 
changing the [CO2]:[H2] molar ratio from the stoichiometric one, i.e., 
1:4, to 1:2 (Table 2, experiments #3.1 and #4.1, respectively), reduced 
the CO2 conversion by about 45 %. However, the formation of CO was 
not favoured, and the selectivity of the CO2 hydrogenation reaction 
remained mainly towards CH4 (99.8 %), being its average specific pro
duction lowered by half, with less than 0.2 % towards ethane. In the 
same way, when the H2 concentration was increased by modifying the 
[CO2]:[H2] molar ratio from 1:4–1:7 (Table 2, experiments #3.1 and 
#4.2, respectively), the Sabatier reaction was the preferential route for 
the CO2 thermo-photocatalytic conversion, with no improvement on the 
selectivity towards ethane generation. Also, practically the same CO2 
conversation (96 %) was attained after 110 min; still, the kinetic con
stant was slightly higher (about 14 %), and the CH4 and C2H6 production 
was marginally higher (Fig. 11a, b) due to the expanded pressure in the 
photoreactor as well as the availability of the reducing agent. Since the 
carbon atom is in its higher oxidation state, CO2 photocatalytic reduc
tion can result in a multitude of products by the action of different 
numbers of electrons, which is usually reflected in low selectivity for the 
target compounds, adding to the challenge of separating multiple 
products [76]. Conversely, in this study, the selectivity of the CO2 
photocatalytic reduction towards CH4 and C2H6 was maintained around 
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99.8 % and 0.2 % (Fig. 11c), respectively, regardless of the CO2:H2 ratio, 
using the novel RuO2(6.4%):TiO2(16.9%)/SBA-15 nanostructured photo
catalyst. Therefore, to obtain the highest CH4 production using the 
lowest amount of the reducing agent, the subsequent experiments were 
carried out under the stoichiometric CO2:H2 molar ratio. 

3.2.5. Effect of the reaction temperature 
The Sabatier reaction, also known as CO2 methanation (Eq. (22)), 

plays a significant role in relieving CO2 emissions; however, to achieve 
high reaction yields and rates, it commonly occurs in the presence of a 
catalyst at temperatures above 300 ◦C [4]. The external heating re
quirements can be lowered by introducing solar energy in thermal 
catalysis. Fig. 12a provides a comparison among the specific CH4 pro
duction profiles for a temperature interval between 50 and 250 ºC, using 
the RuO2(6.4%):TiO2(16.9%)/SBA-15 nanocomposite (20 mg catalyst, 
[CO2]:[H2] molar ratio of 1:4, and RP of 0.211 W when required), under 
dark (Table 2, experiments #5.1 to #5.5) and light (Table 2, experi
ments #3.1 and #5.6 to #5.9) conditions. The RuO2:TiO2-functionalized 
SBA-15 material demonstrated the ability to act concurrently as both 
photocatalyst and thermocatalyst. Exposure to simulated sunlight low
ered the external heating demand while keeping comparable CO2 con
version levels to those achieved at higher temperatures under dark 

conditions. This improved thermo-photocatalytic performance can be 
ascribed to the synergistic effect between photocatalysis and thermal 
catalysis. In this scenario, the photo-excitation drives the reaction 
through an alternative transition state of low-energy, while thermal 
excitation acts on a new rate-determining step of dark type in the same 
overall sequence [77]. 

CO2 + 4H2 ⇌ CH4 + 2 H2O, ΔH25 ºC = -165.1 kJ mol− 1 (22) 

As expected, according to the Arrhenius law, the reaction rate 
increased as the temperature raised (Fig. 12), indicating that tempera
ture favours methanation reaction kinetics, ultimately reaching CO2 
reduction efficiencies higher than 96 %. Due to the slow reaction ki
netics of the methanation reaction [4], there was no significant CO2 
conversion (< 1 %) at temperatures around 50 ºC. Nevertheless, the 
initial reaction rate for CO2 reduction was 233 % higher under simulated 
sunlight (experiment #5.6) than under dark conditions (experiment 
#5.1), indicating that thermal catalysis had negligible influence at this 
temperature, and the catalytic activity primarily relied on the photons’ 
energy. It is worth noting that, the temperature of 50 ºC was the lowest 
feasible value since it coincides to the minimum temperature value that 
can be attained inside the Suntest’s chamber. In this sense, this trial 
performed at 50 ºC under simulated sunlight can be considered as a 

Fig. 11. Temporal profile of the solar-driven thermo-photocatalytic production of (a) CH4 (in mmol gcat
-1 ) and (b) ethane (in µmol gcat

-1 ), along with the respective (c) 
product selectivity, using different [CO2]:[H2] molar ratios: 1:2 ( ); 1:4 ( ); and 1:7 ( ). Operating conditions: V = 40 mL; PCO2 = 0.32 bar; PH2 = 0.64/ 
1.28/2.24 bar; 20 mg of RuO2(6.4%):TiO2(16.9%)/SBA-15 photocatalyst; T = 150 ºC; and RP = 0.211 W. 
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methanation reaction via photocatalysis (without external heating). So, 
a pure photocatalysis process, at 50 ºC and an RP of 0.21 W, resulted in a 
low pseudo-first order kinetic constant of (8 ± 1) × 10-5 mM min-1, and 
a low catalyst surface heating up to 73 ºC after 110 min (measured by a 
digital infrared thermometer), indicating the existence of a limited 
light-to-heat conversion. However, this photothermal effect proved 
insufficient to activate the catalyst towards a substantial CH4 produc
tion. In fact, by fitting the Arrhenius equation to the dark thermal 
catalysis, a temperature of 73 ºC would lead to a reaction rate about 
19-fold higher, which was not observed, further corroborating the main 
role of photo-mediated reactions. The low local heating of the photo
catalyst surface can be attributed to the lack of infrared radiation, as the 
sunlight simulator configuration allows radiation to pass only between 
280 and 800 nm. While UV-Vis radiation is responsible for generating 
charge carriers and driving photochemical reactions, the energy within 
the infrared spectrum, which lies beyond 780 nm, is primarily respon
sible for the photothermal effect, where light is converted into heat [78]. 

Overall, the solar-driven thermo-photocatalysis boosted the kinetic 
constant for CO2 reduction concerning thermal catalysis (Fig. 12b), 
being more evident for the temperatures of 100, 150, and 200 ºC, with 
increments of 62 %, 119 %, and 35 %, respectively. Considering the CO2 
conversion efficiency after 110 min, the effect of the solar light is more 
evident for temperatures of 100 and 150 ºC, with increments of 15 % and 
31 %, respectively. The catalysts’ internal excitation process may have 
been crucial to the reaction. In this case, photogenerated charge carriers 
can achieve CO2 hydrogenation via sunlight-assisted thermo-photo
catalysis using TiO2 and RuO2. Owing to the well-contacted interface 
between the RuO2 and TiO2 nanoparticles and the low Fermi level of 
RuO2, the photogenerated electrons can lead to the development of an 
electron-rich RuO2 surface [61,64]. In turn, such a surface can produce 
more negative hydride, which improves the nucleophilic attack of the 
hydride toward the carbon core of the CO2 molecule [61]. As the 

temperature increased, the reaction rate became more dependent on the 
temperature than irradiation. At 250ºC, the introduction of simulated 
sunlight had no discernible impact on the reaction kinetics, indicating 
that thermal catalysis dominated the reaction kinetics. Merely for tem
peratures between 200 and 250 ºC, final CO2 conversions higher than 98 
% were achieved for thermal catalysis, even with slower kinetics than 
thermo-photocatalysis. 

In the temperature range between 100 and 200 ºC, where both 
thermal and photo contributions are present, the initial CO2 reduction 
rate raised from 0.046 ± 0.004–0.30 ± 0.05 mM min-1 for thermal 
catalysis (TC, heating without light) and from 0.075 ± 0.005–0.41 
± 0.08 mM min-1 for thermo-photocatalysis (TPC, heating with light) 
processes (Table 2, experiments #5.2 - #5.4, and #5.7, #3.1, and #5.8). 
In the absence of external heating (reaction at 50 ºC, which is the tem
perature achieved inside the Suntest’s chamber), the photocatalysis (PC) 
process resulted in an initial CO2 hydrogenation rate of (1.0 ± 0.1) × 10- 

3 mM min-1. These methanation performances are translated in an in
crease in the synergy (rTPC/(rPC + rTC) – 1, %) between thermo- and 
photo-catalysis from 58 % to 117 % as the temperature was increased 
from 100 to 150 ºC, followed by a subsequent decrease up to 34 % with a 
further rise to 250 ºC (Fig. 12c). Hence, the highest thermo- 
photocatalytic synergy was attained at 150 ºC (Table 2, experiment 
#3.1), along with a CO2 conversion of 96.8 % and an average specific 
CH4 production of 13.6 mmol gcat

-1 h-1 and 58.4 mmol gactive cat
-1 h-1 (with 

99.8 % of selectivity for CH4). As far as our knowledge extends, there are 
only a limited number of reports in the literature that demonstrate such 
high CO2 photoconversion efficiencies at such low temperatures, as 
evidenced by the bibliographic compilation presented in Table S4. In 
fact, the higher specific CH4 production rates per gram of active catalyst 
or loaded metal are typically reported for higher temperatures. These 
results further support the idea that thermo-photocatalysis mediated by 
renewable solar light can effectively promote CO2 methanation at low 

Fig. 12. (a) Temporal profile of specific CH4 production and (b) pseudo-first-order kinetic constants for CO2 reduction (symbols), along with Arrhenius equation 
fitting curves (lines) and respective apparent activation energy (Ea) values, for thermal catalysis (open symbols) and solar-driven thermo-photocatalysis (solid 
symbols) at different temperatures: 50 ºC ( , ); 100 ºC ( , ); 150 ºC ( , ); 200 ºC ( , ); and 250 ºC ( , 

). (c) Synergy of the thermo-photocatalytic methanation process for each temperature. Operating conditions: V = 40 mL; PCO2 = 0.32 bar; PH2 = 1.28; 20 mg 
of RuO2(6.4%):TiO2(16.9%)/SBA-15 photocatalyst; and RP = 0.211 W – for thermo-photocatalysis reactions. 
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temperatures, especially in the presence of highly active RuO2-loaded 
photocatalysts. 

Fig. 12b also shows the apparent activation energy (Ea) estimated 
through non-linear fitting of the Arrhenius Equation (Eq. (21)) to the 
experimental kinetic constants for CO2 reduction at different tempera
tures under dark and light conditions. Following an Arrhenius de
pendency, the CO2 reduction rate rises exponentially as the temperature 
increases up to 200 ºC/250ºC for thermo-photo/thermo-catalysis. This 
study found an Ea value of 29 ± 2 kJ mol-1 for the thermocatalytic CO2 
methanation reaction over temperature interval of 50–200 ºC. Several 
reports have shown that the Ea is related to nanoparticles’ size and 
dispersion of the hydrogen adsorption enthalpy [79–81]. In a study 
concerning CO2 methanation reaction over a catalyst composed of Ru 
nanoparticles deposited onto γ-Al2O3, the Ea increased linearly from 42 
to 117 kJ mol-1 as the Ru particle size enlarged from 16 to 20 nm [81]. 
Considering that TEM analysis (Fig. 4) revealed that the size of the RuO2 
nanoparticles on the TiO2/SBA-15 ranged from 5.9 to 8.6 nm, the lower 
Ea value obtained in the current study may be related to the smaller 
particle size. 

Furthermore, the comparison between thermocatalytic and thermo- 
photocatalytic methanation within the same temperature range 
(50–200 ºC) showed an Ea for the light-assisted process of 21 ± 5 kJ mol- 

1 (Fig. 12b), which was 28 % lower than the Ea estimated from in-dark 
reactions. This declining trend in the apparent activation energy sug
gests that the addition of light to the thermo-catalytic process effectively 
lowered the energy barrier that must be overcome for the methanation 
reaction to occur. As a result, the reaction can proceed at a faster rate 
and with less energy input when both thermo- and photo-catalysis are 
combined, demonstrating the synergistic effect between these two cat
alytic mechanisms. Notwithstanding, the observed reduction in the Ea 
value under sunlight compared to dark conditions, along with the linear 
relation between methanation rate and radiant power (up to 0.75 W), 
indicates that the reaction mechanism is primarily driven by photon- 
induced hot charge carriers [70]. The photons play a crucial role in 
enhancing the methanation kinetics, as evidenced by the lower reaction 
rates obtained for low RP values (~0.05 W) via thermo-photocatalysis at 
150 ºC (Table 2, experiment #3.4 and #3.8) compared to the thermal 
catalysis at the same temperature (Table 2, experiment #5.3). Never
theless, it is essential to note that raising the temperature up to 150 ºC is 
also crucial to achieving high reaction yields. In this context, the novel 
RuO2(6.4%):TiO2(16.9%)/SBA-15 composite not only featured thermal- 
and photo-catalytic activities but also demonstrates better catalytic ac
tivity than the sum of both individual activities. 

In summary, the maximum temperature-irradiation synergistic effect 

Fig. 13. Photocatalyst reusability: (a) evolution of the solar-driven thermo-photocatalytic CO2 reduction performance along 10 sequential utilization cycles; and (b) 
temporal profile of specific CH4 production along 3 consecutive utilization cycles with moist gas removal (*), by a heated N2 stream, between them. Operating 
conditions: V = 40 mL; PCO2 = 0.32 bar; PH2 = 1.28 bar; 20 mg of RuO2(6.4%):TiO2(16.9%)/SBA-15 photocatalyst; T = 150 ºC; and RP = 0.211 W. 
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(117 %) was reached at 150 ºC, with a reaction rate 2.2-fold higher for 
light-assisted CO2 hydrogenation than the thermocatalytic one; there
fore, the final reusability tests were performed at this temperature. 

3.2.6. Effect of the photocatalyst reuse 
Finally, the stability of the hybrid RuO2(6.4%):TiO2(16.9%)/SBA-15 

photocatalyst was assessed along 10 sequential utilization cycles (20 mg 
of RuO2(6.4%):TiO2(16.9%)/SBA-15, 150 ºC, [CO2]:[H2] molar ratio of 1:4, 
and RP at 0.21 W). Fig. 13a displays that the photocatalytic activity 
consistently diminished as the same material was being consecutively 
used to reduce the CO2 into CH4 (Table 2, experiments #3.1 #6.1 to 
#6.9). After 10 utilisations, methane production at 110 min decreased 
by 36 %, resulting from the decline of the kinetic constant for CO2 
reduction from (2.1 ± 0.3) × 10-2 min-1 to (0.82 ± 0.07) × 10-2 min-1. 
This phenomenon can be explained by photocatalyst poisoning, which 
may have occurred by the blockage of the catalyst active sites by water, a 
by-product of the Sabatier reaction (Eq. (22)) [82]. Such a hypothesis 
was proved by carrying out a reaction at the usual methanation condi
tions but adding 14.5 µL of UPW (considering that about 79 % of the 
water generated in the first cycle was retained in the reactor), which 
resulted in a significant drop (about 57 %) in methane production 
(Table 2, experiment #6.10). 

During the successive photocatalyst utilisation cycles, a change in 
the material colour was also visually detected (Fig. 13a). As described 
above, FTIR analysis changed in the 3000–3757 cm-1 region (Fig. 3.d), 
and the XPS analysis (Fig. 7a) was done to compare the fresh (Fig. 7b) 
and the 10-time used photocatalyst (Fig. 7c). According to the XPS 
survey spectrum (Fig. 7a), there was a significant increase in intensity in 
the O1s, Ti 2p, Si 2 s, and Si 2p regions, with the most prominent 
changes for the O 1 s. In Si 2p spectrum (Fig. 7c.1), the peak at 105.6 eV 
can be associated with chemisorbed species, and the peak at 101.2 eV 
can be related to Si-C interaction [83]. As regards the C 1 s + Ru 3d 
spectrum (Fig. 7c.2), the peak at 280.9 eV, which was ascribed to the 
Ru-O species [84], showed a slight increment of 0.5 eV (from 280.4 to 
280.9 eV) compared the fresh catalyst (Fig. 7b.2). This shift in the Ru 3d 
region suggests a change in the oxidative state of Ru species on the 
photocatalyst’s surface [85], potentiated by modifications in the 
chemical environment, after repeated reutilization cycles. In the O 1 s 
region (Fig. 7c.4), a noticeable lengthening of the peak was also 
observed after the catalyst reuse, with the main peak at 533.5 repre
senting the Si-O bonding in SBA-15 [54]. Another peak appeared at ca. 
530.4 eV, indicating chemisorbed O2 molecules [86], that have bonded 
to the material’s surface. Additionally, the peak at 527.8 eV was 
attributed to oxygen-related defects, specifically oxygen vacancies and 
oxygen interstitials [87]. Oxygen vacancies occur when oxygen atoms 
are absent from the material’s crystal lattice, while oxygen interstitials 
occur when oxygen atoms occupy positions within the lattice that 
deviate from the regular arrangement. These defects can significantly 
affect the material’s properties, leading to the inactivation of the cata
lyst in the CO2 methanation process. 

Three more experiments were performed to verify if the catalyst 
poisoning with water could be prevented by changing the operating 
conditions between the thermo-photocatalytic CO2 methanation re
actions. At the end of each utilization cycle, the reactor temperature was 
kept at 150 ºC under a nitrogen gas stream (0.2 L min-1) for 30 min 
(Table 2, experiments #3.1, #6.11, and #6.12). Thus, the moist CH4 was 
brought out of the reactor before water condensed and accumulated in 
the catalyst. Fig. 13b reveals that, under the abovementioned condi
tions, the photocatalyst presented good stability after reutilization. In 
this case, the CO2 conversions stabilised from 97 % to 93 % with a ki
netic constant of (1.9 ± 0.2) × 10-2 min-1 after three successive cycles, 
further supporting the hypothesis that the water is blocking the photo
catalyst active sites. Contrary to what happened when the moist gas was 
not removed from the reactional system, where the kinetic constant was 
sharply reduced from (2.1 ± 0.3) × 10-2 min-1 to (0.82 ± 0.07) × 10-2 

min-1 after the third utilisation cycle. Therefore, it can be inferred that 

this photocatalyst can be reused if the water is removed from the system 
between reactions or is added an efficient water adsorbent such as 
zeolite 4 A [88], delaying the poisoning and the need for regeneration. 

3.3. Mechanistic considerations 

Fig. 14a presents a schematic diagram representing the charge- 
carrier separation process within both TiO2(18.2%)/SBA-15 and RuO2 

(6.4%):TiO2(16.9%)/SBA-15 nanocomposites. As previously mentioned, the 
DRS analysis revealed that the TiO2/SBA-15 material has an Eg of 
3.13 eV, indicating that only high-energy photons at wavelengths lower 
than 396 nm can promote the electrons excitation from the valence band 
(VB) to the conduction band (CB). As a result, the material’s photo
catalytic activity is limited to the solar spectrum’s UV region. On the 
other hand, with the incorporation of plasmonic RuO2 into the material, 
lattice distortion occurs, creating impurity energy levels near the VB and 
CB, referred to as Urbach tails [46]. The presence of these tails results in 
a decrease in the effective CB and an increase in the effective VB, thus 
reducing the effective Eg to 2.42 eV. This reduction enables the gener
ation and separation of charge carriers, allowing electrons to be excited 
to the CB by absorbing low-energy visible solar photons at wavelengths 
lower than 512 nm (Fig. 14a). 

Moreover, the heterojunction of RuO2 with TiO2 can lead to forming 
a composite featuring higher electronic conductivity, as well as Schottky 
barriers, which enables a charge transfer tunnelling route. As a result, 
electrons can efficiently be transferred from the plasmonically excited 
RuO2 across the RuO2-loaded TiO2 heterojunction interface and exciton 
recombination levels can be reduced [89], leading to enhanced 
charge-carrier separation and utilization. When visible light is absorbed 
by the RuO2:TiO2/SBA-15 nanocomposite, hot electrons generated from 
the RuO2 plasmon gain enough energy to be transferred to the material’s 
CB. Subsequently, CO2 molecules are reduced into CH4 by reacting with 
hydrogen atoms, obtained by the H2 dissociation on the materials’ VB. 

Fig. 14b illustrates a proposed reaction mechanism for CO2 metha
nation over the surface of the RuO2:TiO2 photocatalyst, supported by 
relevant bibliographic data [89–92]. According to the literature, CO2 
hydrogenation into CH4 can mainly occur via the formation of two in
termediates: CO and formate. In the first pathway, the CO2 molecule 
chemisorbs on the photocatalyst surface and dissociates into CO* and 
O* species. Then, O* reacts and is converted into water with hydrogen, 
and CO* dissociates into C* , being hydrogenated by the H* adsorbed on 
the metal surface into CH4, which desorbs from the photocatalyst sur
face. In the second pathway, Ru-based photocatalyst chemisorbs H2 and 
CO2 molecules, generating formate groups followed by formic acid and 
then CH4. The selectivity and product distribution in CO2 methanation 
are also influenced by the different crystalline TiO2 phases (anatase and 
rutile) and their respective CB positions [89,90]. When anatase TiO2 is 
present, the excited electrons tend to favour the formation of CO, which 
is more energetically demanding, over the formation of CH4 [89,93]. In 
this way, as the RuO2:TiO2/SBA-15 material developed in the current 
work contains anatase in its formulation and no other reaction products 
were detected apart from CH4 and C2H6 (< 0.2 %), it was assumed that 
the primary pathway for CO2 methanation reaction involved the for
mation of CO as an intermediate. This pathway also can lead to the 
formation of CH3* species, which further reacts to form C2H6. The 
higher selectivity found for CH4 rather than C2H6 may be related to its 
higher redox potential, which should be more positive than the CB edge 
position. 

It is worth mentioning that, as a supporting material, SBA-15 provides 
a large surface area, ensuring a uniform distribution of the photo
catalyst’s active sites over its surface, as observed by the SEM and TEM 
images. Such an innovative configuration has the ability to minimise the 
shading effects and charge recombination, leading to enhanced light 
absorption and efficient electron transfer reactions. As a result of this 
well-designed approach, the nanostructured RuO2(6.4%):TiO2(16.9%)/SBA- 
15 composite effectively converts solar energy into a usable fuel, 
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achieving a 96.8 % thermo-photocatalytic CO2 conversion efficiency and 
a 42.1 % apparent quantum yield at a lower temperature (150 ºC) than 
conventional processes. Considering that only 23.3 % of the material 
(TiO2 and RuO2) is actually photoactive, the specific CH4 production rate 
increases by about 4-fold, resulting in 58.6 mmol gactive_cat

-1 h-1, which is 
among the highest values reported. This outstanding performance high
lights its potential for CO2 valorisation, with great implications for sus
tainable solar-to-chemical energy conversion processes. 

4. Conclusions 

A novel RuO2(6.4%):TiO2(16.9%)/SBA-15 material was successfully 
applied to promote solar-driven thermo-photocatalytic CO2 

hydrogenation, reaching a CH4 production of 59.7/58.6 mmol gactive cat.
-1 h- 

1 (13.9/13.6 mmol gcat
-1 h-1 or 286.1/280.7 mmol gRu

-1 h-1), with a 99.8/ 
99.8 % selectivity and a 99.4/96.8 % CO2 conversion at 150 ºC, using an RP 
of 0.45/0.21 W, respectively. The excellent performance of this hybrid 
nanostructured thermo-photocatalyst was correlated with its high surface 
area, boosting the light-harvesting, active surface sites, and mass transfer. 
The process was driven at a significantly lower temperature (150 ◦C) than 
the conventional catalytic methanation process (300–500 ◦C) due to the 
thermo-photocatalytic approach. Adding the RuO2 metal oxide to the 
TiO2/SBA-15 composite was essential to attain a material able to absorb 
light across the solar spectrum, resulting in high methanation yields. Under 
polychromatic solar radiation, the photocatalytic material presented the 
best photo-responsiveness, attaining an apparent photonic efficiency and 

Fig. 14. Schematic illustration representing (a) the narrowing of the effective optical band gap energy from the TiO2(18.2%):SBA-15 to RuO2(6.4%):TiO2(16.9%)/SBA-15 
material due to the effect of the Urbach tails (adapted from [46]) and (b) the proposed mechanism for the reduction of CO2 into CH4 over the RuO2:TiO2 surface 
(based on [89,90]). 
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an apparent quantum yield of 39.5 % and 42.1 %, respectively, with a 
radiation power of 0.21 W. Notwithstanding, the monochromatic illumi
nation through 365/405 nm LEDs can be a suitable alternative to the 
sunlight. Moreover, it was also inferred that even with a fluctuation in the 
H2 supply, the selectivity of the RuO2(6.4%):TiO2(16.9%)/SBA-15 photo
catalyst towards methane remained high (99.8 %) and constant. Finally, 
the photoactivity declined by 36 % after 10 cycles owing to active sites’ 
blockage by water, but if water was removed between trials, the photo
catalytic activity remained virtually constant. 
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