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A B S T R A C T   

A novel bifunctional photocatalyst/adsorbent material based on the RuO2:TiO2/zeolite 13X (Z13X) composite 
was developed to enhance solar-driven methanation through simultaneous carbon dioxide (CO2) capture and 
thermo-photoconversion. The activity/stability of the hybrid material towards methane (CH4) production was 
assessed by varying the (i) photocatalyst composition (Ru load and semiconductor type), (ii) bifunctional ma
terial composition (photocatalyst-to-zeolite ratio) and impregnation method, (iii) illumination source and power 
(simulated sunlight and UVA/Visible LEDs), (iv) temperature, and (v) catalyst reuse. Additionally, adsorption 
equilibrium isotherms were determined to characterize the adsorption ability of the bifunctional material for 
both CO2 and CH4 gases. The hybrid RuO2(4.0%):TiO2(26.3%)/Z13X material (30 mg), synthesised by the solid-state 
impregnation method, showed the best results under simulated sunlight (0.75 W) at 150 ºC, achieving a 88% CO2 
thermo-photoreduction after 100 min, corresponding to a specific CH4 production of 29.2 mmol gactive_cat

− 1 h− 1 

(309 mmol gRu
− 1 h− 1) and apparent quantum yield of 20.7%. In adsorption equilibrium isotherms, the bifunctional 

material’s adsorption was about 2.6-fold higher than the photocatalyst at 150 ºC, suggesting that enhanced 
methanation performance can be attributed to the synergistic action of CO2 capture and thermo- 
photoconversion.   

1. Introduction 

The escalating release of CO2 into the atmosphere due to human 
activities, such as fuel combustion, industrial processes, and gas pro
cessing, has intensified anthropogenic concentrations of greenhouse 
gases and climate change concerns. To tackle this global issue and 
achieve carbon neutrality, humanity will inevitably confront profound 
challenges in the foreseeable future [1]. A viable strategy may involve 
developing a carbon cycle-based approach for capturing and trans
forming CO2 into sustainable fuels that can be further used in the pro
duction chain [2]. While previous efforts have focused on converting 
CO2 into specific chemicals, such as dimethyl carbonates, cyclic car
bonates, and polycarbonates, the market demand for these products can 

limit their widespread implementation. Consequently, there is a 
growing interest in CO2 conversion into chemical feedstocks and fuels, 
such as CO2 hydrogenation, Fischer-Tropsch synthesis, and bio
reforming processes [3]. One promising pathway to mitigate CO2 
emissions and advance sustainable fuel production, which has attracted 
considerable research interest, is the solar-driven photocatalysis-based 
methanation technology, where CO2 and hydrogen (H2) are converted to 
CH4 (Sabatier reaction) to produce synthetic natural gas. In this sense, 
nanomaterials are being explored to capture and directly convert CO2 
into valuable chemicals, offering a more environmentally friendly and 
efficient approach under mild reaction conditions [4]. 

Recent developments in nanoscience and nanotechnology have 
opened up new possibilities for efficient CO2 recycling despite the 
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challenges posed by the complexity of CO2 reduction and the intrinsic 
difficulty in creating efficient single-component photocatalysts. Several 
enhancement mechanisms have been identified regarding the genera
tion of charge carriers (electron-hole pairs), their separation and transfer 
to the photocatalyst surface, and chemical reactions between surface 
species and photogenerated electron-holes [5]. Doping a semiconductor 
with metal or non-metal molecules can significantly enhance the light 
absorption of a photocatalyst by modifying its electronic structure [6]. 
Another approach to improve photocatalyst efficiency involves 
combining semiconductor photocatalysts with reduction and oxidation 
cocatalysts. Additionally, bioinspired techniques, such as Z-scheme 
heterojunction and alternative Z-scheme systems, are being explored for 
their potential to enhance photocatalytic performance [7]. Developing 
bifunctional materials through the strategic integration of photo
catalysts within porous CO2 adsorbent materials, such as metal-organic 
frameworks (MOFs) and zeolites [4,8,9], is another promising approach 
that can improve CO2 reduction by organizing light-harvesting and 
catalytic centres. Materials should have robust adsorption capacity, 
selectivity, low toxicity, and the ability to withstand extreme conditions. 
The adsorption capacity of these materials can be increased by altering 
their surfaces by grafting, impregnation, or functionalization, thereby 
boosting their CO2 capture and photocatalytic conversion capabilities 
[4]. 

Titanium oxide (TiO2)-based materials have been widely used as 
semiconductors for photocatalytic CO2 reduction due to their non- 
toxicity, affordability, stability, resistance to photo-corrosion, and 
abundance [10]. Another potential semiconductor for this application is 
strontium titanate (SrTiO3), known for its cost-effectiveness, safety, and 
high thermal and photochemical stability [11]. Furthermore, ruthenium 
(Ru)-based catalysts can enhance photocatalytic CO2 conversion by 
promoting efficient H2 dissociation and CO2 methanation at low tem
peratures, improving visible-light absorption and facilitating 
photo-generated charge transfer [12]. Building upon this finding, CO2 
reduction via thermo-photocatalysis achieved a conversion rate of 
93.8% at 220 ºC, using a photocatalyst based on Ru-metal doped TiO2 
under Xe lamp illumination [13]. A similar performance was reported by 
Mateo et al. [14], where a 90% CO2 conversion was accomplished after a 
2-hour reaction at 150 ºC utilizing a RuO2/SrTiO3 catalyst inspired in a 
Ru-oxide state strategy under Xe lamp irradiation. 

As one of the best commercial adsorbents for carbon capture, zeolite 
13X (USY type) can be functionalized with catalysts to improve con
version yields by attracting CO2 to the catalyst’s active sites [15]. 
Integrating porous and catalytic materials can be a promising approach 
for CO2 capture and conversion, taking advantage of its unique features 
such as size, shape, porosity, and catalytically active centres. Conse
quently, there is potential for meaningful research focusing on materials 
that can adsorb CO2 and rapidly release the reaction products for effi
cient conversion processes [4]. Moreover, heterogenous 
thermo-photocatalysis, an emerging hybrid process that combines the 
benefits of both photocatalysis and thermal catalysis, can be employed 
to attain high CO2 conversions under mild conditions [16]. While pre
vious research has explored zeolite-supported catalytic materials for 
CO2 conversion into CH4 via thermo-catalytic hydrogenation, typically 
conducted at high temperatures (> 250 ºC) with high reaction rates, as 
well as through water-mediated heterogeneous photocatalysis, which 
operates at room temperature but with comparatively lower efficiencies 
(on the order of μmol g− 1 h− 1), there is still a critical need for further 
investigation [9,17]. To the best of our knowledge, the application of 
these materials to promote efficient CO2 thermo-photocatalytic metha
nation under moderate reaction conditions is unprecedented in the 
existing literature. 

Therefore, this study aimed to explore, for the first time, the potential 
of a novel bifunctional material consisting of a zeolite 13X adsorbent 
impregnated with a RuO2-loaded TiO2 photocatalyst to foster simulta
neous adsorption and thermo-photocatalytic hydrogenation of CO2 into 
sustainable CH4 at low temperatures. The investigation was conducted 

under gas-phase and batch operation mode using sunlight as a renew
able energy source. The photoactivity was assessed concerning material 
composition and dosage, illumination source, temperature, and material 
reusability towards highly efficient CO2-to-CH4 conversion. Moreover, 
the study evaluated the adsorption ability of the bifunctional photo
catalyst/adsorbent composite and the apparent photonic efficiency to 
gain a comprehensive understanding of the overall reaction. 

2. Materials and methods 

2.1. Chemical products 

Table S2 provides a concise overview of all chemical compounds 
employed during the different experimental procedures. All the chem
icals were used as received without any further purification. The pho
tocatalytic materials were prepared and rinsed with ultrapure water 
(UPW) produced by a Millipore Direct-Q® system, featuring a resistivity 
of 18.2 MΩ cm− 1 at 25 ◦C. 

2.2. Synthesis of the hybrid bifunctional material 

Initially, the RuO2-loaded photocatalyst powder was synthesized 
through ethylene glycol reduction by adapting the experimental pro
cedure reported in previous work (Fig. 1a) [18,19]. Briefly, TiO2 or 
SrTiO3 was immersed in ethylene glycol (5 mg mL− 1, 25 mL), along with 
different amounts of RuCl3⋅H2O, to achieve [Ru]:[TiO2] or [Ru]: 
[SrTiO3] mass ratios of 1:10, 2:10, and 3:10. Then, this solution un
derwent: (i) sonication (Vibra Cell™ VCX 130, Sonics, Newtown, USA) 
for 30 min at 20 kHz (80% amplitude with pulse 1-on 2-off); (ii) heating 
for 5 h at 100 ºC (to improve Ru fixation into the semiconductor) under 
continuous stirring; and (iii) refluxing for 8 h at 180 ºC under continuous 
stirring. The resulting material was filtered (Nylon membrane filter, 
0.22 µm, Ø 47 mm) and washed with UPW (1 L) and acetone (200 mL), 
followed by drying for 1 h at 100 ◦C and calcination for 3 h at 350 ◦C 
(Fig. 1a). 

Afterwards, the optimised photocatalyst (before being subjected to 
calcination) was incorporated into the zeolite 13X adsorbent using 
either the wet impregnation method (WIM, Fig. 1b.1) or solid-state 
impregnation method (SIM, Fig. 1b.2), with [RuO2:TiO2]:[Z13X] mass 
ratios of 1:10, 2:10, 3:10, and 4:10 or 2:10, 3:10, 4:10, and 5:10, 
respectively. The WIM consisted of the following steps: (i) dispersion of 
200 mg of zeolite 13X in 10 mL of UPW by sonication for 15 min; (ii) 
slow evaporation at 70 ºC under stirring while gradually adding 5 mL of 
UPW containing the desired photocatalyst amount; and (iii) drying for 
1 h at 100 ◦C. The SIM comprised the following steps: (i) manual mixing 
of the zeolite 13X with the photocatalyst for 15 min using a pestle and 
agate mortar; and (ii) mechanical mixing/grinding for 30 min using an 
RM100 Laboratory Mixer-Mortar-Grinder. The bifunctional materials 
(RuO2:TiO2/Z13X or RuO2:SrTiO3/Z13X - only for the best mass ratio 
prepared by SIM) resulting from both WIM and SIM were calcinated for 
3 h at 350 ◦C. 

The content of Ru metal in the photocatalyst was determined by 
inductively coupled plasma emission spectrometry (ICP-OES) after 
proper extraction by microwave digestion technique (heating rate of 11 
◦C min− 1; temperature of 220 ◦C for 40 min). The estimated materials 
composition is presented in Table S2. The digestion process was 
employed on the photocatalytic material before it passed through 
calcination. It used an acid mixture of aqua regia fortified with hydrogen 
peroxide (see Table S3) to enhance extraction efficiency. The extraction 
of the Ru metal from the catalyst was considered complete when no dark 
powder was found in the resulting digested solution, as displayed in 
Figure S1(b). It should be noted that metal extraction from a material 
can be challenging, particularly after the calcination process [20], and 
using aqua regia solution alone can be inadequate, resulting in under
estimated metal content. Therefore, providing information on the 
amount of metal added during the photocatalyst preparation process is 

L.O. Paulista et al.                                                                                                                                                                                                                              



Journal of Environmental Chemical Engineering 12 (2024) 112418

3

essential so the readers can replicate it. 

2.3. Materials characterisation techniques 

A detailed description of the analytical methods used to characterise 
the synthesised materials can be found in Table S3. 

2.4. Experimental procedure 

2.4.1. Thermo-photocatalytic CO2 methanation experiments 
The thermo-photocatalytic hydrogenation of CO2 into CH4 was 

assessed in a batch-mode laboratory unit (Figure S2a). The experimental 
facility consisted of a 40 mL gas-phase quartz cylindrical reactor con
nected to temperature (up to 300 ºC) and pressure (up to 4 bar) control 
systems. Two light sources were used to illuminate the quartz reactor: (i) 
a sunlight simulator (Atlas, Suntest XLS+, Linsengericht, Germany), 
emitting polychromatic radiation within 280–800 by a Xenon lamp; or 
(ii) a monochromatic light emitting diode (LED) (Lightningcure, LC-L1, 
V5, Hamamatsu) of 365 nm (UVA) or 405 nm (visible). The radiant 
power (RP)/photon flux (Pa) reaching inside the reactor was determined 
for each irradiation source by ferrioxalate actinometry as described in 
Supplementary Material. A digital infrared thermometer (UNIT-T, 
UT300S) was used to verify the reactor’s internal temperature. Gas 
samples were directly withdrawn from the reactor headspace to an on- 
line gas chromatography (GC) analytical system (YL 6500, YL Instru
ment CO. LTD, Anyang, Korea) via a peristaltic pump. The reactants 
(CO2 and H2) and products (CH4 and C2H6) were quantified by a GC 
analytical system equipped with a: (i) Carbon Plot column (30 m ×

0.32 mm × 3.0 µm, Agilent Technologies, California, USA) followed by a 
Mol Sieve 5 A Plot fused silica capillary column (30 m × 0.32 mm ×
3.0 µm, Supelco, Missouri, USA); and (ii) micro-thermal conductivity 
detector (µTCD) (sensitivity of 400 pg mL− 1) followed by methaniser (to 
convert CO2 into CH4) and a flame ionization detector (FID) (sensitivity 
of 1.5 pg carbon sec− 1). Within the system are two six-way valves: (i) the 
primary injecting valve (placed before the first column), which regulates 
the injection of the gas sample through the sampling loop, enabling real- 
time product analysis; and (ii) the secondary switching valve (placed 
between the two columns), which acts as a safety mechanism for the 
Molsieve 5 Å column, preventing the passage of excessive concentra
tions of CO2 and C2+ elements through it [21]. 

The experimental protocol regarding the methanation tests involved 
the following steps: (i) dispersion of the powder catalytic material (20, 
30, 40, or 60 mg of RuO2:TiO2, RuO2:SrTiO3, RuO2:TiO2/Z13X or RuO2: 
SrTiO3/Z13X) at the bottom of the quartz photoreactor, followed by a 
10-min purging with H2; (ii) feeding with a gas mixture containing the 
stoichiometric [CO2]:[H2] molar ratio (1:4) up to a total pressure of 
1.6 bar (PCO2:PH2 (bar/bar) of 0.32:1.28) and collection of the first 
control sample (t = 0 min); (iii) activation of the heating system (50, 
100, 150, 200, or 250 ºC) and collection of the second control sample (t 
= 10 min); (iv) switching on the illumination source (with RP values of 
0.420 ± 0.008, 0.60 ± 0.01, 0.75 ± 0.01 or 1.090 ± 0.03 W, for Xe 
lamp; 0.055 ± 0.008; 0.30 ± 0.07, and 0.55 ± 0.07 W, for 405 nm LED; 
or 0.055 ± 0.009; 0.30 ± 0.05, and 0.55 ± 0.08 W, for 365 nm LED) to 
start the reaction; and (v) collection of five additional samples until 
100 min reaction period (t = 20, 30, 50, 70 and 100 min). At the end of 
the reaction, the photoreactor was cooled, cleaned with a compressed 

Fig. 1. Experimental methodology for the preparation of the bifunctional photocatalyst/adsorbent composite: (a) synthesis of RuO2:TiO2 and RuO2:SrTiO3 pho
tocatalysts; (b) impregnation of the photocatalyst into the zeolite 13X absorbent using (b.1) wet and (b.2) solid-state impregnation methods (WIM and SIM). 
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air jet, rinsed with UPW, and dried for 3 h at 100 ºC. 

2.4.2. Adsorption equilibrium isotherms 
The adsorption equilibrium isotherms of CO2 and CH4 in Z13X, 

RuO2:TiO2, and RuO2:TiO2/Z13X samples were determined at 150, 200, 
and 250 ºC (pressure up to 5 bar) using a magnetic suspension micro
balance (MSB, Rubotherm, precision of 0.01 mg, Figure S2b). Before 
conducting the adsorption equilibrium measurements, the samples were 
subjected to an activation step for 24 h at 300 ºC under vacuum. Then, 
the gas was gradually introduced into the gas cell containing the ma
terial until the selected pressure was reached. The pressure was main
tained until the mass difference approached zero, indicating 
equilibrium. After that, the gas was slowly added to achieve subsequent 
pressure levels, corresponding to additional points on the adsorption 
equilibrium isotherm. This process was repeated up to a maximum 
pressure of 5 bar. The desorption points were obtained by depressurising 
the gas cell. After each measurement, the material was regenerated 
under a vacuum for 24 h at 300 ºC. 

2.5. Calculation formulas 

The Supplementary Material file provides all the calculation for
mulas used to assess the CO2 conversion efficiency, including the 
determination of pseudo-first-order kinetic parameters, the apparent 
photonic efficiency, quantum yield and activation energy, as well as the 
adsorption equilibrium isotherms. 

3. Results and discussion 

3.1. Material characterisation 

Thermo-photocatalytic CO2 hydrogenation reactions were mainly 
carried out over a new hybrid bifunctional material consisting of the 
zeolite 13X (Z13X) adsorbent impregnated with a RuO2-loaded TiO2 
photocatalyst, according to the procedure previously described in Sec
tion 2.2 and Fig. 1. The materials composition (in wt%) was estimated 
by ICP-OES analysis, and it is reported with the following general no
tation: RuO2(%):TiO2(%)/Z13X (Table S2). Besides, to understand the 
structural, physical, and morphological changes in the bifunctional 

Fig. 2. XRD patterns and SEM/EDS images/spectra for (a) TiO2, (b) RuO2(13.4%):TiO2, (c) zeolite 13X, and (d) RuO2(4.0%):TiO2(26.3%)/Z13X. SEM micrographs were 
captured using (a, b.1, c, d.1) secondary electrons (SEs) and (b.2, d.2) backscattered electrons (BSEs). 
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composite, pristine TiO2 and Z13X, and RuO2(13.4%):TiO2 and RuO2 

(4.0%):TiO2(26.3%)/Z13X materials were characterised by several tech
niques (Table S3), including: (i) X-ray Powder Diffraction (XRD); (ii) 
Scanning Electron Microscope/Energy-dispersive X-ray Spectroscopy 
(SEM/EDS); (iii) UV-Vis Diffuse Reflectance Spectroscopy (DRS); (iv) 
Fourier Transform Infrared Spectrophotometry (FTIR); (v) High- 
Resolution X-Ray Photoelectron Spectroscopy (XPS); and (vi) He picn
ometry, CO2 adsorption at 273 K, and N2 adsorption at 77 K. 

3.1.1. XRD pattern 
The XRD pattern in Fig. 2 illustrates the crystalline structure of TiO2, 

RuO2(13.4%):TiO2, Z13X, and RuO2(4.0%):TiO2(26.3%)/Z13X materials. 
Pure TiO2 exhibits characteristic diffraction peaks of the anatase phase 
with a tetragonal crystal system (a = 3.7971 Å and c = 9.5790 Å), in 
agreement with commercial information and reference [22]. The XRD 
peaks were observed at 25.3◦, 37.9◦, 47.8◦, 54.0◦, 55.0◦, and 62.6◦, 
corresponding to the (101), (004), (200), (105), (211), and (204) crystal 
planes of the anatase phase in TiO2, respectively [23]. As expected, no 
diffraction peaks associated with the rutile phase were observed, indi
cating an exclusive anatase phase in the sample. In RuO2(13.4%):TiO2, the 
anatase crystal structure of commercial TiO2 has been preserved, with 
the addition of peaks at 27.9◦ and 35.1◦, corresponding to the (110) and 
(101) crystal planes of the tetragonal crystal system from RuO2 [24]. 
The XRD pattern of pure zeolite 13X was in agreement with the com
mercial information, showing typical diffraction peaks at 6.1◦, 9.9◦, 
11.7◦, 15.4◦, 18.4◦, 20.0◦, 23.2◦, 26.6◦, and 30.9◦, which corresponds to 
(111), (220), (311), (331), (511), (440), (533), (642), and (751) crystal 
planes of the zeolite 13X [25]. The XRD pattern of the RuO2(4.0%):TiO2 

(26.3%)/Z13X bifunctional material showed diffraction peaks comparable 
to those of pristine zeolite 13X, indicating that the structural framework 

of the adsorbent was preserved, even after photocatalyst impregnation. 
Additionally, distinctive peaks associated with both TiO2 in the anatase 
phase and the crystal structure of RuO2 were observed in the bifunc
tional material, further confirming the presence and preservation of the 
catalyst within the material. 

3.1.2. Morphology and physical characterisation 
The materials used in this work were morphologically characterised 

by SEM/EDS analysis (Fig. 2). SEM image of TiO2 shows spherical par
ticle clusters with sizes around 7.8–10.5 nm, representing the elemental 
composition of Ti and O (as stated in EDS), confirming the specifications 
of the TiO2 CristalACTiV™ PC-500 powder (Fig. 2a). As regards the 
RuO2(13.4%):TiO2 photocatalyst (Fig. 2b), SEM images were captured 
using secondary electrons (SEs) and backscattered electrons (BSEs), 
each offering different types of information. Although SE images offer a 
higher level of surface detail, BSE images are sensitive to atomic number 
variations, resulting in brighter areas representing materials with higher 
atomic numbers [26]. Therefore, Fig. 2b.1 depicts the morphology of the 
doped photocatalyst, which is very similar to that of pristine TiO2, as 
expected. On the other hand, due to its higher atomic number, Fig. 2b.2 
highlights the presence of the brighter Ru particles, uniformly distrib
uted within the TiO2 matrix. 

As shown in Fig. 2c, zeolite 13X material has a crystalline octahedral 
cuboid morphology [27] with a particle size between 1.46 and 2.12 µm 
and is composed of Na, Al, and Si elements, in agreement with the 
commercial specifications for zeolite 13X NaMSX P-TR. The bifunctional 
RuO2(4.0%):TiO2(26.3%)/Z13X material (Fig. 2d) featured a sphere size of 
approximately 2.85 μm consisting of Ti, Ru, Na, Al, and Si, with a 
catalyst layer thickness estimated in 0.36 μm. The SEM-BSEs images 
(Fig. 2d.2) reveal a uniform distribution of Ru particles. As almost no 

Fig. 3. Physical characterisation of zeolite 13X ( , A), RuO2(13.4%):TiO2 ( , B), and RuO2(4.0%):TiO2(26.3%)/Z13X ( , C) materials, including: (a) N2 adsorp
tion–desorption isotherms at standard temperature and pressure (STP); (b) pore volume vs. pore width; (c) CO2 adsorbed as a function of relative pressure; (d) 
specific surface area: Langmuir surface area ( ), t-plot micropore area ( ), and t-plot external surface area ( ); (e) density; and (f) total pore volume, 
considering pores less than 7.968 Å width at P/P0 = 0.03. 
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large-sized Ru particle aglomerates were found on the catalyst surface, 
zeolite’s porous nature and supporting function were successfully 
demonstrated by the uniform distribution of catalyst particles all over 
the bifunctional material (Fig. 2d.1). 

The physical characterisation of the pristine zeolite 13X, RuO2(13.4%): 
TiO2, and RuO2(4.0%):TiO2(26.3%)/Z13X materials is presented in Table S4 
and Fig. 3. Fig. 3a depicts the N2 adsorption-desorption isotherms. The 
adsorption-desorption profile of commercial zeolite 13X exhibits a 
typical type-I isotherm (IUPAC classification) ascribed to microporous 
adsorbent materials [28]. Conversely, the RuO2(13.4%):TiO2 catalytic 
material displays a type II physisorption isotherm, usually assigned to 
nonporous or macroporous materials [29]. The hybrid RuO2(4.0%):TiO2 

(26.3%)/Z13X material demonstrates a behaviour similar to zeolite 13X, 
albeit with a lower adsorption capacity than the zeolitic material. This 
performance suggests that in the hybrid material obtained through 
physical impregnation, the surface of zeolite 13X is likely covered by a 
catalytic material coating, which hinders N2 adsorption at a low tem
perature of 77 K, besides the mass dilution effect due to the catalyst 
impregnation [28]. Indeed, the hybrid material, RuO2(4.0%):TiO2 

(26.3%)/Z13X, is primarily composed of zeolite 13X, which features a 
concentration of 70 wt%. Yet, its surface area and pore volume did not 
exhibit a direct proportionality concerning the zeolite 13X amount. In 
fact, N2 adsorption measurements indicate that the surface area and 
pore volume of the catalyst/Z13X composite corresponds to roughly 
30% of the zeolite 13X one. One possible explanation for this observa
tion is the physical obstruction of zeolite pores [30] by the catalytic 
material layer. The catalyst layer has an approximate thickness of 0.36 
μm, as evidenced by SEM images, and is formed around the zeolite 13X. 
The pore volume (cm3 g− 1) per pore width (Å) measured by N2 
adsorption at 77 K further supports this effect (Fig. 3b). Although there 
is physical obstruction of the zeolite pores, which reduces its ability to 
adsorb CO2, the hybrid material still features a 4-fold higher adsorption 
capacity than the catalytic material (Fig. 3c). 

The Langmuir surface area, micropore area, and external surface 
area (Fig. 3d) were, respectively: 856.0, 848.8, and 7.3 for zeolite 13X; 
and 270.2, 247.6, and 22.6 m2 g− 1 for RuO2(4.0%):TiO2(26.3%)/Z13X. The 

hybrid material presents a three times smaller Langmuir’s surface area 
and micropore area, along with the opposite outcome in the external 
surface area, confirming the presence of a catalyst on the zeolite’s sur
face. The density of the hybrid RuO2(4.0%):TiO2(26.3%)/Z13X was esti
mated to be 2.56 g cm− 3 (Fig. 3e) by helium pycnometry, which is 
directly proportional to the material composition. The total pore vol
ume, considering pores less than 7.968 Å width at P/Po = 0.03 (Fig. 3e), 
estimated by CO2 adsorption at 273 K, is 0.30, 0.03, and 0.10 cm3 g− 1 

for the zeolite 13X, catalyst, and bifunctional material, respectively. 
Furthermore, the percentage of pore volume featuring less than 8.04 Å 
width in total volume (Table S4) are 96%, 4%, and 64% for zeolite 13X, 
RuO2(13.4%):TiO2, and RuO2(4.0%):TiO2(26.3%)/Z13X, respectively. The 
highest microporosity value is typical of microporous materials such as 
zeolite 13X [31]. In a hybrid material, retaining the individual charac
teristics of each isolated material is difficult. Nevertheless, the notable 
increase in its microporosity (~60%) compared to the catalytic material 
can improve the performance of CO2 conversion, as further explored. 

3.1.3. UV–vis diffuse reflectance spectra 
By analysing the DRS results (Fig. 4a) and employing the Tauc plot 

method to estimate the optical band gap energy (Eg), it was possible to 
determine the maximum light wavelength (λmax) at which electron 
excitation occurs within each material (Fig. 4b). As expected, zeolite 
13X showed almost no absorption ability across the 280–800 nm 
wavelength range. Commercial TiO2 demonstrated high absorption in 
the UVA region (Fig. 4a), rendering in an Eg of 3.33 eV and a λmax of 
373 nm (Fig. 4b.1). Conversely, a remarkable enhancement in the ra
diation absorption capacity was observed when the TiO2 was loaded 
with RuO2 (RuO2(13.4%):TiO2), especially in the visible range, which 
implies a decrease in Eg of approximately 50% (1.65 eV) and an increase 
in λmax up to 753 nm (Fig. 4b.2). Some studies have demonstrated that 
incorporating RuO2 in semiconductors increases the efficiency of visible- 
light-driven processes, attributing this effect to surface plasmon reso
nance of Ru-oxide, which exhibits a high visible light absorption [14, 
18]. According to Linic et al. [32], these photo-excited plasmonic 
nanostructures exhibit relatively high photocatalytic activity when 

Fig. 4. Representation of (a) UV–vis DRS data, (b) optical band gap energy (Eg) determination (according to Tauc Plot method), and (c) FTIR spectra for zeolite 13X 
(dotted line), (.1) TiO2 (dashed line), (.2) RuO2(13.4%):TiO2 (dotted-dashed line), and (.3) RuO2(4.0%):TiO2(26.3%)/Z13X (solid line) materials. 
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exposed to resonant photons from light sources with intensities com
parable to those of sunlight. Fig. 4a reveals a minor decrease in absor
bance when the zeolite 13X is functionalised with the catalytic material. 
The narrow difference between RuO2(13.4%):TiO2 and RuO2(4.0%):TiO2 

(26.3%)/Z13X materials confirms an effective impregnation process, 
where the catalytic material adequately envelops the adsorbent mate
rial, not leaving its surface exposed, as evidenced by SEM images. This 
observation is further supported by the consistent band gap value of 1.65 
for both materials, as depicted in Fig. 2b.2 and b.3. 

3.1.4. FTIR spectroscopy 
Fig. 4c depicts the FTIR spectra of pristine TiO2 and zeolite 13X 

materials, as well as RuO2(13.4%):TiO2 and RuO2(4.0%):TiO2(26.3%)/Z13X 

composites. In agreement with the XRD pattern (Fig. 2a), commercial 
TiO2 PC500 displays a wideband between 400 and 800 cm− 1, typical of 
the anatase phase [33]. In the RuO2(13.4%):TiO2 catalyst, additional 
bands were observed at 690 cm− 1 and 871 cm− 1, corresponding to 
υ(Ru-O-Ru)/υ(Ru-O-Ti) and υ(Ru-O) vibrations, respectively [33]. 
Zeolite 13X shows typical bands at 795 cm− 1 and 976 cm− 1, which can 
be assigned to υ(Al-O) and υ(Si-O) stretching vibrations [34]. The 
resulting bifunctional material exhibits spectral bands that align with 
the catalyst composition (RuO2 and TiO2) while preserving the charac
teristic zeolite 13X bands without any detectable impurities. 

3.1.5. High-resolution XPS spectra 
XPS analysis (Fig. 5) confirmed the elemental/chemical surface 

Fig. 5. High-resolution XPS spectra of (a) Na 2 s – Al 2p, (b) Al 2p – Si 2p, (c) C1s – Ru 3d, (d) Ti 2p – Ru 3p, (e) NaKLL, (f) O 1 s, and (g) Na 1 s occupied states with 
the respective fitting and deconvolution curves for the RuO2(4.0%):TiO2(26.3%)/Z13X bifunctional material. 
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composition of the fresh hybrid RuO2(4.0%):TiO2(26.3%)/Z13X material, 
which includes Ru, Ti, Al, Na, Si, and O components, without the pres
ence of impurities. The surface charge effect was corrected, considering 
that the lowest energy C1s peak corresponds to the reference value of 
284.8 eV. 

Fig. 5a, b, e, and g denote the elements present in zeolite 13X [35, 
36]. The Na 2 s-Al 2p spectra (Fig. 5a) reveal two doublet signals cor
responding to (i) Na oxides and Na 2 s orbitals and (ii) Al(OH)3 and 
Al2O3 compounds, with binding energies of 61.8, 63.8, 74.3 and 
76.2 eV, respectively [37]. The Al 2p and Si 2p occupied state spectrum 
(Fig. 5b) display two peaks with binding energies at 102.2 eV and 
119.1 eV that can be assigned to the SiO-O-Al bond and Si 2p orbital, 
respectively [35,36,38]. Fig. 5e displays the NaKLL signal at 497.7 eV, 
indicating the presence of Na in the thin zeolite crystal, whereas the Na 
1 s orbitals are shown in Fig. 5g at 1071.5 eV [38]. 

The catalyst composed of Ru and Ti elements is represented in 
Fig. 5c, d, and e [18]. The C1s - Ru 3d combined spectrum (Fig. 5c) 
includes the C1s reference signal at 284.8 eV and the differences in Ru 
3d binding energies at: (i) 280.2 and 281.6 eV, related to the Ru 3d5/2 
orbital, and (ii) 289.3, and 292.8 eV, related to the Ru 3d3/2 orbital. The 
Ru 3d spectrum reveals the existence of both zero-valent Ru metal and 
various Ru oxide states [18,39]. Confirmation of this element is also 
evident from the integrated spectrum of Ti 2p - Ru 3p shown in Fig. 5d. 
The peaks at 458.4 and 464.2 eV have been assigned to Ti 2p3/2 and Ru 
3p3/2 + Ti 2p1/2 orbitals, respectively, due to the screening effect at the 
charge-transfer configurations of Ru and Ti atoms. Furthermore, there is 
a satellite zone between 468 and 481 eV, belonging to the main Ti 2p 
and Ru 3p occupied states, and a peak at 485.4 eV, corresponding to a 
Ru 3p1/2 orbital [40]. The deconvolution of the O 1 s spectrum (Fig. 5f) 

discerns two peaks, O1 at 529.7 eV and O2 at 531.4 eV, which are 
related to the zeolite 13X oxide species, Ru-oxides, and defects in the 
semiconductor [35,40]. 

3.2. Photocatalytic activity 

The pseudo-first-order kinetic model was able to describe the ki
netics of CO2 reduction for all catalytic reactions (0.921 < coefficient of 
determination (R2) < 0.993). The kinetic parameters and efficiency in
dicators are presented in Table S5. The main product of CO2 hydroge
nation was CH4, with only a residual presence of C2H6 (less than 0.9%). 
Furthermore, CO or other higher hydrocarbon levels remained below 
the analytical detection limit. 

3.2.1. Effect of the photocatalytic material composition 
Fig. 6 depicts the thermo-photocatalytic activity of several catalysts 

(30 mg, 150 ºC, and 0.75 W of sunlight radiant power) containing 
different RuO2 loads over TiO2 and SrTiO3 semiconductors (with [Ru]: 
[semiconductor] mass ratios of 1:10, 2:10, and 3:10) towards CO2 hy
drogenation into CH4 (Table S5, experiments #1.1 to #1.6). Despite 
using identical Ru-to-semiconductor mass ratios, the ICP-IOS analysis 
revealed different amounts of Ru within the semiconductors. Specif
ically, while the RuO2(x%):TiO2 materials displayed estimated RuO2 
contents of 6.8, 13.4, and 18.3 wt%, the RuO2(x%):SrTiO3 materials 
exhibited estimated RuO2 contents of 10.1, 18.6, and 21.4 wt% 
(Table S2). These results point out differences of 33%, 28%, and 14% 
when comparing the RuO2(x%):TiO2 against RuO2(x%):SrTiO3 using [Ru]: 
[semiconductor] mass ratios of 1:10, 2:10, and 3:10, respectively. Ac
cording to the manufacturer’s specifications, the SrTiO3 nanocuboids 

Fig. 6. Influence of the Ru load on the performance of (.1) RuO2(x%):SrTiO3 (x = 10.1%- , 18.6%- , and 21.4%- ) and (.2) RuO2(x%):TiO2 (x = 6.8%- , 13.4%- 
, and 18.3%- ) photocatalysts, considering: (a) FTIR spectra; (b) temporal conversion of CO2 (open symbols) into CH4 (closed symbols) by solar-driven thermo- 

photocatalysis; and (c) pseudo-first-order kinetic constants for CO2 reduction (symbols) and CH4 production yields (bars). Operating conditions for methanation 
reaction: V = 40 mL; PCO2 = 0.32 bar; PH2 = 1.28; 30 mg of photocatalyst; T = 150 ºC; and RP = 0.75 ± 0.01 W. 
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(99% purity) feature a size of less than 100 nm, a surface area of 11.4 m2 

g− 1, and a density of 4.8 g cm− 3. In contrast, the TiO2 nanospheres (95% 
purity) present a size of about 12 nm, a surface area of 300 m2 g− 1, and a 
density of 4.2 g cm− 3. According to Asundi et al. [41], impurities in 
commercial heterogeneous catalyst supports can influence the catalyst 
properties. Noteworthy observations by Erwin et al. [42] indicate that 
the light absorption process and loading efficiency are influenced by 
three primary factors: surface morphology, nanocrystal shape, and 
surfactants in the growth solution. 

The FTIR spectra for different photocatalyst compositions are shown 
in Fig. 6a. The unsupported SrTiO3 spectrum exhibited the characteristic 
vibration absorption of υ(Sr-Ti-O) at 588 cm− 1 and υ(Ti-O) at 500 cm− 1 

[43]. Commercial TiO2 displays characteristic broadband of around 
400–800 cm− 1, indicative of anatase titania [33,44]. FTIR analysis 
detected shifts or changes in the absorption peaks upon metal addition, 
suggesting chemical modifications of the material. These alterations 
may arise from interactions between Ru metal and titanium semi
conductors, leading to vibrational and bonding characteristics changes. 
The bands at around 690 cm− 1 and 871 cm− 1 are strengthened due to 
the υ(Ru-O-Ru)/υ(Ru-O-Ti) and υ(Ru-O) vibrations [33,45], whose in
tensity increases proportionally with the amount of Ru doped in the 
semiconductors. Furthermore, an elongation of the band between 
3000 cm− 1 and 3757 cm− 1 represents the stretching vibrations of -OH 
groups, confirming the synthesis of hydrated metal oxides and corrob
orating the occurrence of RuO2 loading [46,47]. 

TiO2 and SrTiO3 semiconductors can generate reactive species under 
illumination, enabling their participation in CO2 conversion reactions. 
Besides, the CO2 conversion efficiency depends on factors like catalyst 
morphology, surface area, loading, and co-catalysts. Optimisation of 
these factors is crucial for enhancing the photocatalytic performance of 
TiO2 and SrTiO3 towards thermo-photocatalytic CO2 reduction. Thus, 
the RuO2 loading was varied to compare the activities of these semi
conductors (Fig. 6b-c). The observed CO2 conversions ranged from 
58.1% to 80.9% for RuO2:SrTiO3 (Table S5, experiments #1.1 to #1.3) 
and from 65.8% to 80.8% for RuO2:TiO2 (Table S5, experiments #1.4 to 
#1.6), after 100 min at 150 ºC. The corresponding pseudo-first-order 
kinetic constants for CO2 reduction vary from (0.92 ± 0.05) × 10− 2/ 
(1.17 ± 0.06) × 10− 2 to (2.3 ± 0.3) × 10− 2/(2.6 ± 0.2)×10− 2 min− 1 for 
RuO2:SrTiO3/RuO2:TiO2. When the [Ru]:[SrTiO3/TiO2] mass ratio in
creases from 1:10–2:10, a considerable increase of 29%/55% in the ki
netic constant and 9%/15% in the thermo-photocatalytic CO2 
conversion can be observed for the RuO2:SrTiO3/RuO2:TiO2 catalysts 
(Table S5, experiments #1.1–1.2/#1.4–1.5). The enhanced proprieties 
and performance of TiO2 and SrTiO3 as photocatalysts, when loaded 
with increased amounts of RuO2, can be attributed to improved charge 
separation, extended light absorption range, and raised surface reac
tivity [12]. However, a further increment in the mass ratio from 
2:10–3:10 had different effects on the semiconductors. In the case of the 
RuO2:SrTiO3 catalyst, the 100-min CO2 conversion continued to in
crease by approximately 14%, accompanied by a substantial 77% 
enhancement in the kinetic constant. Conversely, on the RuO2:TiO2 
catalyst, the CO2 conversion decreased, suggesting an overload of Ru 
particles in the semiconductor, impairing the photocatalytic perfor
mance, including increased charge carrier recombination, altered band 
structure, and reduced material stability [48]. Therefore, when 
comparing the two catalysts, it was found that the SrTiO3-based catalyst 
demanded a higher amount of Ru to attain the same level of CO2 con
version as the TiO2-based catalyst, being required 50% more in terms of 
initial Ru mass ratio and 60% more in terms of final impregnated Ru 
concentration. 

To effectively compare the two semiconductors in structured pho
tocatalysts, performing their analysis under optimised metal oxide 
loading conditions is essential. Over-loading can lead to a decrease in 
catalyst performance due to increased electron-hole recombination and 
can negatively affect the energy levels, compromising the material’s 
structural integrity [48]. In this sense, the thermo-photocatalysts 

featuring the best performance, concerning Ru concentration in the 
titanium-based semiconductors, are RuO2(13.4%):TiO2 and RuO2(21.4%): 
SrTiO3 with 100-min CO2 conversions of 80.8% and 80.9% and kinetic 
constants for CO2 reduction of (2.6 ± 0.2) × 10− 2 and (2.3 ± 0.3)×10− 2 

min− 1 (Table S5, experiments #1.3 and #1.5), respectively. Because Ru 
belongs to the category of noble metals and the TiO2 semiconductor 
requires a smaller amount to sustain optimal catalytic activity, the RuO2 

(13.4%):TiO2 material was used to prepare the hybrid photo
catalyst/adsorbent material. Integrating noble metals with semi
conductors yields high-performing composites for converting CO2 into 
low-carbon fuels [49]. It should be noted that, due to the predominance 
of the Sabatier reaction, only the CH4 production profile is presented in 
the remaining experiments. 

3.2.2. Effect of the bifunctional photocatalyst/adsorbent material 
composition 

Fig. 7 shows the thermo-photocatalytic activity of the bifunctional 
material (30 mg, 150 ºC, 0.75 W of sunlight radiant power), with 
different contents the RuO2(13.4%):TiO2 catalyst on the zeolite 13X 
adsorbent ([RuO2:TiO2]:[Z13X] mass ratios of 1:10, 2:10, 3:10, 4:10, 
5:10, and 10:0, equivalent to ca. 9%, 17%, 23%, 30%, 34% and 100% of 
active catalyst), prepared by wet impregnation – WIM (Fig. 7a, Table S5 
experiments #2.1 to #2.4) and solid-state impregnation – SIM (Fig. 7b, 
Table S5 experiments #2.5 to #2.8) methods. As the zeolite 13X does 
not participate in the methanation reaction, the specific CH4 production 
results are expressed in mmol of CH4 per gram of active catalyst, i.e., 
RuO2:TiO2 (mmol CH4 gactive_cat

− 1 ). 
When the impregnation procedures are compared, WIM results in a 

lower catalytic activity for the same bifunctional material composition. 
The inhibition of the methanation reaction was most likely due to 
inadequate water removal during the drying step. The presence of water 
in the zeolite can negatively affect the sintering of Ru during calcination, 
thereby compromising the formation of Ru-oxide [50]. The strong 
interaction between water and the zeolite 13X structure [64] poses 
challenges for removing or desorbing water molecules from the 
WIM-prepared hybrid material during the drying and calcination pro
cesses. In addition, the potential remaining water in the zeolite may 
compete with CO2 for adsorption sites during the reaction. When using 
WIM, pseudo-first-order kinetic constants below 0.8 × 10− 2 min− 1 

(Fig. 7a.2) and CO2 conversions below 52% (Fig. 7a.3) were achieved, 
regardless of the photocatalyst content in the hybrid material. In the 
absence of zeolite 13X, the overall performance was lower than that of 
the photocatalytic material alone (Table S5 experiment #1.5) despite 
the bifunctional material producing more CH4 per mass of the active 
photocatalyst. 

In contrast, using SIM to synthesise the hybrid material positively 
impacted the CO2 conversion efficiency, as depicted in Fig. 7b, which 
can be attributed to the combined effect of adsorption and thermo- 
photocatalysis, resulting in a higher catalytic activity (Table S5, exper
iments #2.5 to #2.9). When the [RuO2:TiO2]:[Z13X] mass ratio 
increased from 2:10–4:10, the CO2 conversion surged from 23.6% to 
88.0%, corresponding to a rise of one order of magnitude in the initial 
CO2 reduction rate (0.035 ± 0.002–0.36 ± 0.07 mM min− 1). However, 
increasing the mass ratio to 5:10 decreased the CO2 conversion by 64%, 
indicating that excessive amounts of the catalyst inhibited the photo
catalytic methanation reaction. Catalyst overloading in zeolite 13X in
tensifies particle agglomeration, electron-hole pair recombination, 
reduced particle illumination [51], and pore blockage in zeolite 13X 
[30]. In this situation, the excess catalyst in the hybrid material can 
further hinder CO2 adsorption. Therefore, raising the 
photocatalyst-to-adsorbent ratio enhanced CO2 methanation until 
further increments impaired the hybrid process. Accordingly, the best 
proportion of photocatalyst-to-adsorbent using SIM as the synthesis 
process was 29-to-71 wt%. When comparing the reaction using the RuO2 

(13.4%):TiO2 photocatalyst with that using the bifunctional RuO2(4.0%): 
TiO2(26.3%)/Z13X material (Table S5, experiments #1.5 and #2.7), it 
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was verified that CO2 conversion was maintained while using only 29 wt 
% of the catalyst, resulting in a specific CH4 production of about 
48.6 mmol CH4 gactive_cat

− 1 , 29.2 mmol CH4 gactive_cat
− 1 h− 1, and 309 mmol 

CH4 gRu
− 1 h− 1. This represents a significant decrease of up to 3.4-fold in 

the amount of Ru required while still keeping a pseudo-first-order ki
netic constant of ca. (2.6 ± 0.4) × 10− 2 min− 1 (Fig. 7b.2) and a CO2 
reduction efficiency of ca. 88% (Fig. 7b.3). 

For comparison, a bifunctional material with a 30 wt% of the RuO2 

(21.4%):SrTiO3 photocatalyst (the best composition using this semi
conductor) and 70% the zeolite 13X adsorbent was also prepared by SIM 
(Table S5, experiment #2.9). The hybrid RuO2(6.5%):SrTiO3(23.8%)/Z13X 
material achieves a CO2 conversion of 84.7% after 100 min at 150ºC, 
with a kinetic constant of (2.3 ± 0.2) × 10− 2 min− 1 and an initial re
action rate of 0.30 ± 0.04 mM min− 1, resulting in specific CH4 pro
duction yields of 48.9 mmol CH4 gactive_cat

− 1 , 29.3 mmol CH4 gactive cat
− 1 h− 1, 

and 180 mmol CH4 gRu
− 1 h− 1. Both SrTiO3 and TiO2 semiconductors lead 

to similar CO2 thermo-photocatalytic reduction efficiencies by impreg
nating zeolite with a catalyst. However, it is noteworthy that the RuO2 

(6.5%):SrTiO3(23.8%)/Z13X material demands a larger Ru quantity, 
resulting in a 1.7-fold reduction in CH4 generation relative to the Ru 
mass when compared to the RuO2(4.0%):TiO2(26.3%)/Z13X material. 
Hence, this bifunctional material was used in subsequent experiments. 

Fig. 7c illustrates the influence of the RuO2(4.0%):TiO2(26.3%)/Z13X 
mass (20, 30, 40, and 60 mg) on the thermo-photocatalytic CO2 

methanation (150 ºC, and 0.75 W of sunlight radiant power) (Table S5, 
experiments #2.7 and #3.1 to #3.3). The CO2 conversion and the ki
netic constant rise significantly from 51.4% to 88.0% and from (0.75 ±
0.07) × 10− 2 to (2.6 ± 0.4) × 10− 2 min− 1, respectively, when the ma
terial mass was increased from 20 to 30 mg (Fig. 7c.3 and Fig. 7c.2, 
respectively). However, when the material mass was further raised to 
40 mg, the influence on the methanation efficiency became minimal 
(XCO2 = 91.7%; k = (2.5 ± 0.2) × 10− 2 min− 1). As zeolite is a non- 
transparent solid, an excess of this material within the photoreactor 
can reduce its photocatalytic effectiveness [52]. Accordingly, 60 mg of 
the hybrid material had a detrimental effect on the methanation reaction 
due to the presence of shadow zones between the particles, leading to a 
lower specific CH4 production (Fig. 7c.1). Hence, 30 mg of the bifunc
tional material was selected as the bifunctional material mass for the 
subsequential tests. 

The adsorption and thermo-photocatalytic effects of the hybrid RuO2 

(4.0%):TiO2(26.3%)/Z13X (30 mg) enhances the CO2 methanation (88.0%, 
after 100 min at 150ºC), even with a small amount of active 
photocatalyst (9.7 mg), and specific CH4 yields of 29.2 mmol CH4 
gactive_cat
− 1 h− 1, 712 mmol CH4 g active_cat

− 1 h− 1 Lreactor
− 1 , and 309 mmol CH4 

gRu
− 1 h− 1. Similar high CO2 conversions of around 90% have been re

ported in other studies after 120 min of photo-thermal catalysis in batch 
mode, using Ru(5%)/black TiO2 photocatalyst (20 mg; 0.4 mPa; [N2]: 
[H2]:[CO2] = 4:5:1) at 200 ºC (estimated CH4 production of 239 mmol 

Fig. 7. Representation of: (.1) specific CH4 production over time via solar-driven thermo-photocatalysis; (.2) pseudo-first-order kinetic constant for CO2 reduction; 
and (.3) overall CO2 conversion at 100-min, using different percentages of the active photocatalyst (9- , 17- , 23- , 30- , 34- , and 100-ౡ✴ wt% of RuO2: 
TiO2) in the RuO2:TiO2/Z13X bifunctional composite (30 mg), prepared by (a) wet-state impregnation method (WIM) and (b) solid-state impregnation method (SIM). 
(c) Variation of the RuO2(4.0%):TiO2(26.3%)/Z13X material mass (20- , 30- , 40- , and 60- mg), prepared by SIM. Operating conditions: V = 40 mL; PCO2 =

0.32 bar; PH2 = 1.28; T = 150 ºC; and RP = 0.75 ± 0.01 W. 
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CH4 h− 1 gcat
− 1 Lreactor

− 1 ) [13] and RuO2(0.4%)/SrTiO3 photocatalyst at 150 ºC 
(14.6 mmol CH4 h− 1 gcat

− 1) [14]. Nonetheless, the specific CH4 production 
rate obtained in this work is about 3.0 [13] and 2.0 [14] times higher 
when only the mass of the active catalyst is considered. Regarding 
thermal catalysis, CO2 conversions of 80% and 65% in continuous mode 
were attained using the Ru(2.5%)/TiO2 catalyst at 325 ºC (21.2 mmol CH4 
h− 1 gcat

− 1) [53] and Ru(5%)/r-TiO2 catalyst at 300 ºC (estimated produc
tion of 185 mol CH4 h− 1 gcat

− 1) [54], respectively. Ge et al. [55] reported 
that Ru/HxMoO3-y (with a 4 wt% Ru loading) photocatalyst produced 
20.8 mmol CH4 gcat

− 1 h− 1 or 520 mmol CH4 gRu
− 1 h− 1 (CO2 conversion of 

about 17%) under Vis-NIR light irradiation at 140 ◦C in continuous 
mode. When comparing the current study’s findings with this specific 
outcome [55], it was verified that the CO2 conversion is about 80% 
higher, and the CH4 production rate is about 1.4 times higher if 
considering the mass of the active catalyst. 

3.2.3. Effect of illumination source 
Solar-driven photocatalysis offers an undeniably attractive approach 

for leveraging renewable energy sources to enhance catalytic processes 
that target synthesising value-added chemicals. Nevertheless, 

complementary light sources should also be explored because, despite 
being sustainable and inexhaustible, solar light intensity is inconsistent 
depending on daytime, season, and geographic location. Miniaturised 
monochromatic light sources have emerged as a promising alternative to 
foster catalytic reactions, providing a tailored irradiance profile that 
optimises catalytic surface illumination and overall efficiency [56,57]. 
However, the effects of different light sources on CO2 conversion remain 
poorly understood. In this regard, Fig. 8 provides insights into the per
formance of CO2 methanation (30 mg of RuO2(4.0%):TiO2(26.3%)/Z13X; 
150 ºC) under different lighting devices featuring distinct radiant 
powers (RP): (i) polychromatic simulated sunlight between 280 and 
800 nm (Table S5, experiments #2.7 and #4.1 to #4.3 for RP from 0.42 
to 1.090 W); (ii) monochromatic visible LED at 405 nm (Table S5, ex
periments #4.4–4.6 for RP from 0.055 to 0.55 W); and (iii) mono
chromatic UV LED at 365 nm (Table S5, experiments #4.7 to #4.9 for 
RP from 0.053 to 0.55 W). 

Considering the mutual RP value of 0.5 W (within the overlapping 
interval of 0.42–0.55 W), the different illumination sources can be 
ranked in terms of initial CO2 reduction rate (estimated from the linear 
regression of r0 vs. RP) from most to least efficient, as follows: 365 nm 

Fig. 8. Representation of (a) specific CH4 production over time via thermo-photocatalysis and (b) apparent photonic efficiency (ΦAPE
CO2

, solid bars) and apparent 
quantum yield (ΦAQY

CO2
, patterned bars), (c) pseudo-first-order kinetic constant for CO2 reduction, and (d) overall CO2 conversion at 100-min, as a function of the 

radiant power (RP), for different illumination sources: (.1) polychromatic (280–800 nm) sunlight simulator ( , ); and monochromatic (.2) 405 nm LED ( , 
), and (.3) 365 nm LED ( , ). Operating conditions: V = 40 mL; PCO2 = 0.32 bar; PH2 = 1.28; 30 mg of RuO2(4.0%):TiO2(26.3%)/Z13X composite; and T =

150 ºC. 
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LED (0.24 mM min− 1) > 405 nm LED (0.21 mM min− 1) > sunlight 
(0.18 mM min− 1). This slight difference between the lighting devices 
agrees well with the DRS analysis (Fig. 4), where it was disclosed that 
the bifunctional material has a high absorption capacity across all the 
UVA-visible spectrum, with a particularly favourable absorption in the 
UVA region due to the TiO2 semiconductor [51]. Regardless of the 
irradiation source, Fig. 8a and c-d demonstrates that: (i) a superior 
performance of the CO2 methanation reaction at 150ºC is reached via 
thermo-photocatalysis, considering RP ≥ 0.30 W, compared to thermal 
catalysis under dark conditions; and (ii) the photocatalytic activity in
creases proportionally to the RP reaching within the reactor, denoting 
the importance of the photochemical pathway when combining thermal 
catalysis with photocatalysis. Overall, the pseudo-first-order kinetic 
constant for CO2 reduction increases as a function of RP as follows 
(Fig. 8c): (i) from (1.0 ± 0.1) × 10− 2 to (3.3 ± 0.6) × 10− 2 min− 1, 
considering the RP range from 0.42 to 1.09 W, for polychromatic irra
diation; and (ii) from (0.59 ± 0.05) × 10− 2/(0.76 ± 0.07) × 10− 2 to (1.7 
± 0.2) × 10− 2/(1.9 ± 0.02) × 10− 2 min− 1, considering the RP from 0.05 
to 0.55 W, for monochromatic irradiation at 405/365 nm. 

In the case of polychromatic radiation (Fig. 8c), the higher the 
incoming sunlight power, the greater the RuO2(4.0%):TiO2(26.3%)/Z13X 
photo-responsiveness, with the initial CO2 reduction rate being pro
portional to the RP by a factor of: (i) 0.67 mM min− 1 W− 1 (R2 = 0.959), 
from an RP of 0.42–0.75 W (Table S5, experiments #4.1, #4.2, and 
#2.7); and (ii) 0.25 mM min− 1 W− 1, from an RP of 0.75–1.09 W 
(Table S5, experiments #2.7 and #4.3). Furthermore, raising the RP 
from 0.42 to 0.75 W gradually enhanced the CO2 conversion after 
100 min, from 61% to 88.0%, with a 162% increase in the kinetic 
constant. A further increment up to 1.09 W upholds a similar metha
nation yield of 92%, with a slight 24% increase in the kinetic constant 
(Fig. 8a.1, c, and d). So, when using high sunlight power, there is a point 
at which the CO2 conversion efficiency reaches a maximum plateau, and 
the reaction rate becomes virtually irradiance-independent (Fig. 8d). 
This phenomenon can be attributed to the internal conversion transi
tions to lower excited states before any radiative emission process [58]. 
In this case, vibrational relaxation in the upper excited state occurs 
before charge transfer, and as a result, the excess absorbed photons 
cannot be effectively utilised [59]. In the case of monochromatic irra
diation (Fig. 8a.2, a.3, c and d), CH4 production consistently increased in 
direct proportion to the RP values within the range of 0.05–0.55 W, 
which represents the minimum and maximum power allowed by the 
LED power supply. These RP values were relatively low; therefore, the 
observed trend aligns with the results obtained for simulated sunlight at 
low irradiance levels. Within this range, the initial CO2 reduction rate is 
proportional to the RP values: (i) 0.29 mM min− 1 W− 1 for 405 nm LED; 
and (ii) 0.31 mM min− 1 W− 1 for 365 nm LED. According to Sarina et al. 
[60], only photons with sufficient energy higher than the lowest unoc
cupied molecular orbitals’ energy level can initiate reactions. Both 
polychromatic (280–800 nm) and monochromatic (365 and 405 nm) 
radiation provided sufficient energy to activate the photocatalyst, as 
evidenced by the increasing reactivity with increasing irradiance. Pho
tocatalysis allows reactions to occur at reduced temperatures by 
leveraging the electron photoexcitation effect, which concurrently en
hances the adsorption of the hybrid material. Therefore, in the specific 
domain of direct thermo-photocatalysis, wherein Ru-oxide nano
particles are integrated into TiO2 supported by zeolite 13X, the sub
stantial contribution of photon-electron excitation plays a paramount 
role in accomplishing a noteworthy CO2-to-CH4 conversion efficiency at 
150 ºC. 

The light utilisation efficiency of the thermo-photocatalytic system 
was assessed by estimating the following parameters: (i) apparent 
photonic efficiency (ΦAPE

CO2
), which is the ratio between the moles of CO2 

converted and the moles of photons reaching the photoreactor; and (ii) 
apparent quantum yield (ΦAQY

CO2
), which is the ratio between the moles of 

CO2 converted and the moles of photons absorbed by the photocatalyst 

(detailed calculation can be found in the Supplementary Material). 
These values are represented in Fig. 8d. When comparing the ΦAPE

CO2 
with 

ΦAQY
CO2

, it is evident that ca. 75% of the incoming radiation to the pho
toreactor is effectively utilised by the bifunctional photocatalyst/ 
adsorbent material, regardless of the illumination source tested. Both 
parameters differ only in the apparent fraction of light absorbed by the 
photocatalyst, which is remarkably similar for all lighting devices 
(0.75–0.76), in agreement with the UV-Vis DRS analysis of the hybrid 
material (Fig. 4). Consequently, their behaviour is nearly identical, and 
the ensuing discussion will mainly focus on ΦAQY

CO2
. 

With respect to polychromatic radiation, the ΦAQY
CO2 

values gradually 
increase from 13.8% to 20.7% within the RP range of 0.42–0.75 W. 
However, as the RP is further extended to 1.09 W, there is an excess of 
incident energy, leading to a reduction in the overall quantum effi
ciency, with ΦAQY

CO2 
dropping to 17.0% (Fig. 8b.1). On the other, for 

monochromatic radiation at 405/365 nm, as the RP value increases 
from 0.05 < 0.30 < 0.55 W, the ΦAQY

CO2 
values decrease from 38.4%/ 

56.4% > 12.6%/16.5% > 10.7%/13.4% (Fig. 8b.2 and b.3). Neverthe
less, it should be noted that at the lowest RP of 0.05 W, the methanation 
reaction proceeds preferentially via thermal catalysis, as can be inferred 
from the similar CH4 production profiles observed under both lighting 
and dark conditions (Fig. 8a.2 and a.3). Therefore, in the presence of low 
photon flux, the ΦAQY

CO2 
values are over-estimated. In this sense, if these 

over-hyped values are disregarded, as they are clearly affected by 
external heating rather than incoming irradiation, it could be verified 
that the simulated sunlight presents the highest ΦAPE

CO2 
and ΦAQY

CO2 
values, 

reaching 15.6% and 20.7% for an RP of 0.75 W, respectively. The high 
absorption coefficients and energy transfer capabilities of Ru dinuclear 
complexes in the visible region contribute to the increased photoreac
tion efficiency through multi-electron reduction processes and efficient 
charge separation, as described by Wouters et al. [61]. The results found 
in the current work are consistent with the ΦAQY

CO2 
values reported in the 

literature regarding photocatalytic methanation, such as 25.8% for 
f-C3N4/OV-Ti3AlC2 [62] and 12.4% for 0.35-BT-30 [63] materials. The 
comparable performance of the different radiation sources confirms the 
excellent photoresponse of the hybrid material, which can absorb radi
ation in the UVA-vis region, according to DRS analysis. The electronic 
modification of the catalyst by introducing metal oxide nanoparticles 
influences the tuning of the photoresponse wavelength by affecting the 
dynamics of electron-hole separation at the interface [58]. 

The proposed hybrid material exhibited equally high photoactivity 
towards CO2 methanation when exposed to energy-efficient LEDs at 405 
and 365 nm or direct sunlight. This versatility provides some advantages 
for real-scope applications, as the operating system can utilize natural 
solar radiation during the day and switch to miniature light sources at 
night. 

Solar-driven thermo-photocatalysis harnesses renewable energy and 
offers the most favourable combination of CO2 conversion (88.0%) and 
apparent photonic efficiency (15.6%) compared to other lighting sour
ces. Consequently, simulated sunlight at 0.75 W was utilised for the 
following experiments. 

3.2.4. Effect of temperature 
Raising the temperature can boost CO2 photoreduction by: (i) 

avoiding electron-hole recombination, which allows efficient charge 
separation and utilisation of photogenerated carriers; (ii) enhancing 
diffusion rates, which facilitate the transport of reactants/products to 
and from the photocatalyst’s active sites; (iii) promoting product 
desorption, which frees up active sites for further catalytic reactions; and 
(iv) augmenting the likelihood of reactant molecule collisions on the 
photocatalyst surface, which leads to higher reaction rates [64,65]. 
However, higher temperatures can also reduce the adsorption capacity 
due to weaker interactions between the adsorbate and the adsorbent 
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[66]. Thus, temperature has two opposing effects on the hybrid material: 
(i) a positive effect on the reaction rate due to increased particle exci
tation; and (ii) a negative effect on the adsorption ability. Accordingly, 
this section investigates the impact of different temperatures on the 
performance of CO2 hydrogenation into CH4 over bifunctional RuO2 

(4.0%):TiO2(26.3%)/Z13X material (30 mg) via adsorption/thermal catal
ysis (under dark conditions) and adsorption/thermo-photocatalysis 
(0.75 W of sunlight radiant power). The main findings are presented 
in Fig. 9 and Table S5 (experiments #2.7 and #5.1–5.9). 

As expected, the methane yield increased with temperature, indi
cating that higher reaction temperatures favour the CO2 hydrogenation 
reaction (Fig. 9a). The thermal conversion of CO2 into methane is only 
observed at temperatures ≥ 150 ºC, achieving a low value of 33% after 
100 min at such temperature due to slow kinetics. As the temperature 
has risen from 150 to 250 ºC under dark conditions, the pseudo-first- 
order kinetic constant increased from (0.44 ± 0.06) × 10− 2 to (3.3 ±
0.4) × 10− 2 (Table S5, experiments #5.3–5.5). In the case of thermo- 
photocatalysis, the fact that CH4 generation can be detected from 50 
ºC onwards, with specific CH4 production rates of 0.1/14.6 mmol 
gactive_cat
− 1 h− 1 at 50/100 ºC, highlighting the positive effect of solar- 

driven photocatalysis at lower temperatures (Table S5, experiments 
#5.6 and #5.7). As the temperature rose from 150 to 250 ºC under 
sunlight, the kinetic constant increased from (2.6 ± 0.4) × 10− 2 to (3.9 
± 0.3) × 10− 2 min− 1 (Table S5, experiments #2.7 and #5.8). It should 
be emphasised that at 150 ºC, the CO2 reduction reaction was 2.7-fold 
more efficient and 6.0-fold faster via thermo-photocatalysis than ther
mal catalysis (Table S5, experiments #2.7 and #5.3). Integrating het
erogeneous thermo-photocatalysis into a hybrid approach has gained 
considerable attention due to its ability to convert CO2 in the gas phase 
under relatively moderate operating conditions [67,68]. In addition, 
zeolites exhibit a higher capacity for CO2 adsorption at lower temper
atures. These zeolites demonstrate remarkable adsorption abilities at 
medium temperatures around 150 ◦C [66]. This study highlights an 
excellent approach to fostering the methanation reaction by combining 
CO2 capture and thermal photoconversion over new bifunctional 

material, showcasing the potential of this hybrid strategy. 
The apparent activation energy (Ea) (calculation formulas are 

available in the Supplementary Material) of thermal catalysis was esti
mated at 23 ± 9 kJ mol− 1 for temperatures ranging from 150 to 250 ºC 
(Fig. 9b). In comparison, the thermo-photocatalysis exhibits two distinct 
phases with Ea values of 41 ± 4 kJ mol− 1 and 9 ± 3 kJ mol− 1, for 
temperatures between 50 and 150 ºC and 150–250 ºC, respectively 
(Fig. 9b). This discrepancy can be attributed to the effect of temperature 
on the hybrid material. Enhanced adsorption at low temperatures can 
improve the reaction conditions but compromise the catalytic perfor
mance. Karelovic and Ruiz [69] reported an Ea of 71.1 kJ mol− 1 

(17.0 kcal mol− 1) for Rh(3 wt%)/TiO2 catalyst in thermal catalysis at the 
range of 100–165 ºC. According to Ullah et al. [70], Ea decreased by 
20%, from 74.8 to 60.2 kJ mol− 1, when comparing dark and light con
ditions using the Co10/La15-TiO2 catalyst in the temperature range of 
200–350 ºC. In the current study, the Ea value decreases by 61% under 
sunlight irradiation in the temperature range of 150–250 ºC, implying 
that the introduction of light into the thermal catalysis process effi
ciently reduces the energy barrier that must be surmounted for the 
methanation reaction to take place. Consequently, the reaction can 
proceed more rapidly and with a reduced energy input when combining 
both thermal catalysis and photocatalysis in tandem, showcasing the 
synergistic interplay between these two catalytic processes. Moreover, 
the observed Ea decline for the light-assisted methanation, as opposed to 
the in-dark one, together with the linear correlation between the reac
tion rate and radiant power, indicates that the primary driving force 
behind the overall methanation reaction mechanism is the 
photon-induced hot charge carriers. Barrio et al. [71] achieved an Ea of 
5.06 kJ mol− 1 for temperatures between 50 and 200 ºC using the Ni 
(25)/g-CN photocatalyst, which is very close (~26% lower) to the one 
found in this study. The low Ea value can be attributed to the photo
catalytic effect and the hybrid material’s adsorption capabilities. 

The CH4 yield was significantly enhanced after incorporating light, 
with the highest synergy obtained at 150 ◦C, indicating that the cata
lysts’ intrinsic excitation process may be crucial for the hydrogenation 

Fig. 9. Representation of (a) specific CH4 production over time 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-assisted 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; 30 mg of RuO2(4.0%):TiO2(26.3%)/Z13X 
composite; and RP = 0.75 ± 0.01 W (when simulated sunlight was applied). 
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reaction [13]. At 100 ºC and 150 ºC, there was a substantial increase in 
CO2 conversion by approximately 41% and 55%, respectively. Although 
the adsorption capacities were higher at lower temperatures, CO2 con
version remained relatively low below 50 ºC. At temperatures above 150 
ºC, the adsorption capacity may be reduced; however, higher tempera
tures may compensate for this catalytic process [66]. Therefore, it can be 
hypothesised that the heat input and photogenerated carriers supported 
the CO2 hydrogenation of CH4 over the hybrid material. The effect of 
temperature on the adsorption process is explored in more detail in 
Section 3.3, focusing on the zeolite 13X adsorbent, RuO2(13.4%):TiO2 
photocatalyst, and bifunctional RuO2(4.0%):TiO2(26.3%)/Z13X material. 

3.2.5. Effect of bifunctional material reuse 
The stability of the hybrid RuO2(4.0%):TiO2(26.3%)/Z13X material to

wards CO2 hydrogenation (30 mg, 0.75 W of sunlight radiant power) 
was evaluated throughout three thermo-photocatalytic consecutive cy
cles at 150, 200 and 250 ºC (Fig. 10a, Table S5 experiments #6.1 to 
#6.9). It was inferred that the material’s reusability improved at higher 
temperatures. Upon recycling at 150 and 200 ºC, the CO2 conversion 

after 100 min was impaired by 34% and 17%, and the reaction rate 
decreased by about 69% and 24%, respectively (Fig. 10a.1-a.2, Table S5 
experiments and #6.1 to #6.6). In turn, at 250 ºC, the photocatalytic 
activity was not affected after successive cycles, with the initial CO2 
reaction rate ranging between (0.52 ± 0.04) and (0.62 ± 0.05) mM 
min− 1 (Fig. 10a.3, Table S5 experiments #6.7 to #6.9). Although zeolite 
13X exhibits a lower adsorption affinity for water, a by-product of the 
Sabatier reaction, than other zeolite materials [17], it still delivers a 
higher capability to capture water than CO2 [72,73], which diminishes 
as the temperature rises. So, the decrease in the bifunctional photo
catalyst/adsorbent composite performance, particularly at lower tem
peratures, can be attributed to water accumulation (as confirmed by the 
analyses described below) during consecutive methanation reactions. 

To assess any functional changes on the hybrid RuO2(4.0%):TiO2 

(26.3%)/Z13X material surface during the reaction, it was analysed by 
FTIR before and after undergoing three thermo-photocatalytic cycles at 
temperatures of 150, 200, and 250 ºC (Fig. 10b). The FTIR spectra 
revealed a peak at 2934 cm− 1, corresponding to the C-H stretching vi
bration of adsorbed hydrocarbons [74], which was attenuated in the 

Fig. 10. Representation of: (a) specific CH4 production over time via solar-assisted thermo-photocatalysis along three sequential reutilization cycles (1 st cycle- , 
2nd cycle- , and 3rd cycle- ), and respective pseudo-first-order kinetic constant for CO2 reduction (inset) at (.1) 150, (.2) 200, and (.3) 250 ºC; (b) FTIR spectra for 
the fresh RuO2(4.0%):TiO2(26.3%)/Z13X and after the 3rd utilization cycle at 150, 200, and 250 ºC; and (c-d) high-resolution XPS spectra of the (c) O 1 s and (d) Ti 2p – 
Ru 3p occupied states (with the respective fitting and deconvolution curves) for the (.1) fresh RuO2(4.0%):TiO2(26.3%)/Z13X and (.2) after the 3rd utilization cycle at 
150 ºC. Operating conditions: V = 40 mL; PCO2 = 0.32 bar; PH2 = 1.28; 30 mg of RuO2(4.0%):TiO2(26.3%)/Z13X composite; and RP = 0.75 ± 0.01 W. 
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sample subjected to the highest temperature. This trend agrees with the 
fact that higher temperatures lead to higher desorption rates. Further
more, the presence of water molecules adsorbed on the zeolite-base 
material is evident, as indicated by the H-OH bending vibration peak 
at 1628 cm− 1 and the enhanced OH band at 3438 cm− 1 [75]. Water 
deposition onto the porous zeolite increased the intensity of the 
1628 cm− 1 peak in the bifunctional material after three methanation 
cycles at 150 ºC. Additionally, gas-phase CO2 adsorption can be 
observed by the effect at 2348 cm− 1 [74], which is more pronounced for 
the reutilised samples than for the fresh ones. 

To further investigate the impact of water accumulation on the CO2 
hydrogenation reaction, XPS analysis was performed on the sample that 
underwent three thermo-photocatalytic cycles at 150 ºC (Fig. 10c-d), as 
this condition resulted in the least favourable outcomes. Consistent with 
the findings from the FTIR analysis, the existence of water resulting from 
the methanation reaction was confirmed by the peak at 536.6 eV in the 
O 1 s spectra (Fig. 10c.2) [76,77]. This indicates the water adsorption on 
the recycled hybrid material, whose presence can influence the Ru 
oxidation state, as evidenced by the formation of the RuO4 at 284.5 eV 
in Fig. 10d.2, which can be attributed to double-hydrated RuO2 [78]. 
The RuO4 species can potentially hinder the Sabatier reaction mecha
nism, as the oxidation and reduction of Ru play crucial roles in the 
capture and methanation phases, respectively [79]. Moreover, the water 

adsorbed on the bifunctional material occupies active states, which can 
compromise the overall effectiveness of the reaction during the subse
quent reuse [73]. 

Therefore, the accumulation of water in the hybrid RuO2(4.0%):TiO2 

(26.3%)/Z13X material during a reaction cycle can affect: (i) material’s 
adsorption capacity due to the competition between the CO2 reactant 
and H2O by-product, which has a higher affinity for the available 
adsorption sites of zeolite 13X; and (ii) the Ru oxidation state due to the 
double hydration of RuO2, which results in the formation of RuO4 spe
cies, that negatively impacts the CO2 methanation reaction. As the 
temperature rose from 150 to 200ºC, this adverse effect diminished until 
it became null when the bifunctional material was recycled at 250 ºC. 
However, the thermal catalysis process predominantly governs the 
methanation reaction at temperatures higher than 150 ºC. In this sense, 
other adsorbents, such as zeolite 3 A and zeolite 4 A, can be added to the 
hybrid material composition to reduce the impact of water accumulation 
on zeolite 13X at lower temperatures [80,81]. Therefore, it is suitable to 
foster CO2 methanation via thermo-photocatalysis, thus levering solar 
energy to reduce the external heating demand. Furthermore, adding 
zeolites with enhanced water adsorption capacity will keep water 
outside the gaseous reactional medium, shifting the Sabatier reaction 
equilibrium towards the products’ side, thus improving the efficiency of 
the CO2 hydrogenation into CH4 at lower temperatures. 

Fig. 11. Adsorption equilibrium isotherms (experimental adsorption (closed symbols) and desorption (open symbols) data along with Lagmuir model fitting lines) 
for (.1) CO2 and (.2) CH4 over the (a) zeolite 13X, (b) RuO2(13.4%):TiO2, and (c) RuO2(4.0%):TiO2(26.3%)/Z13X materials at 150 ( , , solid lines), 200 ( , , 
dashed lines) and 250 ( , , dotted lines) ºC, and (.3) respective selectivity of an equimolar binary CO2/CH4 mixture (αCO2,CH4). 
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3.3. Adsorption equilibrium isotherms of the materials 

The bifunctional RuO2(4.0%):TiO2(26.3%)/Z13X material consists of a 
mixture of RuO2(13.4%):TiO2 photocatalyst and zeolite 13X adsorbent. To 
gain a deeper understanding of the adsorption behaviour and the 
interaction between the various materials, the equilibrium adsorption- 
desorption isotherms of CO2 and CH4 were examined at temperatures 
of 150, 200, and 250 ºC (temperature range in which methanation can 
take place via both thermal catalysis and thermo-photocatalysis) under 
pressures of up to 5 bar. Moreover, the Langmuir model [82] fits the 
experimental data well, providing valuable insights into the adsorption 
characteristics and the interaction between the different materials. The 
results are illustrated in Fig. 11, and the corresponding equilibrium 
parameters are summarised in Table 1 (calculation formulas are avail
able in the Supplementary Material). 

The maximum adsorption capacity (qm) of CO2, which is 3.228, 
0.223, and 0.7575 mol kg− 1, surpasses the qm of CH4, which is 0.594, 
0.067, and 0.147 mol kg− 1, on the zeolite 13X, RuO2(13.4%):TiO2, and 
RuO2(4.0%):TiO2(26.3%)/Z13X materials, respectively (Table 1). This 
advantage holds across all temperature and pressure conditions, as 
illustrated in Fig. 11, providing a clear indication of the benefits of 
thermo-photocatalysis for the methanation reaction. The strong 
adsorption affinity of the CO2 reactant allows it to be preferentially 
captured and retained on the material surface rather than on the CH4 
product, enhancing the polarisation of CO2 molecules available for the 
reaction [83]. The preferential adsorption of CO2 ensures that it reacts 
efficiently with H2 to produce CH4 on the photocatalyst surface, fol
lowed by light product desorption [84]. 

The amount of CO2 adsorbed on zeolite 13X agrees with the litera
ture values [85]. According to Campo et al. [86], the equilibrium iso
therms of CO2/CH4 adsorption on zeolite 13X at 308 K, 323 K, and 
348 K using the Langmuir model revealed a qm value of 
7.06/5.30 mol kg− 1 and the adsorption equilibrium constant at infinite 
temperature (b0) of 4.79 × 10− 5/1.41 × 10− 4 bar− 1. In the present study 
(Table 1), the CO2/CH4 adsorption on the same material exhibited a qm 
value of 3.228/0.594 mol kg− 1, accompanied by a b0 value of 4.97 ×
10− 6 bar− 1/2.50 × 10− 5 at temperatures of 423, 473, and 523 K. A 
comparison of the equilibrium isotherms of CO2/CH4 adsorption from 
the current with the reference data revealed that the qm values decreased 
2.2/8.9-fold and b0 values 9.6/5.6-fold due to the temperature range 
used. As expected, the RuO2(13.4%):TiO2 photocatalyst exhibited the 
lowest adsorption capacity with qm for CO2 of the 0.223 mol kg− 1 and b0 
value of 9.91 × 10− 7. Adding zeolite 13X to the photocatalyst increased 
its qm and b0 by 3.4- and 2.6-fold, respectively, for CO2 adsorption (qm =

0.757 mol kg− 1 and b0 = 2.53 × 10− 6) (Table 1). 
Based on the Langmuir adsorption isotherms and the operating 

conditions for the CO2 methanation reaction, it can be estimated that 
when the photoreactor (40 mL), containing 30 mg of material, is fed 
with an H2/CO2 mixture (4:1) up to a total pressure of 1.6 bar at 20 ºC, 

the bifunctional RuO2(4.0%):TiO2(26.3%)/Z13X material can adsorb 
approximately 4.3% of the initial CO2 concentration (~13 mM), in 
contrast to the 1.3% capacity of the RuO2(13.4%):TiO2 photocatalyst 
(0.75 vs 0.22 mol CO2 kg− 1). When the photoreactor was heated up to 
150 ºC, its pressure rose to 2.3 bar, resulting in a partial CO2 pressure of 
0.46 bar. Under these conditions, replacing the RuO2(13.4%):TiO2 pho
tocatalyst with the hybrid RuO2(4.0%):TiO2(26.3%)/Z13X material led to a 
2.6-fold improvement in CO2 uptake, from 0.088 to 0.23 mol kg− 1, 
respectively. In fact, these 3.3-/2.6-fold increments in the material 
adsorption capacity were aligned with a 3.2-fold improvement in the 
specific CH4 production rate per mass of active catalyst during thermo- 
photocatalytic CO2 hydrogenation (see Table S5, experiments #1.5 and 
#2.7). Such performance reinforces the advantage of incorporating an 
adsorbent and a photocatalyst in a single bifunctional material to foster 
thermo-photocatalytic methanation while reducing the amount of 
expensive catalyst material required. This innovative approach holds 
promising potential as a viable and sustainable pathway for solar fuel 
production. 

Under the initial methanation reaction conditions (150 ºC; 2.3 bar; 
[H2]:[CO2] = 4:1), pristine zeolite 13X demonstrated an adsorption 
capacity of 0.89 molCO2 kg− 1. If CO2 partial pressure is increased to 
1.67 bar, CO2 uptake capability rises to 1.88 mol kg− 1, which is about 
24% higher than the value reported by Silva et al. [87] for binderless 
beads of zeolite 13X at 1.67 atm (1.69 bar) and 423 K (150 ºC). 
Comparing zeolite 13X with the hybrid material, a 74% decrease in the 
CO2 adsorption capacity was observed, in agreement with the 71% 
reduction in the micropore area (see Table S4). It is important to note 
that the adsorption ability is not directly proportional to the zeolite 13X 
content in the bifunctional material due to the physical blocking of 
zeolite pores by the photocatalyst [30], as previously mentioned in the 
physical characterisation section (Section 3.1.2). Despite the reduction 
in adsorption efficiency compared to pure zeolite 13X, the hybrid ma
terial still offers the advantages of combined adsorption and 
catalyst-driven methanation. The conversion of CO2-to-CH4 results in 
the liberation of active spaces within the bifunctional material, further 
contributing to its utility in CO2 utilisation processes. 

The evaluation of the equimolar CO2/CH4 mixture selectivity 
(calculation formula is available in the Supplementary Material) 
confirmed that the materials have a higher affinity for CO2 than CH4 
(Fig. 11a-c.3). The ideal selectivity of both zeolite 13X and photo
catalyst/Z13X materials for a binary CO2/CH4 mixture demonstrated an 
inverse relationship with pressure, with a gradual decrease as the 
pressure rises from 0.1 to 5 bar for all the temperatures tested. In 
contrast, the photocatalyst exhibited an opposite profile. Considering a 
temperature of 150 ºC (423 K), where the highest synergy between 
photo- and thermo-catalytic methanation was found, pure zeolite 13X 
and the hybrid material showed a selectivity decreasing from 16.9 to 
7.86 and 10.3–6.12, respectively. In contrast, the photocatalyst’s 
selectivity increases from 2.00 to 3.15 within the same pressure range 
(0.1–5 bar). Cavenati et al. [88] found a selectivity of 4–6 at the pressure 
of 0.1–3 bar for CO2/CH4 separation using Cu-MOFs adsorbent at 303, 
323, 373 K (6.6 mol kg− 1 at 2.5 bar and 303 K). Silva et al. [87] ob
tained similar findings, revealing experimental selectivity values of 5.4, 
5.5, and 7.4 in an equimolar mixture of CO2/CH4 (50/50) at a temper
ature of 423 K with the respective partial pressure of CO2/ CH4 of the 
1.67/1.67, 1.00/1.00, and 0.33/0.33 when utilizing binderless beads of 
zeolite 13X. 

Like in catalytic reactions, temperature exerts a considerable influ
ence in adsorption, as depicted in Fig. 11. As the temperature rose, the 
adsorption capacity decreased for all materials and gases studied. When 
considering the thermo-photocatalytic system with 30 mg of hybrid 
material, increasing the temperature from 150 to 250 ºC resulted in a 
6.8-fold decrease in CO2 uptake, reducing it from 6.97 to 1.02 μmol 
(0.23–0.034 mol CO2 kg− 1). This corresponds to 1.34% and 0.20% of the 
CO2 initially fed into the reactor. Within this temperature range, the 
initial CO2 reduction rate rises from 0.059 ± 0.008–0.45 ±

Table 1 
Parameters of the Langmuir model fitting for CO2 and CH4 at 423, 473, and 
523 K.  

Element Material qm
a b0

b ¡ΔHc 

mol kg¡1 bar¡1 kJ mol¡1 

CO2 Zeolite 13X  3.228 4.97 × 10− 6 42295 
RuO2(13.4%):TiO2  0.223 9.91 × 10− 7 49870 
RuO2(4.0%):TiO2(26.3%)/ 
Z13X  

0.757 2.53 × 10− 6 45193 

CH4 Zeolite 13X  0.594 2.50 × 10− 5 32410 
RuO2(13.4%):TiO2  0.067 2.62 × 10− 0 - 
RuO2(4.0%):TiO2(26.3%)/ 
Z13X  

0.147 8.86 × 10− 5 30076 

a qm is the maximum adsorption capacity of adsorbent; 
b b0 is the adsorption equilibrium constant at an infinite temperature; 
c ΔH is the heat of adsorption. 
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0.06 mM min− 1 for thermal catalysis (TC, heating without light) and 
from 0.36 ± 0.07–0.51 ± 0.04 mM min− 1 for thermo-photocatalysis 
(TPC, heating with light) processes (Table S5, experiments #5.3 - 
#5.5, and #2.7 - #5.9). In the absence of external heating (reaction at 50 
ºC, which is the temperature achieved inside the Suntest’s chamber), 
applying the photocatalysis (PC) process results in an initial CO2 hy
drogenation rate of (0.21 ± 0.03) × 10− 3 mM min− 1. These methana
tion performances show a decrease in the synergy (rTPC/(rPC + rTC) – 1, 
%) between thermo- and photo-catalysis from 508% to 13.3% while 
increasing the temperature from 150 to 250 ºC. Indeed, the observed 
behaviour is consistent with the adsorption profile, where lower CO2 
adsorption on the material surface corresponds to a diminished contri
bution of photocatalysis to the overall thermo-photocatalytic methana
tion reaction. Consequently, the likelihood of CO2 reacting with 
photogenerated electrons decreases, leading to a more pronounced 
thermal effect. Such phenomenon highlights the crucial role of adsorp
tion in regulating the interplay between thermal and photocatalytic 
processes towards the methanation reaction under near-mild conditions. 
Hence, according to the conversion and adsorption experimental values 
presented here, thermal photocatalysis is an excellent approach for 
achieving high CO2 methanation reaction yields under specific oper
ating conditions that favour the adsorption process over novel bifunc
tional material. In particular, a temperature of 150 ºC resulted in the 
highest reaction synergy between adsorption, thermal catalysis, and 
photocatalysis processes. 

4. Conclusions 

A highly efficient Ru:TiO2 photocatalyst-decorated zeolite 13X ma
terial has been effectively applied to promote simultaneous adsorption 
and solar thermo-photocatalytic conversion of CO2 into renewable CH4 
at 150 ºC. The most significant conclusions were:  

(i) Both optimal photocatalyst compositions, RuO2(13.4%):TiO2 and 
RuO2(21.4%):SrTiO3, exhibited a similar 81% CO2 conversion after 
100 min at 150ºC and 0.75 W; however, the TiO2-based photo
catalyst required a lower amount of noble Ru metal, highlighting 
its potential as a more cost-effective option for solar thermo- 
photocatalytic CO2 methanation.  

(ii) The novel bifunctional RuO2(4.0%):TiO2(26.3%)/Z13X material, 
which combines the adsorbent and photocatalyst properties, 
demonstrated excellent performance towards simultaneous CO2 
adsorption/thermo-photoconversion (150ºC and 0.75 W) when 
prepared by solid-state impregnation. It achieved a specific CH4 
yield rate of 29.2 mmol gactive_cat

− 1 h− 1 or 309 mmol gRu
− 1 h− 1. Such 

an outcome denotes that the active catalyst (RuO2:TiO2) amount 
can be reduced by up to 3.3-fold while maintaining a high 88% 
CO2 conversion.  

(iii) The proposed hybrid material features remarkable versatility in 
terms of the light source used, achieving high thermo- 
photocatalytic activities for CO2 methanation with both 365 
and 405 nm LEDs, as well as direct sunlight, which is an advan
tage regarding practical applications. Notwithstanding, renew
able sunlight provided the best balance between CO2 conversion 
(88%) and apparent photonic efficiency (15.6%) at a radiant 
power of 0.75 W.  

(iv) The highest synergy between thermal catalysis (dark conditions), 
photocatalysis (light conditions) was attained at 150 ºC. No CH4 
was detected under dark conditions at lower temperatures, while 
a low CH4 production was observed at 50ºC under sunlight, 
underlining the photochemical reactions’ significance. At higher 
temperatures, similar methanation performances were found for 
thermal catalysis and thermo-photocatalysis, indicating that solar 
photons did not significantly contribute to the reaction 
mechanism.  

(v) The accumulation of water, a Sabatier reaction by-product, on the 
bifunctional material surface impaired its reusability along three 
consecutive cycles for temperatures below 250 ºC. This is due to 
the higher adsorption affinity of water for zeolite 13X compared 
to CO2 and the resulting change in the Ru oxidation state by the 
RuO2 double-hydration.  

(vi) The experimental adsorption equilibrium isotherms displayed a 
higher CO2 adsorption capacity at lower temperatures, consistent 
with the thermo-photocatalytic test results. The superior 
adsorption capacity of CO2 compared to CH4 in hybrid material 
confers a distinct advantage towards photocatalytic methanation. 
The bifunctional material’s adsorption was about 2.6-fold higher 
than the photocatalyst, favoring CH4 production per mass of 
active photocatalyst. The high yield of CO2 methanation at 150 ºC 
can be attributed to the simultaneous contribution of adsorption 
and thermo-photocatalytic processes. 

This work highlights the importance of carefully optimizing the 
operating conditions to maximize the efficiency of the methanation re
action and underscores the potential of adsorption/thermo- 
photocatalysis as a promising method for CO2 conversion to methane. 
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