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In this study, fabrication of single wall carbon nanotubes modified titanium dioxide (SWCNTs/TiO2) composite 

catalyst for selective and enhanced photocatalytic CO2 reduction to fuels has been investigated. The samples 

were synthesized by a modified one-pot sol-gel method and were characterized by X-ray diffraction (XRD), 

Scanning Electrons Microscopy (SEM) and Photoluminescence (PL) Spectroscopy. The pure anatase phase 

with reduced crystal size and hindered charges recombination was obtained by modifying TiO2 with SWCNTs. 

The performance of newly developed nano-catalyst was investigated for photo-induced CO2-hydrogen reduction 

under visible light irradiations. The products detected were CO, CH4 and CH3OH with appreciable amounts of 

C2-C3 hydrocarbons. The yield of CO as the main product over 5 wt% SWCNTs/TiO2 was 1,220 µmole g-cat.-1 

h-1, a 5.35 times more than the pure TiO2 NPs. Similarly, yield of methanol of 23.4 µmole g-cat.-1 h-1 was 

detected, 6.5 folds the amount produced over the pure TiO2 NPs. The SWCNTs found to be efficient to enhance 

TiO2 activity due to its ability to capture visible light irradiations with proficient charges separations over the TiO2 

surface. The higher interaction between SWCNTs/TiO2, efficient adsorption-desorption and hindered charges 

recombination rate promoted the photoactivity and products selectivity. The reaction mechanism to understand 

the role of SWCNTs in TiO2 for CO2-hydrogen conversion is also deliberated. 

1. Introduction

Global warming effects due to excessive release of CO2 and energy crises are the major challenges facing by 

the mankind (Nasir et al., 2018). The level of CO2 in the atmosphere has been increasing every year because 

of combustion of fossil fuels, burning of forest and deforestation by human activities (Low et al., 2018). Among 

the different alternatives, utilization of CO2 through chemical process is a promising approach for the production 

of chemicals and fuels. However, higher stability of CO2 molecule demands input energy which leads to 

uneconomical process (Yang et al., 2016). One promising pathways to both problems is photocatalytic CO2 

reduction under visible light irradiations. Thus, photocatalytic CO2 conversion by the use of light irradiation is an 

attractive pathway which has potential to convert solar energy and CO2 to high energy content compounds such 

as CH4, CH3OH and hydrocarbons (Xiong et al., 2018).  

In the field of photocatalytic CO2 reduction applications, in most of research work, water has been used as the 

reducing agent, yet H2O is hardly reducible (Shao et al., 2018). Therefore, CO2 conversion by H2O is not 

significant and selectivity is not appreciable due to wide range of products distributions (Olivo et al., 2015). 

Among the different reductants, hydrogen (H2) has been reported as an efficient reductant for photocatalytic 

CO2 conversion via photocatalytic reverse water gas shift (PRWGS) reaction (Tahir et al., 2015). During the last 

years, titanium dioxide (TiO2) has been employed as a semiconductor material due to its benefits of low cost 

and appropriate band structure, yet has lower photoactivity. (Paulino et al., 2016). The lower performance of 

TiO2 is because of fast charges recombination rate while active only under UV-light irradiations (Tahir, 2018). 

TiO2 photoactivity can be improved by loading with metals and modifying with low cost and renewable materials 

and using H2 as reductant (Tahir et al., 2015). 
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Recently, carbon based materials, in particular, carbon nanotubes (CNTs) such as electron (e-) transportation 

and trapping and provision of bridge for the flow of photo-excited electrons that helps to hinder the recombination 

of charge carriers. More importantly, carbon nanotubes exhibit novel electrical, thermal and optical properties 

with high surface area that makes them conductive under visible spectrum (Umer et al., 2019). Carbon 

nanotubes have high surface area, reduce the rapid recombination of electron/hole pairs and assists in 

harvesting the solar light, thus have capacity to enhance the photocatalytic activity under visible light 

(Yousefzadeh et al., 2013). Researchers have confirmed that the electron transportation properties of CNTs 

provide a comfortable pathway to direct the flow of photo-generated electron/hole pairs, which increases the 

life-span of charge carriers; generated by photo-catalyst upon solar light irradiations. Among the CNTs, single 

wall carbon nanotubes (SWCNTs) has much attractions due to their characteristics to capture and transport 

electrons efficiently in the SWCNTs/TiO2 composite samples (Li et al., 2016). The use of SWCNTs/TiO2 

composite for photocatalytic CO2 reduction by H2 would be an attractive pathway for sustainable fuels 

production. However, there is no report available on the use of SWCNTs/TiO2 composite catalyst in RWGS 

reaction for selective CO and hydrocarbons production.  

In this study, fabrication of SWCNT modified TiO2 structure for photocatalytic CO2 reduction by H2 reducing 

agent via photocatalytic reverse water gas shift (RWGS) reaction under visible light irradiation has been 

investigated. The nanocatalysts were synthesized using single step sol-gel approach and were characterized 

with XRD, FESEM and PL characterization techniques. The performance of photo-catalysts was tested in a 

fixed bed photoreactor under visible light irradiations. The main products detected were CO, methanol and C1-

C3 hydrocarbons. The reaction mechanism was proposed based on the experimental results.  

2. Experimental

2.1 Catalyst preparation 

For the synthesis of SWCNTs/TiO2 composites, one-pot single step sol-gel method was used. Typically, 30 mL 

isopropanol was placed in a flask and 10 mL titanium solution was dispersed under magnetic stirring. The 

hydrolysis process was conducted by adding dropwise solution of 0.1 M acetic acid. This process of hydrolysis 

was continued by 24 h before modifying with SWCNTs. For purification SWCNTs were dispersed in 6 M HNO3 

and H2SO4 mixture, ultra-sonicated for 60 min, and then washed with deionized water until the pH value reached 

to 7.0 before dried in the oven for 12 h. Subsequently, functionalized CNTs dispersed in isopropanol were added 

into titanium sol. Finally, samples were dried at 100 °C overnight and calcined at 500 °C for 5 h under N2 flow. 

Powder X-ray diffraction (XRD; Bruker D8 advance diffract meter, 40 kV and 40 mA) with Cu- Kα radiation (λ= 

1.54 A°) was used to determine crystalline phase. The morphology was investigated using scanning electron 

microscopy (SEM) carried out with JEOL JSM6390 LV SEM. Photo-luminance (PL) spectra of the samples were 

carried out by using Raman Spectrometer (Lab RAM HR Evolution, HORIBA) with 325 nm emitting laser, which 

act as an excitation source. 

2.2 Photoactivity test 

The reactor consists of a stainless-steel cylindrical vessel with a length 5.5 cm and a total volume 150 cm3. The 

lamp used was a 300 W Xe lamp for visible light source located at the top of the reactor glass window. The 0.5 

g catalyst was uniformly distributed at the bottom of reactor for photo-activity test. Prior to feeding, the reactor 

chamber was purged using purified helium (He) flow, then a mixture of gases (CO2, H2 and He) was constantly 

streamed through the reactor for 1 h to saturate the catalyst. Before turning on the lamp, pressure inside the 

reactor was increased to 0.2 bars above the atmospheric by closing the outlet valve and finally inlet valve was 

closed for batch mode experiments. The temperature inside the reactor of 100 °C was maintained using 

temperature controller. Similarly, CO2/H2 feed ratio of 1.0 was used in all the experiments using mass flow 

controllers (MFC). On-line gas chromatograph (GC-Agilent Technologies 6890 N, USA) was used for products 

analysis.  

3. Results and discussion

3.1 Catalyst characterization 

Figure 1a presents XRD spectra of pure TiO2 and SWCNTs/TiO2 samples, which confirms a pure crystalline 

and anatase phase. The XRD pattern of SWCNTs presents reflection of (0 0 2) and (1 0 1) at 2θ = 25.93° and 

42.74°, evidently due to graphitic structure of CNTs. However, all these peaks dispersed in CNTs/TiO2 

composite samples but TiO2 persisted its original reflection. Besides, TiO2 peaks in CNTs-loaded TiO2 samples 

become broader and weaker, which revealed controlled crystal growth of TiO2 NPs with the mesoporous 

structure.  
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For understanding the trapping and transfer property of electron-hole pairs in modified photo-catalysts, 

photoluminescence (PL) analysis can be employed. Figure 1b presents TiO2 and 5 wt% SWCNTs loaded TiO2 

samples peaks, excited at wavelength 325 nm. It is evidenced that PL spectra intensity depends on the photo-

generated charges recombination. Obviously, higher PL intensity was obtained in the pure TiO2 which is in 

accordance of higher charges recombination rate. However, a significant decreased in PL intensity was 

observed with SWCNTs loaded TiO2 sample. This low PL intensity indicates a decrease in charges 

recombination rate due to trapping of electrons by SWCNTs. Thus, addition of SWCNTs into TiO2 provides 

faster charges separation which will enable higher photocatalytic CO2 reduction efficiency.  

The structure and morphology of TiO2 and SWCNTs/TiO2 samples is presented in Figure 2. The uniform size 

with  spherical structure of TiO2 nano-particles can be seen in Figure 2a. Figure 2b presents SEM analysis of 

SWCNTs/TiO2 sample. Evidently, there was good interaction between TiO2 NPs and carbon nanotubes, 

confirming efficient charges separation process, thus producing SWCNTs/TiO2 nanocomposite using sol-gel 

method.  
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Figure 1: (a) X-ray diffraction patterns of TiO2, SWCNTs and SWCNTs/TiO2 catalysts; (b) Photoluminscience 

analysis of TiO2 and 5 wt% SWCNTs modified TiO2 samples.  

Figure 2: SEM images of TiO2 and TiO2/SWCNTs samples: (a) SEM image of TiO2 nanoparticles, (b) SEM 

image of TiO2/SWCNTs sample.  
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3.2 Photocatalytic CO2 reduction with H2 

Firstly, quality control experiments were conducted in the presence of photocatalyst and light irradiations but in 

the absent of reactants. Using all types of systems, in the products gas mixture, carbon containing compounds 

were not detected without reactants or light irradiations. Therefore, all the products would be originated during 

CO2 reduction process under light irradiations.  

The performance of SWCNTs loaded TiO2 for photocatalytic CO2 reduction with H2 with the production of CH4, 

CH3OH, CO and hydrocarbons under visible light irradiations is presented in Figure 3. Figure 3a presents the 

production of CH4, CH3OH and CO over TiO2 and SWCNTs-loaded TiO2 samples. Obviously, production of CO 

was detected as the main products while its yield over SWCNTs/TiO2 was significantly higher than using pure 

TiO2. Production of methanol was greatly improved while methane was reduced using SWCNTs loaded TiO2 

samples. This confirmed that photocatalytic CO2 reduction by H2 via RWGS reaction is a favourable process 

which has improved the productivity for selective products. However, significantly improved efficiency was due 

to larger surface area, efficient trapping and transport of electrons by SWCNTs and visible light absorption. 

Figure 3b demonstrates the production of hydrocarbons over TiO2 and SWCNTs-loaded TiO2 samples. Among 

the hydrocarbon, C2H4 was produced in appreciable amounts with lower amounts of C2H6 and C3H8. Evidently, 

production of hydrocarbons was significantly higher in the presence of SWCNTs/TiO2 samples compared to 

pure TiO2 NPs.  
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Figure 3: Performance analysis of TiO2 and SWCNTs/TiO2 activity for CO2 reduction with H2 to CO, CH3OH 

and hydrocarbons at 100 °C, time 2 h and CO2/H2 feed ratio 1.0; (a) Production of CO, CH4 and CH3OH; (b) 

Production of hydrocarbons.  

The yield rates and selectivity of different products over TiO2 and SWCNTs/TiO2 with their selectivity are 

presented in Table 1. The yield of CO over 5 wt% SWCNTs/TiO2 was 1,220 µmole g-cat.-1 h-1, a 5.35 times the 

pure TiO2 NPs. Similarly, yield of methanol of 23.4 µmole g-cat.-1 h-1 was detected, 6.5 folds the amount 

produced over pure TiO2 NPs. Similar trends in enhanced SWCNTs/TiO2 photo-activity was observed in 

hydrocarbons production. The enhanced in photoactivity was due to more production of electrons with their 

hindered charges recombination rate by SWCNTs. The selectivity for CO production over TiO2 increased from 

85.03 to 95.19 % in 5 wt% SWCNTs loaded TiO2 samples. These results show that CO2 can efficiently be 

converted to CO using SWCNTs loaded TiO2 catalyst via RWSG reaction. Similar observations have been 

reported over Cu-modified g-C3N4 for photocatalytic CO2-CO conversion applications (Shi et al., 2018). The 

enhanced photocatalytic hydrogen production over MoSe2-modified WO3 loaded with CNTs have been reported 

previously in the literature (Tahir et al., 2018).  

Table 1: Summary of yield rates and selectivity of products over TiO2 and SWCNTs/TiO2 samples 

Samples Yield rate 

(µmole g-cat-1 h-1) 

Selectivity 

(%) 

CO CH4 CH3OH C2H4 C2H6 C3H8 CO CH4 CH3OH 

TiO2 230 35.8 3.6 0.24 0.57 0.28 85.03 13.24 1.33 

5% SWCNTs/TiO2 1,220 30.4 23.4 3.64 2.29 1.89 95.19 2.37 0.28 
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3.3 Reaction mechanism 

During the photocatalytic reverse water gas shift reaction, CO2 is reacted with H2 for the production of CO, 

CH3OH and hydrocarbons as the potential products over SWCNTs/TiO2 samples. Therefore, possible reaction 

mechanism is illustrated in Eqs (1)-(6).  

-

2TiO e h
+

+⎯⎯→ (1) 

 SWCNT SWCNTe e− −
+ ⎯⎯→ − (2) 

2 2 2CO H CO H O+ ⎯⎯→ + (RWGSR) (3) 

2 2 3 23CO H CH OH H O+ ⎯⎯→ + (4) 

2 2 4 22CO H CH O+ ⎯⎯→ + (5) 

2 2 2 6 22 3 2CO H C H O+ ⎯⎯→ + (6) 

First, electron-hole pairs were produced over the TiO2 surface under visible light irradiation as explained in Eq 

(1). The photo-generated electrons were trapped by SWCNTs in the composite of SWCNTs/TiO2, resulting in 

their efficient separation as explained in Eq(2). The electrons were transferred toward CO2 for its reduction while 

holes were consumed for hydrogen oxidation. The oxidation and reduction process promoted CO2 reduction by 

H2 via RWGS reaction (Eq (3)). As there was efficient production of electrons due to SWCNTs, H+ radicals and 

active electrons effectively reduced CO2 to CH3OH, CH4 and C2H6 as explained in Eqs (4) - (6). Accordingly, 

CO was the main product with selectivity above 95%, confirming favorable RWGS reaction for CO2 reduction to 

CO over SWCNTs/TiO2 nanocomposites under visible light irradiations. 

The proposed schematics of photocatalytic CO2 reduction by H2 over SWCNTs/TiO2 catalyst under visible light 

irradiations is depicted in Figure 4. It is obvious that light irradiations strike over the catalyst, activated it with the 

production of electrons and holes (e-/h+) pairs. These photo-generated charges react with CO2 and H2 for the 

production of CO. The production of CO as the main products would be explained on the base of TiO2 

conductance band and CO2/CO reduction potential. As the TiO2 CB (-0.50 V) is higher than CO2/CO reduction 

potential (-0.48 V), the production of CO would be possible (Shakeri et al., 2015). Significantly enhanced photo-

catalytic activity of CO2 conversion to CO was due to visible light responsive, faster charges separation and 

appropriate band structure for the production of chemicals and fuels. On the other hand, production of CH3OH 

and hydrocarbons would be due to more production of electrons and their efficient utilization in CO2 reduction 

process due to SWCNTs/TiO2 composite sample. Therefore, SWCNTs is promising for electron trapping and 

transporting materials and could be used in solar energy applications for selective fuels production.  

Figure 4: Schematic presentation of photocatalytic RWGS reaction over SWCNTs/TiO2 photocatalyst. 
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4. Conclusions

In this study, successful fabrication of SWCNTs loaded TiO2 nanocomposites for photocatalytic CO2 reduction 

by H2 under visible light irradiation has been reported. The newly developed composite catalysts found efficiency 

for photocatalytic CO2 reduction to CO, CH4, CH3OH and hydrocarbon fuels. The yield and selectivity was 

promisingly improved over the TiO2 due to efficient charges separation by SWCNTs. The highest yield rate of 

CO as the key product observed over SWCNT/TiO2 was 1,220 µmole-g-cat -1h-1 at selectivity 95%, much higher 

when compared with pure TiO2 photo-catalyst. Similarly, an appreciable amount of CH3OH and hydrocarbons 

were obtained in SWCNTs loaded TiO2 samples. This significant improvement in TiO2 photoactivity with 

SWCNTs loaded TiO2 was evidently due to visible light responsive and faster charges separation. Therefore, 

composite catalyst synthesized in this study reveals efficient photocatalytic behavior for solar energy assisted 

fuels production.  
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