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Abstract 

The photoreduction of carbon dioxide (CO2) into hydrocarbon fuels was studied in a homemade 

photocatalytic system over 5 wt. % graphene oxide-doped oxygen-rich TiO2 (5GO-OTiO2) 

photocatalyst. The CO2 transformation process is a sequential combination of both water 

oxidation and CO2 reduction. As these processes can be affected by parameters such as radiant 

flux intensity and the partial pressures of both CO2 and water vapour, these factors were 

systematically varied and studied in order to determine the most suitable process conditions for 

achieving high photocatalytic activity. Based on results from the CO2 photoreduction 

experiments, a total methane (CH4) yield of 3.450 µmol gmol gcat

-1 was successfully attained over 5GO-

OTiO2 after 8 h of reaction time under visible light irradiation. The experimental data obtained 

was then fitted into the Langmuir-Hinshelwood surface reaction mechanism, wherein both CO2 

and H2O adsorbed simultaneously on the photocatalyst surface to form the CH4 product. 

Regression fitting was performed to determine the kinetic parameters such as reaction rate 

constant and adsorption equilibrium constants. The reaction rate as well as CO2 and H2O 

adsorption equilibrium constants were determined to be 84.42 µmol gcat

-1

 h
-1, 0.019 bar-1 and 8.07 

bar-1, respectively. The significantly smaller CO2 adsorption equilibrium constant implied that the 

adsorption of CO2 was very weak while water strongly adsorbed on the photocatalyst surface. 

 

Keywords: Graphene oxide, oxygen-rich, photocatalyst, carbon dioxide, process study, kinetics 
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1. Introduction 

Fossil fuels are the major energy source used today and are rapidly consumed to meet the 

increasing energy demands of mankind. At the same time, carbon dioxide (CO2), an inevitable 

product of fossil fuel combustion, leads to possible climate change and result in serious impacts 

to the environment [1-5]. Therefore, the ability to harness the power of CO2 on a large scale and 

integrate it back into the utilization cycle as a sustainable form of energy production is highly 

desirable. Among the various renewable projects to date, the photocatalytic reduction of CO2 into 

energy-bearing products has garnered interdisciplinary research attention to mitigate the ever-

growing CO2 concentration and to meet the long-term worldwide energy demands without 

utilizing further CO2-generating power resources [6-15]. In this context, photocatalysis, a well-

orchestrated mimic of natural photosynthesis, for direct conversion of solar energy to chemical 

energy, presents an opportunity to kill these two birds with one stone [16-19]. However, the 

state-of-the-art technology is far from being optimal due to low overall photoconversion and 

selectivity [20-22]. Hence, breakthroughs in the fabrication of highly efficient photocatalysts are 

necessary towards realizing the process for industrial applications.  

Among the semiconductors that have been studied as photocatalysts for CO2 reduction, titanium 

dioxide (TiO2) is regarded as the most feasible in terms of its inexpensiveness, non-toxicity, high 

redox potentials and abundance [23-28]. Despite that, pure unmodified TiO2 suffers from several 

drawbacks such as low quantum efficiency resulting from rapid recombination of charge carriers 

and the limit to UV-light absorption due to its wide band gap [29-33]. Great endeavours have 

been made to resolve these drawbacks, including cationic metal and anionic doping to 

manipulate the properties of TiO2 [34-44]. However, these techniques could result in the 

generation of secondary impurities and oxygen vacancies, respectively, which could ultimately 
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reduce the photocatalytic activity of TiO2 [45, 46]. Under such circumstances, it becomes a 

necessity to develop an effective synthetic route to fabricate visible-light-responsive and stable 

TiO2 without the production of oxygen vacancies and secondary phases. In view of this, our 

research group has recently employed a dopant-free strategy to prepare a novel oxygen-rich TiO2 

(O2-TiO2) photocatalyst with significantly enhanced photocatalytic performance [47, 48]. By 

introducing oxygen excess defects into the lattice of TiO2, the surface disorderliness caused an 

upshift of VB which led to a reduction of band gap energy from 3.2 eV to 2.95 eV. The resulting 

O2-TiO2 could then be activated by visible light, generating electron-hole pairs on its surface. 

Although O2-TiO2 showed remarkable efficiency in reducing CO2 into methane (CH4), its 

photocatalytic activity was observed to gradually deteriorate over time. This problem was 

successfully addressed by incorporating graphene oxide (GO) with O2-TiO2 via a wet chemical 

impregnation technique [10]. In the graphene oxide/oxygen-rich TiO2 (GO-OTiO2) hybridized 

material, GO served as a sink for electrons and an effective charge transporting bridge owing to 

its high electron mobility and extended π -electron conjugation. The Schottky barrier formed at 

the interface of both components separated the photoinduced electron-hole pairs and decreased 

the charge recombination rate, which in turn improved the photostability of the hybrid composite 

significantly [10-12, 49, 50]. 

Our previous results showed that GO-OTiO2 with an optimum GO loading of 5 wt. % exhibited 

the highest photoactivity towards CO2 reduction. The total product yield obtained over GO-

OTiO2 was found to be 14.0 folds higher in comparison to commercial Degussa P25 [10]. 

Nevertheless, the fundamental mechanism of photocatalytic CO2 reduction on GO-OTiO2 

photocatalyst has yet to be explored so far. In overall, the CO2 conversion process is a sequential 

combination of both water oxidation and CO2 reduction [8, 20, 51, 52]. These processes can be 
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affected substantially under different experimental conditions such as the intensity and 

wavelength of the incident light, reactor configuration, residence time as well as the partial 

pressures of the reactants, i.e. CO2 and water vapour [53-60]. Therefore, in the present work, 

parameters including incident light intensity as well as the partial pressures of CO2 and water 

vapour were systematically varied and studied in order to determine their effects on the CO2 

photoreduction process. In heterogeneous photocatalytic processes, rates are typically 

proportional to the adsorption of reactant molecules with efficient desorption of products from 

the surface of the photocatalyst. When two reactants competitively adsorb on the same catalyst 

active sites, but with different adsorption and desorption rate constants, and undergoes reaction 

to yield different products, the reaction could be represented by the Langmuir-Hinshelwood (L-

H) mechanism [53, 54, 61-65]. Hence, the L-H model was employed to correlate the as-obtained 

experimental data. Multiple variable, non-linear regression was carried out to determine the 

kinetic parameters such as reaction rate constant and adsorption equilibrium constants. The 

present work also aimed to extend the fundamental understanding of possible mechanism of CO2 

photoreduction over GO-OTiO2 under visible light irradiation.  

2. Experimental  

2.1 Chemicals 

Graphite powder (< 45 micron, > 99.99%), phosphorus pentoxide, P2O5 (• 98.0%), potassium  98.0%), potassium 

persulfate, K2S2O8 (• 99.0%), potassium permanganate, KMnO 99.0%), potassium permanganate, KMnO4 (• 99.0%), titanium (IV)  99.0%), titanium (IV) 

butoxide, TBOT (97.0%), ethylene glycol, EG (• 99.0%), acetic acid, HAc (• 99.7%), Degussa  99.0%), acetic acid, HAc (• 99.7%), Degussa 

P25 (21 nm particle size, • 99.5% 99.5%) and anatase TiO2 (< 25 nm particle size, 99.7%) were supplied 

by Sigma Aldrich. Hydrogen peroxide, H2O2 (30.0%) and concentrated sulfuric acid, H2SO4 (95-

97%) were supplied by Chemolab. Hydrochloric acid, HCl (37% diluted to 10%) was supplied 
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by Merck. All chemicals were of analytical reagent grade and were used as received without 

further purification. Deionized water (DI-H2O) was used in all experiments.  

2.2 Preparation of oxygen-rich TiO2 (O2-TiO2) and graphene oxide/oxygen-rich TiO2 

(GO-OTiO2) hybrid composite.  

The fabrication of O2-TiO2 and GO-OTiO2 has been reported in our previous work [10, 47, 48]. 

In brief, TBOT was added dropwise into pre-chilled DI-H2O, which resulted in an immediate 

precipitation of hydrolyzed titanium species. The solution was filtered and subsequently washed 

with 1 L of DI-H2O, after which the precipitate was added into a mixture consisting of 100 mL 

DI-H2O and 80 mL H2O2. The resulting orange colored peroxo-titanate complex was heated at 50 

oC for 3 h, and then dried in an air oven at 100 oC overnight. The yellowish solid material was 

then calcined in air at 300 oC for 2 h with a temperature ramping rate of 10 oC/min. GO was 

incorporated with O2-TiO2 via a wet chemical impregnation method. To attain GO sheets, 

graphite oxide powder was first synthesized using a modified Hummers’ Method [66], followed 

by ultrasonication for 1.5 h to exfoliate and separate the graphitic layers. A pre-calculated 

amount of O2-TiO2 powder was introduced into the GO aqueous solution and stirred for 1 h. The 

solution was heated to 80 oC for 2 h, and then dried in an air oven overnight before use. Based on 

our previous work [10], it was observed that GO-OTiO2 with a GO loading of 5 wt. % (5GO-

OTiO2) gave the optimum performance towards CO2 photoreduction. Hence, the aforementioned 

photocatalyst was used throughout the present work.  

2.3 Photocatalytic reduction of CO2 

The schematic photocatalytic reaction system for the reduction of CO2 with H2O in gaseous 

phase is shown in Fig. 1. The homemade photocatalytic system consisted of three quartz columns 
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connected in series, which were enclosed within a black box to avoid any interference from the 

surrounding light. The dimensions of the quartz columns are as follows: inner diameter = 9 mm, 

outer diameter = 11 mm, length = 250 mm. The entire system was checked for any leakages 

using a soap bubble solution. Process and kinetic studies of the CO2 photoreduction process were 

conducted over 5GO-OTiO2 photocatalyst. The sample was coated onto glass rods using double-

sided tape, which were then loaded into the quartz columns. The photoreduction experiments 

were conducted at ambient condition (25 ± 5 oC, 1 bar) in a continuous gas flow reactor. A xenon 

arc lamp (Model no: CHF XM500W) with a UV cut-off filter (λ  > 400 nm) was employed 

throughout the study to focus the photocatalytic experiments solely on visible light irradiation. 

The average irradiance and light spectrum of the xenon lamp were recorded by an Avantes fiber 

optic spectrometer (AvaSpec-128) equipped with a cosine corrector. The required data was 

obtained using the AvaSoft-8 software. Before taking any measurements, an irradiance 

calibration was first carried out using the AvaLight-HAL-CAL light source. As an additional 

experiment, the photoreduction of CO2 at optimized process conditions were repeated under the 

air mass 1.5 (AM1.5) filter. The light spectrums of the xenon arc lamp equipped with UV cut-off 

filter and the AM1.5 filter are shown in the Supplementary Material.  
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Fig. 1. Schematic of the apparatus used for the photocatalytic reduction of CO2 under visible 

light irradiation.  

After loading the photocatalyst-coated glass rods, highly pure CO2 (99.99%) was bubbled 

through water to produce a mixture of CO2 and water vapour into the photoreactor at atmospheric 

pressure. Before switching on the light source, wet CO2 was permitted to flow through the 

photoreactor at 30 ml/min for 30 min to eliminate any excess air and to ensure the complete 

adsorption of gas molecules. After purging the reactor with wet CO2, the xenon lamp was 

switched on and the flow of CO2/H2O was regulated using a mass flow controller. The 

temperature in the reactor was closely monitored with a thermocouple attached to a digital 

temperature reader. The distance between the light source and the photoreactor was measured to 

be about 5 cm. An “online” gas chromatography (GC) system (Agilent 7820A) coupled with 

flame ionization detector (FID) and thermal conductivity detector (TCD) was used to analyze the 

composition of the product gas. Throughout the fixed duration of 8 h, the product gas was 

collected and analyzed downstream of the reactor at 0.5 h intervals. 
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The process parameters studied in this work included the intensity of the incident light source as 

well as the partial pressures of both CO2 and water vapour. To vary the intensity of the incident 

light, the electric current of the xenon arc lamp was manipulated in the range of 5 – 15 A, where 

the irradiance (mW/cm2) at each setting was recorded (see Supplementary Material). The partial 

pressure of CO2, 2COP  used in the photocatalytic experiment was varied in the range of 25 – 101 

kPa, which was achieved by controlling the flow ratio of CO2 to the inert gas N2. The total flow 

rate entering the photoreactor was held constant at 5 ml/min throughout the duration of all 

experiments. Finally, the partial pressure of H2O, 
2H OP  or moisture content entering the 

photoreactor was varied by controlling the temperature of the water saturator.  

3. Results and Discussion 

3.1 Effects of process parameters on the photoreduction of CO2 under visible light 

irradiation 

Initially, a series of control experiments were performed to confirm that the hydrocarbon 

products were generated through photocatalytic reaction rather than through organic 

decomposition of the 5GO-OTiO2 photocatalyst. The control experiments were conducted under 

the following conditions: (1) in the dark (without light irradiation) with the presence of 

photocatalyst and CO2/H2O flow, (2) without photocatalyst under CO2/H2O flow and light 

irradiation, (3) in the absence of H2O vapor with photocatalyst, CO2 flow and light irradiation 

and (4) under N2/H2O atmosphere in the presence of photocatalyst and light irradiation. In all 

cases, no appreciable product formation could be detected. This confirmed that the evolved 

products were generated through the photocatalytic process and not from the 

photodecomposition of organic residues on the catalyst. Therefore, it can be reiterated that the 
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CO2 photoreduction process required all three components, i.e. the presence of photocatalysts, 

reactant feed (CO2 and H2O) and light irradiation.  

The intensity of the light source was varied between 65.3 – 177.2 mW/cm2 (see Supplementary 

Material). The CO2 photoreduction experiments were conducted at a fixed CO2 flowrate of 5 

ml/min at ambient condition. The temperature of the photocatalytic system was closely 

monitored throughout the duration of the reaction. Despite the high intensity of the xenon arc 

lamp used in the experiments, the temperature increase was observed to be minimal and 

insignificant. Fig.  2(a) shows the total CH4 yield versus light intensity under fixed CO2 and H2O 

pressures of 101 and 4.33 kPa, respectively. The total CH4 yield attained was promoted almost 

linearly with the incident light intensity. At an intensity of 177.2 mW/cm2, the highest total CH4 

yield of 3.14 µmol gcat

-1 was achieved after 8 h of light irradiation. This observation could be 

attributed to the large number of photons striking the surface of the 5GO-OTiO2 photocatalyst, 

which in turn powered the excitation of more electrons and holes to take part in the 

photoreduction of CO2 into CH4 gas [67-69]. 

 

Fig.  2. (a) Total methane yield and (b) apparent quantum yield attained over 5GO-OTiO2 after 8 

h at different light intensities,
2CO P : 101 kPa; 

2H OP  : 4.33 kPa. 

(a) (b) 
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Although the photocatalytic performance of a sample is typically measured by the product yield 

attained in terms of µmol gcat

-1 or µmol gcat

-1 h-1, it should be noted that the photocatalytic activity is 

generally dependent on other factors such as the intensity of the light source employed. 

Therefore, to determine the optimum light intensity for this process, the apparent quantum yield 

(AQY) was adopted. AQY is defined as the ratio of the number of electrons reacted to the 

number of incident photons at that time period. The general equation is described by Eq. (1). In 

the photocatalytic reduction of CO2 into CH4 gas, eight electrons are consumed per formation of 

one CH4 molecule as described by Eq. (2). Hence, the number of electrons reacted can be directly 

calculated by multiplying the number of CH4 molecules evolved by eight. As a result, the AQY 

can be estimated by Eq. (3) [49, 70]. 

( )
Number of reacted electrons

Apparent quantum yield %   x 100%
Number of incident photons

=             

(1) 
 

2 4 2CO 8H 8e CH 2H O + −+ + → +                (2) 

4[C ] × 8 × N
Apparent quantum yield (%) 100% 

H x A ×  × t
 hc

A
H

λ
= ×               (3) 

Where [CH4] represents the amount of CH4 evolved during the photoreaction (mol), NA is the 

Avogadro’s number (mol-1), H is the apparent light intensity used (W m-2), A is the irradiation 

area (m2), λ  is the light wavelength (m), h is the Planck’s constant (J s), c is the speed of light 

(m s-1) and t is the reaction time (s).  

The AQY obtained over 5GO-OTiO2 photocatalyst at different light intensities are shown in Fig.  

2(b). Among the studied incident light intensities, 5GO-OTiO2 was observed to exhibit the 

highest AQY of 0.0103% at an intensity of 81.0 mW/cm2. An optimum value existed because at 
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excessively high light intensities (> 81 mW/cm2), the photons supplied to the photocatalyst 

would have exceeded the number of photons required for the photocatalytic reaction. Therefore, 

an irradiance of 81 mW/cm2 gave the most efficient utilization of photon energy and was hence 

used in all subsequent studies. 

The influence of CO2 partial pressure on the photocatalytic activity was also investigated. As the 

present work focuses mainly on the production of hydrocarbon fuels, the representation of 

photocatalytic efficiency was directed towards the total yield of CH4 product. Fig.  3(a) shows 

the total CH4 yields attained over 5GO-OTiO2 after 8 h versus different CO2 pressures under 

fixed light intensity, 81 mW/cm2 and water pressure, 4.33 kPa at room temperature. From Fig.  

3(a), it can be observed that the total yield of CH4 increased with
2CO P , where it reached a 

maximum value of 3.08 µmol gcat

-1 at 90 kPa, before decreasing with a further increment of
2CO P . 

This phenomenon was likely due to the competitive adsorption between CO2 and H2O molecules 

on the active sites of 5GO-OTiO2 during the photoreduction process. At lower concentrations of 

CO2, a large amount of H2O molecules could have adsorbed on the photocatalyst surface to react 

with a limited number of CO2 molecules to form CH4. On the other hand, at excessively high CO2 

concentrations, the CO2 molecules would compete with H2O molecules for the active sites, 

leading to poor overall photoactivity [61, 65, 71]. Therefore, an optimum concentration of both 

reactants exists for achieving high CH4 yield. A similar trend of results have also been reported 

by other research groups [57, 61, 65]. 
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Fig.  3. Total methane yield attained over 5GO-OTiO2 after 8 h at (a) different partial pressures 

of CO2, light intensity: 81.0 mW/cm2;
2H O P : 4.33 kPa; and at (b) different partial pressures of 

H2O, light intensity: 81.0 mW/cm2;
2CO P : 90 kPa.  

Fig.  3(b) illustrates the effect of H2O partial pressure on the photocatalytic activity of 5GO-

OTiO2, under fixed light intensity and CO2 pressure of 81 mW/cm2 and 90 kPa, respectively. 

From Fig.  3(b), the total CH4 yield can be seen to have increased with 
2H OP  until reaching a 

maximum value of 3.45 µmol gcat

-1 at 17.3 kPa. Increasing the 
2H OP  further was found to have a 

negative impact on the photocatalytic performance of 5GO-OTiO2. Similar to the case of
2CO P , 

this phenomenon implied a competitive adsorption of reactants, i.e. CO2 and H2O for the active 

sites during the photoreduction process [61]. The presence of water vapour in the CO2 

photoreduction process is indispensable due to its role in producing certain reactive intermediate 

radicals. During the photocatalytic reduction of CO2, the photogenerated holes (h+) react with 

H2O to yield H+ ions and •OH radicals, both of which are required for the subsequent reduction of OH radicals, both of which are required for the subsequent reduction of 

CO2. The •H radicals which originate from the reduction of protons, will rH radicals which originate from the reduction of protons, will react with carbon 

radicals on the photocatalyst surface to produce methyl radicals, i.e. •CHCH2, •CHCH3 and finally CH4 

as well as higher hydrocarbons e.g. C2H4 and C2H6 [53, 57, 72]. Therefore, H2O is needed in 

appropriate concentrations to ensure the sufficient supply of H+ ions and •OH for the formation of OH for the formation of 

(a) (b) 
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these hydrocarbon products. However, excessively high H2O concentrations would occupy the 

catalyst active sites and consequently reduce the surface contact of CO2 molecules with the 

photocatalyst.  

The highest CH4 yield of 3.45 µmol gcat

-1

 could be obtained over 5GO-OTiO2 at 
2COP  = 90 kPa, 

2H OP  = 17.3 kPa under an incident visible light intensity of 81.0 mW/cm2 after 8 h. In addition to 

CH4, other products such as CO, C2H4 and C2H6 were also detected at the outlet gas (see Fig.  4). 

The total yield of CO evolved was found to be approximately 2.6 times higher than that of CH4. 

This observation could be explained based on the energy band theory. Principally, photoexcited 

electrons could only be consumed effectively if the reduction potential of the reaction is lower 

than the CB potential of the semiconductor. In this case, the 5GO-OTiO2 photocatalyst was more 

feasible in driving the reduction of CO2 into CO because of the lower reduction potential 

difference of ( o
2E (CO / CO 0.53V)= −  as compared to CH4 ( o

2 4E (CO / CH 0.24V)= −  [73]. 

Therefore, in the continuous process, a significant amount of CO was produced.  

In an additional experiment, the photocatalytic reduction of CO2 at optimized process conditions 

was repeated under the air mass 1.5 (AM1.5) filter (see Fig.  4). The use of the AM1.5 provides 

one of the best options for simulating natural sunlight [74]. It was found that the total yield of all 

four products was higher under the AM1.5 filter than that of UV cut-off. This is because UV-

light is generally known to exhibit higher energy per photon, which has the potential to 

effectively power the excitation of more electrons and holes for the photocatalytic reactions, thus 

leading to the increase in product yield [75]. To confirm the as-obtained results, the CO2 

photoreduction experiment conducted under the optimized process conditions were repeated. The 
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standard error for the formation of each product was found to be approximately ± 0.1, thus 

confirming the reproducibility of the results.  

 

Fig.  4. Total yield of CH4, CO, C2H6 and C2H4 attained over 5GO-OTiO2 after 8 h under different 

light filters.  

3.2 Kinetic study of the photocatalytic reduction of CO2 over 5GO-OTiO2 composite 

In heterogeneous photocatalytic processes, rates are typically proportional to the adsorption of 

reactants with efficient desorption of products on the photocatalyst surface. When two reactants 

competitively adsorb on the same catalyst surface active sites, but with different adsorption and 

desorption constants, the reaction can be represented using the Langmuir-Hinshelwood 

mechanism [76], as described by Eq. (4).  

2Rate = k  = k
(1+ )  

A A B B
A B

A A B B

K P K P

K P K P
θ θ

+
             

(4) 



  

 16

Where 
A

θ  and 
B

θ  represent the fractional surface coverage of each reactant, while PA and PB are 

the partial pressures of each reactant species. The rate constant, k and adsorption equilibrium 

constants, KA and KB, are dependent on the system temperature. If the adsorption is random, the 

adsorption probability would be taken as the fraction of the uncovered surface (1 - θ ), while 

desorption would be taken as the surface covered, θ . By employing these assumptions, the 

kinetic model for the photocatalytic reduction of CO2 with H2O could be developed. In the 

photoreduction process, CO2 and H2O were photocatalytically converted into CH4 and CO as 

main products through Eq. (5).  

2 2 4 23C  + 2 O   C  + 2CO + 3O
hv

O H H→             (5) 

There are five primary steps in the photocatalytic reaction mechanism. Step 1 is the adsorption of 

reactants, i.e. CO2 and H2O onto the active sites of 5GO-OTiO2; Step 2 consists of light 

absorption and subsequent production of photoinduced electrons and holes on the photocatalyst 

surface; Step 3 is the interaction between the charge carriers and adsorbed reactant molecules, as 

well as the recombination of charge particles; Step 4 consists of both the oxidation and reduction 

reactions while the last step is the desorption of products from the photocatalyst surface [53, 65]. 

Among the aforementioned steps, the surface reaction is typically considered to be the slowest 

and hence the rate determining step (RDS) [53, 54]. By assuming the reactants and products are 

adsorbed on the same catalyst surface active sites, the rate of reaction in the CO2 photoreduction 

process can be explained by the Langmuir-Hinshelwood mechanism as described in Eq. (6).  

 ( ) 2 2 2 2

2 2 2 2 2 2 4 4

CO CO

2
CO CO CO CO CH CH

Rate
(1+ + + +  + )

H O H Oa

H O H O O O

K P K P
kI

K P K P K P K P K P

 
=  

 
            

(6) 
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Where k represents the rate constant of any particular product and I is the incident light intensity 

in which the kinetic constants are evaluated. Generally, the photocatalytic reaction rate is 

proportional to Ia, where a is the reaction order of the light intensity. 
2H O

K , 
2COK , COK , 

2O
K  and 

4CHK  are the ratios of rate constants for adsorption and desorption of H2O, CO2, CO, O2 and CH4, 

respectively. By assuming that only reactants are adsorbed onto the photocatalyst surface while 

all products desorbed immediately after chemical reaction, Eq. (6) can be further simplified to 

Eq. (7). In addition, the reaction was considered to be irreversible because the partial pressures of 

the products were very low [61]. 

( ) 2 2

2 2

2 2 2 2

CO
CO 2

CO CO

Rate
(1+ + )

H Oa

H O

H O H O

P P
kI K K

K P K P

 
=  

 
                   (7) 

The constants of the L-H model were solved by correlating it with the experimental data of
2CO P , 

2H OP ,  light intensity and the CH4 production rate obtained from Section 3.1, where the light 

intensity, I was fixed at the optimum value of 81.0 mW/cm2. Multiple-variable non-linear 

regression was performed using Polymath software, version 6.10. The best fitted rate constant, k, 

adsorption equilibrium constants, 
2H O

K  and 
2COK  as well as the reaction order of the light 

intensity, a are tabulated in Table 1. The fitted model showed high degree of precision, 

exhibiting an R-squared value of 0.922 with small sums of squares/ variance.  By incorporating 

the values of the kinetic constants, the resulting rate model for the photocatalytic reduction of 

CO2 over 5GO-OTiO2 is presented in Eq. (8).   
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Table 1. Adsorption equilibrium and rate constants of Langmuir-Hinshelwood model estimated 

using experimental data on 5GO-OTiO2.  

Parameter Value Error with 95% 

confidence  

Reaction rate constant, k  

(µmol gcat

-1

 h
-1) 

84.42 ± 0.267 

Reaction order of light intensity, a 0.044 ± 0.0007 

Adsorption equilibrium of H2O, 
2H O

K   (bar-1) 8.070 ± 0.0620 

Adsorption equilibrium of CO2, 2COK  (bar-1) 0.0193 ± 0.0001 

 

2 2

2 2

CO

2
CO

Rate=15.953
(1+ 8.070 + 0.0193 )

H O

H O

P P

P P

 
 
 

                     

(8) 

 

Based on the tabulated data in Table 1, the value of H2O adsorption equilibrium, 
2H O

K  was 8.07 

bar-1, which was significantly higher than that of CO2 ( 2COK  = 0.02 bar-1). The value of 
2COK  was 

near zero, which directly indicated very weak adsorption of CO2 molecules, while water was 

strongly adsorbed on the surface of the 5GO-OTiO2 photocatalyst. This is because, in addition to 

the strong hydrophilic nature of graphene oxide [77, 78]. it is well known that the surface of TiO2 
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becomes superhydrophilic when irradiated by light [79]. Therefore, water would wet most of the 

surface of 5GO-OTiO2 during the photocatalytic process. As shown in Table 1, the power of the 

light intensity was estimated to be approximately 0.044 in the CH4 rate equation. As discussed 

earlier, photocatalytic activity is generally directly proportional to the light intensity. However, if 

the supply of light flux exceeds the demand for the photoreaction, the power of light intensity in 

the rate equation would gradually shift from one to less than 0.5. Therefore, it can be deduced 

that the light flux used in our experiments was probably over-supplied and can be decreased to 

enhance the quantum efficiency of the photocatalytic system. To prove the validity of the rate 

model in Eq. (8), the CO2 photoreduction experiments were repeated and the production rate of 

CH4 were compared to that obtained from the rate model. The curves representing the profiles of 

CH4 production rate as a function of 
2

 
H O

P and 
2COP  using the kinetic model is shown in the 

Supplementary Material. The model was shown to have fitted well to the experimental data using 

the constants as summarized in Table 1, with R2 values above 0.95.  

Although the detailed mechanism underlying the formation of CH4 could not be determined in 

the present study, a CO2 photoreduction mechanism is suggested based on the L-H model derived 

and is illustrated in Fig.  5. The photocatalytic process begins with the adsorption of reactant 

molecules, i.e. CO2 and H2O molecules onto the surface of 5GO-OTiO2. In the surface reaction 

step, photogenerated electrons are transferred to the adsorbed CO2 to yield •COCO2

- radicals. The 

holes, on the other hand, react with adsorbed H2O molecules to produce H+ ions and •OH radicals, OH radicals, 

and subsequently O2 [80]. The •H radicals formed through the reduction of proton then react with H radicals formed through the reduction of proton then react with 

carbon radicals on the photocatalyst surface to yield intermediate radicals and the hydrocarbon 

products. All possible reaction steps which take place in the photocatalytic reduction of CO2 with 
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H2O are explained by Eq. (9 – 13). Desorption of the evolved products represents the final step in 

the photocatalytic process.  

 

Fig.  5. Conceptual diagram depicting the reaction mechanism of the CO2 photoreduction process 

based on the Langmuir-Hinshelwood mechanism.  

2e, 

2 2O +   OH +   4H +  
H O

H h H O→+ +• → •             (9) 

H

2 2CO  +   CO    CO + O  e H→
•

− − −→ •           (10) 

CO  +   e →−           (11) 

H H H

2 3 4C + H  CH  C C  CH H H→
• • •

• • • → • →• →          
(12) 

H

2 3 2 4 2 6n C  + m C  + H H C H C H
•

• • →                (13) 
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4. Conclusions 

In summary, process parameters including radiant flux intensity and the partial pressures of both 

CO2 and water vapour were systematically varied and studied in order to study their effects on 

the CO2 photoreduction process over 5GO-OTiO2 photocatalyst. The visible light irradiance was 

varied between 65.3 to 177.2 mW/cm2 to study its effect on the apparent quantum yield (AQY) 

of 5GO-OTiO2. It was found that the optimum irradiance for the process was 80.97 mW/cm2. 

Beyond that value, the AQY was shown to have gradually decreased. This was because the 

photons generated at excessively high light intensities have exceeded the number of photons 

required for the photocatalytic reaction. The partial pressure of CO2 and water vapour which 

gave the highest yield of CH4 gas was found to be 90 kPa and 17.3 kPa, respectively. The 

combination of these process parameters resulted in a total CH4 yield of 3.450 µmol gmol gcat

-1 after 8 h 

of reaction time. The experimental data obtained was then fitted into the Langmuir-Hinshelwood 

surface reaction mechanism, wherein both CO2 and H2O adsorbed simultaneously on the 

photocatalyst surface to form the CH4 product. Through regression fitting, the reaction rate as 

well as CO2 and H2O adsorption equilibrium constants were determined to be 84.42 µmol gcat

-1

 h
-1, 

0.019 bar-1 and 8.07 bar-1, respectively. The significantly smaller CO2 adsorption equilibrium 

constant implied that the adsorption of CO2 was very weak while water strongly adsorbed on the 

photocatalyst surface. The fitted model showed high degree of precision, exhibiting an R-squared 

value of 0.95.  
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Highlights 

• CO2 photoreduction was conducted over graphene oxide/ oxygen-rich TiO2 under visible 

light. 

• Process parameters such as light intensity as well as CO2 and H2O partial pressures were 

studied. 

• A methane yield of 3.45 µmol gcat
-1 was obtained at the most suitable process conditions. 

• Kinetic studies of CO2 photoreduction over graphene oxide/ oxygen-rich TiO2 were 

presented.   

• The experimental data was successfully fitted into a dual-site Langmuir-Hinshelwood model. 
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