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CO2/ HCO3

-  photocatalytic reductions in water, using P25 Titanium dioxide, 

produce gas products at the order of the following rate:   CO>H2>CH4, using 

bicarbonate as a substrate, reduction rates are ca.  5 times faster than using CO2 due 

to the adsorption constant of CO2 on the TiO2 surface is smaller than the 

bicarbonate.  Langmuir- Hinshelwood kinetic model was used to describe the 

mechanism; therefore, adsorption constant (K)  and the rate of maximum substrate 

coverage (k) at different charges of P25-surface were readily obtained. The K constant 

of TiO2- adduct formation favors no charge surface but k constant favors positive 

charge surface.  Most of the products formed come from partitioning of the radical 

anion (TiO2-CO2
. -) in the rate-limiting step.  However, the bicarbonate absorption at 

OV promotes alternative pathways.  This provides more CO and H2 production. 

Solvent isotope effect (H2O Vs.  D2O)  is ca.  1.5.  This means that during the radical 

anion formation in the transition state, there is H being transferred from water in the 

radical anion intermediate step.  In addition, the collapse of anatase and rutile 

phases from sonication increases CH4 production rate and selectivity due to 

improved charge separation that reduces alternative pathways. 
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CHAPTER I 
INTRODUCTION 

1.1 Introduction 
CO2 photoreduction is one of the photocatalytic processes that have gained 

much attention.  This reaction is the capacity to transform the CO2 to hydrocarbon.  It 

uses solar energy for reaction activation, it is easily controlled and of low cost with 

also low pollution emission [ 1 ] .  For effective use of reactions, understanding the 

reaction mechanism is important.  There are several mechanisms proposed [ 2]   but 

only a few studies focus on describing the rate limiting step. In general, there are two 

views of rate limiting step.  First is substrate adsorption and product desorption [ 3] . 

Second is CO2 and H2O charge transfer of CO2 reduction and H2O oxidation on catalyst 

[4]. These rate limiting step have been proposed in pseudo-first order kinetic.  

CO2 is expected to be the adsorbed substrate on surface catalyst [ 5] ,[ 6] . 

However, when CO2 gas is dissolved in the aqueous phase, bicarbonate ion  (HCO3
-) is 

the highest content of carbonate species [ 7] .  Some research results show that 

hydrocarbon compounds can be produced from using HCO3
-  as the substrate in 

photoreduction [ 8] .  Therefore, the mechanism of the HCO3
-  photoreduction process 

has not been studied in detail. In this study, mechanism and pathways of CO2 or HCO3
- 

photoreduction, have been described by using Langmuir- Hinshelwood approach. 

Therefore, kinetics LH parameters   are used to explain the behavior of adsorbed 

molecules ( K)  on the catalyst surfaces and the rate at maximum adsorption ( k)  [ 9] . 

These constant values are associated to the ratedetermining step of the 

photoreduction.  The proposed rate determining step is supported by using solvent 

isotope effect [10]. 

For photoreduction, the factors of catalyst type, pH, and others affect the 

photoreaction [11]. In the aqueous phase, the pH in solution is an important variable, 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 2 

which influences the electron charge on the catalyst surface.  The surface charge 

species affect the capability of activated reaction [12]. 

Many semiconductors are used in photocatalysis since an electron in the 

valence band can be excited to the conduction band by adsorbing photon from light 

irradiation [13]. Titanium dioxide (TiO2) is commonly photocatalyst. Titanium dioxide 

has an energy bandgap potential to cover the redox potential of CO2 photoreduction. 

Also, It is highly stable in reaction, available, and economical [14] .  Commercial P-25 

shows improved activity by the sonication method, [15] due to a synergy effect of the 

mixed two phases as compared  to lower activity when the two phases are not mixed.  

This research studied the mechanism and reaction pathway of CO2 and HCO3
- 

photoreduction to hydrocarbon products with the effect of pH in solution by using the 

Langmuir-Hinshelwood kinetic model. Solvent (H2O Vs. D2O) kinetic isotope effect has 

been measured for the reactor headspace gases detected.  The pathways of reaction 

are identified by comparison of various product concentration ratios that are produced 

at the reaction time. In addition, sonicate pre-treatment method, in order to increase 

activity and selectivity performance, has been tested. 

1.2 Objective 
To study the mechanism and reaction pathways of CO2 and HCO3

- 

photoreduction to hydrocarbons in solution at different pH by using commercial TiO2 

( P- 25)  as photocatalyst.  P- 25 pre- treatment by sonication performance in rate and 

selectivity enhancements.  

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 3 

1.3 The scope of the research 

 1.3.1 CO2 and HCO3
- photocatalytic reduction to hydrocarbon products 

 The activity of the reaction was specified by hydrocarbons production rates 

from the CO2 and HCO3
-  photocatalytic reduction with a cylindrical quartz reactor 

system that operates at 45˚C, ambient pressure with UV-light irradiation for 4 hours. 

 1.3.2 Mechanism of CO2 and HCO3
- photocatalytic reduction 

 Langmuir- Hinshelwood kinetic model was used to explain the mechanism of 

CO2 and HCO3
-  photocatalytic reduction.  The kinetic model depends on the activity 

result of a reaction in each condition. The rate limiting step of reaction was confirmed 

by the solvent isotope effect value.  

1.3.3 The Effect by pH of the reaction.  

The pH of the solution that affects to surface charge of catalyst was varied by 

adding buffer NaH2PO4, 1 M of NaOH, and HCl solution before starting the experiment. 

1.3.4 Effect of treatment on the catalyst for photoreduction. 

Compare activity and selectivity between the original commercial TiO2 and pre-

treated TiO2 by sonication method in the HCO3
- photocatalytic reduction. 

1.3.5 Characterization of the catalyst 

The catalysts were characterized by using X- ray photoelectron spectroscopy 

( XPS) , X- ray diffraction ( XRD) , UV- VIS Spectroscopy ( UV- VIS) , Scanning electron 

Microscope- Energy Dispersive X- ray Spectrometer ( SEM- EDX) , N2 temperature-

programmed desorption (BET) and Photoluminescence (PL). 
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1.4 Research methodology 
 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 

 

Catalyst 

Degussa P25 (TiO2) 

No Sonicated treatment 

- Original catalyst 

Photocatalytic activity test 
- Cylindrical quartz reactor 
- Temperature = 45 ˚C 
- Pressure = 1 atm 

Characterized  

- XPS 

- XRD 

- UV-vis 

- SEM-EDX 

- BET 

- PL 

 

Surface charge of catalyst 
- Varying pH 5.2-7.2  

Conclusion 

Discussion 

Sonicated treatment 

- Disperse catalyst in water. 

- Sonicate the catalyst in 
water for 30 minutes. 

-  Dry in oven at 110˚C 
overnight. 
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CHAPTER II 
BACKGROUND AND LITERATURE REVIEWS 

2.1 Solar energy 
The industries in the world have increased that resulting in an increase in 

demand for energy every year, in which the energy sources are limited and rapidly 

disappear. While the energy consumed has caused pollution to the environment, such 

as the main greenhouse gas CO2 emission, causing global warming to increase from 25 

billion tons in 2000 to 35 billion tons in 2017 [16]. Therefore, much research in finding 

a solution to reduce critical effects and renewable energy is constantly developed. 

One method is using solar energy, which is unlimited in irradiation energy ( 50,000 EJ 

on the earth's surface) and does not emit pollution while using it as an energy source. 

Solar energy is radiation and the heat from the sun, which has been developed to be 

combined with technologies for various benefits, such as heating, electrical energy 

conversion, salt production, and photocatalytic reactions, etc. [17]. 

Photocatalytic reduction of the greenhouses gas to produce hydrocarbon 

products is a promising process which can reduce greenhouse gas emission from 

human activity.  Photocatalytic CO2 reduction is one of the reactions that can reduce 

the principal gas of global warming.  

2.2 Photocatalysts 
 Generally, photocatalysts are the semiconductor that consists in compounds 

in between metal and non-metal elements, so this material has electrical conductivity 

between the conductor and insulator [18] .  The semiconductor consists of a valence 

band ( VB)  and a conduction band ( CB)  at different potential energy levels, the gap 

between the energy level of CB and VB is the energy bandgap ( EG) .  So that, 

photocatalyst catalyzes  reaction by absorbing photons from energy light irradiation to 
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to produce an excited-state, a transient step of the electron-hole pair process (e-/h+) 

[19].  

Photocatalyst + hv (≥ EG) → e-
(CB) + h+

(VB)    Eq. 1 

The electron- hole pair process is the excited- electron transfer from VB to CB 

that makes the conduction band to have an excess electron ( e- ) ; therefore, more 

negative potential to reduce the adsorbed reactant.  In contrast, the valence band 

creates an empty electron state or a hole (h+) to be more positive potential and induce 

the absorbed reactant in the system to be oxidized [20].  

The redox reaction on photocatalyst with considered species compound in the 

system depends on the redox potential energy of oxidized species agent ( E1)  and 

reduced species agent (E2), the potential energy level of the conduction band (CB) and 

valence band (VB). When the electron-hole pair process occurs, as shown in Figure 1, 

the conduction band that has more negative potential than the redox potential energy 

of oxidized species agent will reduce electron to oxidized species agent (Red1 to OX1) 

as the reduction reaction. At the same time, the valence band that has more positive 

potential than the redox potential energy of reduced species agent will oxidize 

electron to reduced species agent (Red2 to OX2) as the reduction reaction [21].  

 

Figure  1 Schematic illustration of the photoexcitation process in a semiconductor 
particle. OX1, Red1, OX2, and Red2, represent, respectively, the oxidized and the 

reduced species of two different redox couples. 
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Nevertheless, the transient step of the electron- hole pair process can be 

inhibited and reduce activity when an electron- hole recombination process occurs. 

The electron- hole recombination is excited- electron from the valence band to 

conduction band do not has enough activate energy.  It will go back to hole in the 

valence band [22].  

e-
(CB) + h+

(VB) → Energy (Recombination)    Eq. 2 

2.3 Titanium dioxide  
 Titanium dioxide ( TiO2)  is one of the semiconductors widely used in 

photoreaction for reducing contaminants in water sources [23]  and greenhouse gases 

in the atmosphere [ 24] .  The reaction is not violent and does not produce toxic 

substances [25].  

Molecular weight is 79.9 g.mol-1, the boiling point is 1830 oC. Titanium dioxide 

is an n- type semiconductor compound of a Titanium transition metal bond with 

Oxygen’s around. There is a crystallography phase with different energy bandgaps such 

as anatase in the tetragonal system (EG = 3.2 eV), rutile in the tetragonal system (EG = 

3.0 eV), and brookite in the orthorhombic system (EG = 2.8 eV) as shown in Figure 2.  

Due to this difference of crystal systems which these different distances between Ti-Ti 

or Ti-O atoms lead to unequal energy levels [26], [27]. 

 

Figure  2 Representations of the TiO2 anatase, rutile, and brookite forms. 
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Table  1 Crystal structure properties for anatase, rutile and brookite phase of TiO2 
Property Anatase Rutile Brookite 

Crystal bulk structure Tetragonal Tetragonal Orthorhombic 

Atoms per unit call [Z] 4 2 8 

Crystal size (nm) <11 >35 11-35 

Lattice parameter (nm) a = b = 0.3785, c 

= 0.9514 

a = b = 0.4594, c 

= 0.2959 

a = c = 0.5436, b 

= 0.9166 

Space group D4h
19- I41/amd D4h

19- P42/amd D2h
15- Pbca 

Unit call volume (nm3) 0.1363 0.0624 NA 

Density (g.cm-3) 3.83 4.24 4.17 

Band gap (eV) 3.26 3.05 NA 

Hardness (Mohs) 5.5-6 6-6.5 5.5-6 

From properties Table  1 [ 28] , the anatase phase of titanium dioxide has an 

energy band gap at 3. 26 eV that can be excited by absorbing photon under UV 

irradiation wavelength in 384 nm. In comparison, the rutile phase has an energy band 

gap at 3.05 eV that can be excited by absorbing photon under visible light wavelength 

at 410 nm.  The rutile can be transferred electron easier than the anatase because of 

the lower energy bandgap [29]. 

Huilei Zhao., et al. (2013) [30] used pure anatase, rutile and brookite phase of 

titanium dioxide in CO2 photoreduction. The production rate of carbon monoxide (CO) 

is 1 2  μmol. g- 1. h-1 ( pure anatase phase) , 0. 75 μmol. g-1. h-1 ( pure brookite phase) . 

Moreover, the best activity was obtained from the mixing phase of the 75%  anatase 

phase with 25% brookite phase.  

Wenzhang Fang., et al. (2017) [31] investigated the activity from varying ratio 

anatase and rutile phase of TiO2 by reducing the anatase phase in TiO2 photocatalysts 

with H2 thermal treatment. For the production rate of CO2 photoreduction to CO, the 
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pure rutile phase had 0.5 μmol.g-1.h-1 while mixing of 26% anatase and 74% rutile 

phases had 0.8 μmol.g-1.h-1. The selectivity of methane production was increased as 

increasing in the anatase phase, but the CO production rate was decreased. 

2.4 Possible photoreduction mechanism and pathways 
 Photocatalytic CO2 reduction mechanism in the aqueous phase has been 

studied and anticipated the possible pathway.  The photoreduction begins by 

photocatalyst absorb photon from light irradiation to be excited- state.  The catalyst 

will enter the transient step of generating the electron- hole pair ( e-/ h+ )  and start a 

redox reaction.  The electron ( e- )  in the valence band is excited to conduction band 

while the valence band generates the hole (h+). 

Photocatalyst + hv (>EG) → Excited photocatalyst (e-
CB + h+

VB) Eq. 3 

The hole in the valence band will act as a reducing agent and induce H2O on 

catalyst surface to oxidize electron from H2O with oxidation reaction. The oxidized H2O 

will break its bond to be protons (H+) and hydroxide ion (OH-). The protons will oxidize 

the electron in the conduction band to be hydrogen radical (H֗) that is an indispensable 

hydrogen atom source to produce hydrocarbon products.  At the same time, the 

hydroxide ion will continue to reduce electron to hole in the conduction band and 

produce hydroxyl radical (OH֗) [32].  

H2O + h+
VB → H+ + OH-      Eq. 4 

H+ +e-
CB → ֗H        Eq. 5 

OH- + h+
VB → ֗OH       Eq. 6 

For producing hydrocarbon from photocatalytic CO2 reduction, the dissolved 

carbon dioxide in the H2O aqueous solution is a carbon atom source to produce 

hydrocarbon products in photoreduction. The carbon dioxide as oxidized species agent 

adsorbs on the active site of an exciting photocatalyst to be oxidized electron from 

the conduction band.  After that, carbon dioxide form ֗CO2
- radical anion (Eq.  10) and 
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continuously attract hydrogen radical to form carbon monoxide ( CO)  as first 

hydrocarbon product and hydroxide ion (OH-) (Eq. 8). Produced carbon monoxide on 

surface continuously reduces electrons to form ֗CO- radical anion species (Eq.  9)  and 

attract with hydrogen radical to form first carbon radical (֗C) (Eq. 10) that will bind with 

hydrogen radicals until form hydrocarbon molecule ( Eq.  12- 13) .  Methane and 

methanol are hydrocarbon products of photoreduction that have a different form of 

֗CH3 with ֗H radical (Eq. 15) and ֗OH radical (Eq. 16) [33]. 

 CO2 + e-
CB → ֗CO2

-       Eq. 7 

֗CO2
- + ֗H → CO + OH-      Eq. 8 

CO + e-
CB → ֗CO-       Eq. 9 

֗CO- + ֗H → ֗C + OH-       Eq. 10 

֗C + 3 ֗H → ֗CH3       Eq. 11 

֗CH3 + ֗H → CH4       Eq. 12 

֗CH3 + ֗OH → CH3OH        Eq. 13 

The two hydroxide ions that produced from ֗CO2
- radical anion and ֗CO- radical 

anion bind with hydrogen radicals (Eq.  7-9) , can be induced and oxidize electron by 

the hole in valence band with oxidation reaction to form H2O [34]. 

2OH- + 2h+
VB → 2 ֗OH       Eq. 14 

2 ֗OH + 2 ֗H → 2H2O       Eq. 15 

The photoreduction of carbon dioxide can produce various hydrocarbon 

products. These products Redox potential or thermodynamic potential (E0) in standard 

conditions at pH = 7, temperature 25˚C and pressure 1 atm are shown in Table 2. In 

order to photoreduction to occur, semiconductor catalyst should have conduction 

band redox potential more negative than CO2 E0 and valence band E0 more positive 

than H2O E0 at the reaction pH.  Titanium dioxide is one of catalyst that could comply 

with the Eo reduction requirement. [35] 
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Table  2 Thermodynamic potential (E0) of CO2 photoreduction. 
Hydrocarbon 

Product 

Chemical Reaction Thermodynamic 

potential ( E0) , 

NHE at pH 7 

 CO2(g) + e- → ֗CO2
-
(aq) -1.99 

 CO2(aq) + e- → ֗CO2
-
(aq) -1.90 

Formic acid CO2(aq) + 2H+
(aq) + 2e- → HCOOH(aq) -0.61 

Carbon monoxide CO2(aq) + 2H+
(aq) + 2e- → CO(g) + H2O(l) -0.52 

Formaldehyde CO2(aq) + 4H+
(aq) + 4e- → H2C(OH)2(aq) + H2O(l) -0.49 

Methanol CO2(aq) + 6H+
(aq) + 6e- → CH3OH(aq) + H2O(l) -0.38 

Methane CO2(aq) + 8H+
(aq) + 8e- → CH4 (g) + H2O(l) -0.34 

2.5 Photocatalytic reduction with Bicarbonate ions 
Bicarbonate ion ( HCO3

- )  is one of the carbon sources for photocatalytic 

reduction. It is a form of dissolved carbon dioxide in water and formed at the beginning 

of the CO2 photoreduction pathway.  When carbon dioxide dissolves in water by a 

dissolution process, the carbon dioxide reacts with water to form carbonic acid (H2CO3), 

hydrogen ions (H+) and bicarbonate ions (HCO3
-) as Eq. 16-18 [36].  

CO2(g) (atmospheric) → CO2(aq) (dissolved)     Eq. 16 

CO2(aq) + H2O(l) → H2CO3(aq)      Eq. 17 

H2CO3(aq) → H+ + HCO3
-
(aq)      Eq. 18 

The bicarbonate (HCO3
-) , carbon monoxide (CO) , and methane (CH4)  can be 

produced by CO2 photoreduction as Eq.  22- 28.  At the beginning of the CO2 

photoreduction pathway, the adsorbed carbon dioxide on excited active site is 

reduced to form a ֗CO2
- radical anion. After that, the ֗CO2

- radical anion can attract with 
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hydroxide ion ( ֗OH)  to form bicarbonate (HCO3
-) .  The bicarbonate can be used as an 

initial carbon substrate to produce hydrocarbon products [37]. 

H2O + h+
VB → H+ + ֗OH      Eq. 19 

CO2 + e-
CB → ֗CO2

-       Eq. 20 

֗CO2
- + ֗OH → HCO3

-       Eq. 21 

֗CO2
- + H+ + e- → CO + OH-      Eq. 22 

֗CO2
- + ֗CO2

- → CO + ֗CO3
2-      Eq. 23 

֗CO3
2- + vO (oxygen vacancy) → CO      Eq. 24  

CO, HCO3
-, HCOOH + e-

CB → ֗C(ads) + 3 ֗H → ֗CH3 + ֗H → CH4 Eq. 25 

Furthermore, bicarbonate is one of the electron scavengers that can trap 

electrons and reduce electron from the conduction band to form formate ion (HCO2
-) 

as Eq. 26. Formed formate ion is trapped with hydroxide radical (֗OH) to form hydroxide 

ion ( ֗CO2
- )  ( Eq.  27)  [ 38]  that can continually bind with another radical to produce 

hydrocarbon product. This process like CO2 photoreduction pathway as Eq. 11-16. 

HCO3
- + 2e-

CB + 2H+ → HCO2
- + H2O     Eq. 26 

 HCO2
- + ֗OH → ֗CO2

- + H2O      Eq. 27 

2.6 Photocatalytic reduction and pH dependency 
The pH of the solution is important variables influencing the photocatalytic 

reduction process in the aqueous phase.  For titanium dioxide surface, pH resulting in 

charge surface is changed as acid-base equilibrium reaction (Eq.  28-29) [12] .  The pH 

influencing the charged surface of the catalyst has been identified by using the 

isoelectric point (pHIEP) or the point of zero charges (pHPZC), which is pH of no electrical 

charge on the only external surface or both internal and external surface of catalyst 

particle [39] .  The pHPZC is estimated with averaged pKa of pure positive and negative 

charge surface condition (pKa1 = 4.5, pKa2 = 8), The estimated pHPZC of Degussa P25 is 

6.2, which the titanium dioxide show no charge or neutral charge surface [12]. 
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Ti-OH + H+(pKa1) → Ti-OH2
+      Eq. 28 

Ti-OH + OH-(pKa2) → Ti-O-      Eq. 29 

Therefore, the titanium dioxide in pH 6. 2 aqueous solution is hydrated with 

H2O to have a hydroxyl group on the surface (Ti-OH) as a neutral charge surface [40]. 

Lower pH<6.2 or acidic condition contributes to a higher amount of hydrogen ion (H+) 

that protonated to an oxygen atom in the hydroxyl group to form (Ti-OH2
+) as a positive 

charge surface. High pH>6.2 contributes to a higher amount of hydroxide ion (OH-) that 

attracts the hydrogen atom in hydroxyl group or deprotonated to form ( Ti- O- )  as 

negative charge surface as shown in Figure  3 [41],[42]. 

 
Figure  3 Simplified scheme of the protonation and deprotonation of hydroxylated 

TiO2 surface [43]. 

The charge surface species affects the absorption and activity of reactants on 

the catalyst surface.  The reactants are adsorbed better when reactant charge is 

opposite with the charged surface. Furthermore, the appropriate charge surface species 

of the catalyst also increases the electron transfer efficiency in the transient state and 

the selectivity of some products [44] .  In the case of CO2 photoreduction on Fe3S4 at 

pH 4.5-9 solution, the highest production rate of methanol is obtained at pH 6.5 since 

this condition increases CO2 solubility in the solvent [ 4 5 ] .  For high- pressure CO2 

photoreduction to hydrogen, carbon monoxide and formic acid products on Degussa 

P25 ( TiO2)  in basic solution at pH 7. 5 to 14, the strong basic solution obtained by 
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adding scavenger that increases CO2 solubility ( pH 14) , yields more productivity and 

selectivity of hydrogen and formic acid [46]. Low pH condition (pH 1-3) results in more 

methane production from CO2 photoreduction with Pd/ TiO2 because solution at pH 

lower than 6 has more amount of hydrogen ion ( H+ ) , a hydrogen atom source for 

methane formation [47]. 

2.7 Langmuir–Hinshelwood mechanism 
Langmuir- Hinshelwood mechanism, suggested by Irving Langmuir ( 1921)  and 

developed by Cyril Hinshelwood (1926) is the process that has two reactant molecules 

adsorb on near the site of the catalyst surface, and these two adsorbed molecules 

may interact or recombine with each other [ 5] .  Therefore, this process is suitable for 

the solid-liquid interface reaction or the heterogeneous catalytic [48]. This mechanism 

can be extended using Langmuir-Hinshelwood kinetics (LH) that is the common kinetics 

for explaining the reaction mechanism on the heterogeneous surface of the catalyst. 

The Langmuir-Hinshelwood kinetic model (LH-kinetics) is shown as follows: 

𝑟 = −
𝑑[𝐶]

𝑑𝑡
=

𝑘𝐾[𝐶]

1+𝐾[𝐶]
       Eq. 30 

Where r is the rate of reaction that is the function of reactant concentration at 

any time reaction ( C) , the reaction time ( t) , the limiting reaction rate constant at 

maximum reactant concentration (k) and the absorption coefficient of the reactant on 

the catalyst (K). Eq. 30  is approximated to first-order kinetics, if1 > K[C] in Eq. 30. The 

LH kinetics is usually approximated to be the first- order kinetics for sustain K[ C] ≪1 

condition and approximated to be the zero- order kinetics for sustain K[ C0] ≫1 

condition.  Furthermore, in the cases of reactant adsorption, K[ C] ≪1 is reactant 

molecules that have low adsorption, and K[ C] ≫1 is reactant molecules having high 

adsorption [49]. 

𝑟0 =
𝑘𝐾[𝐶0]

1+𝐾[𝐶0]
        Eq. 31 

1

𝑟0
=

1

𝑘
+

1

𝑘𝐾𝐶0
       Eq. 32 
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The reaction rate constant ( k)  and the adsorption coefficient ( K)  can be 

estimated from using Eq.  30 in terms of initial reaction rate ( r0)  as a function of initial 

reactant concentration ( C0)  as Eq.  31 with converting the equation form to a linear 

equation form as Eq. 32 [9]. 

I. Poulios et al. [48] In the case of photocatalytic degradation on TiO2 (P25) in 

aqueous solution, this reaction was described by using the modified Langmuir–

Hinshelwood model to accommodate reactions occurring at a solid- liquid interface. 

LH equation Eq. 30 was used in terms of initial rate (r0) and the equilibrium bulk-solute 

concentration (Ceq) and modified equation to Eq. 33 for linearity plotted as follows: 
𝐶𝑒𝑞

𝑟0
=

1

𝑘𝐾
+

𝐶𝑒𝑞

𝑘
       Eq .33   

From experiments, the concentration of substrate decreased with reaction 

time, and the initial rate was obtained from each condition. The K and k constants can 

be deduced from the slope and the intersection of the trend line from the r0/ Ceq vs 

Ceq plot (Figure 4). 

 

Figure  4 Plot of r0 vs Ceq at different initial concentrations with 1 gl−1 TiO2 P-25. Inset: 
linear transform of Ceq/r0 vs Ceq according to Eq. 33.  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 16 

2.8 Kinetic solvent isotope effects 
The kinetic isotope effect (KIEs) is an effect in which the reaction rate is changed 

by the isotope substrate replacing.  The isotope effect is used to describe reaction 

kinetics, identifying reaction mechanism by determining its rate limiting steps ( RLS) , 

Change of isotope substrate makes the equilibrium of the reaction different. Isotope is 

the same element atoms which have the same atomic number but the different mass 

number or the different neutron number. For example, for studying the kinetic isotope 

effect, H2O solvent with the one mass number of hydrogen atoms ( 1H)  is changed to 

D2O solvent (Deuterium) with the two mass number of hydrogen atoms (2H). Reaction 

rates are measured using H2O and D2O under the same reaction condition.  

KIEs = kH/kD        Eq. 34 

KIEs is investigated by comparing the ratio of the rate constants that depend 

on the different reaction rate results. The KIEs of deuterium affection is obtained from 

comparing the ratio of the rate constants ( kH/ kD) .  The different mass number 

percentage between the lighter and the heavier mass substrate affects how large the 

KIEs is. Generally, the KIEs of deuterium can yield kH/kD values of low effect ca. 1 to a 

high value of ca. 7 depending on the reaction. KIEs value indicates the isotope effect 

type.  

2.8.1 Primary kinetic isotope effects  

Primary kinetic isotope effects ( PKIEs)  is the large affection which bond of the 

substrate (R-H)  and its isotope substrate (R-D)  is broken in the rate limiting step of a 

reaction.  For example, consider a reaction R-H as substrate reacts with X- to produce 

X- H as shown in Eq.  35 and R- H as substrate is changed to R- D as its isotope or 

deuterium substrate as Eq. 36 

R−H + X- → [R⋯H⋯X] → R- + X−H    Eq. 35 

R−D + X- → [R⋯D⋯X] → R- + X−D    Eq. 36 
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After the hydrogen ( R- H)  is changed to deuterium ( R- D)  in the considered 

reaction, cleavage of R-D substrate bond decreases the overall reaction rate during the 

rate limiting step and gave the KIEs or kH/kD > 1.  

If the KIEs = 1 then the step: R−H + X- → [R⋯H⋯X] is not the RLS. 

If the KIEs > 1 then the step: [R⋯H⋯X] → R- + X−H is the RLS. 

 

 

Figure  5 Primary kinetic isotope effect from aromatic electrophilic substitution in the 
nitration of benzene [50]. 

2.8.2 Secondary kinetic isotope effects 

Secondary kinetic isotope effects ( SKIEs)  are the small affection which KIEs is 

around 1 [ 5 1 ] .  The isotope bond is not cleaved during the reaction, but its bond is 

effected by being near to the actual reaction centre. The difference distances between 

the isotope and the reaction centre positions. These come in three forms of secondary 

isotope effect: α-SKIEs,  β-SKIEs, and γ-SKIEs effects. The small effects are caused by 

the activation energy changing in RLS that effect to hybridization and hyperconjugation 

on the energy of isotope bond.  

For α-SKIEs, there are two types of α-SKIEs.  The normal α-SKIEs (kH/kD ≥ 1) , 

the reaction rate is reduced when the hybridization degree of the reaction centre in 

the transition state is lower than the reaction centre in RLS (sp3 to sp2, sp2 to sp1). On 
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the other hand, the inverse α-SKIEs (kH/kD ≤ 1)  increase the reaction rate when the 

hybridization degree of the reaction centre in the transition state is higher than RLS (sp 

to sp2, sp2 to sp3) [52]. 

 

Figure  6 The normal secondary isotope effect of α -phenylmethyl chloride [53]. 

 

Figure  7 The inverse secondary isotope effect of Wheland intermediate [54]. 

2.8.3 Heavy atom isotope effects 

The Heavy atom isotope effects have KIEs around 1.  The small isotope effect 

occurs by slightly different from the mass number between the substrate such as 
14N/15N, 20Ne/21Ne and 35Cl/37Cl etc.  

2.8.4 Solvent isotopic effect  

The solvent effect in the reaction is like the primary isotope effect where the 

solvent can act as the substrate (reaction has excess substrate). The reaction is effected 

by exchanging isotope solvent like H2O to D2O.  The heavier mass atom of deuterium 

may change positions in the molecule to be the new molecule that can react in RLS. 

The solvent interactions may change the energy in the transition state and result in 

secondary isotope effects. 
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Oswaldo Núñez et al. [ 10]  studied the solvent isotope effect of glucose 

photooxidation with large solvent ( H2O vs D2O)  on Bi2WO6 semiconductor.  From 

experiment result, the large solvent isotope effects gave kH2O/kD2O = 7.8 and 6.8. These 

values come from the equilibrium dissociation of L2O ionization to L+  and OL- , ( L2O, 

L= H or D) .  The reaction rate is faster when L+ concentration ( [L+] )  increase in acidic 

condition.  Therefore, the rate limiting step is the one e-  reduction of H+  at Bi2WO6 

conduction band.  At the conduction band of catalyst (CB) , the reduction of O2 to O2
∙- 

and H+ to H2 by using Bi2WO6 as cathode gave the small solvent isotope effect of KIEs 

2.4 and 1.9, respectively.  

2.9 Literature reviews 
T.  Inoue et al. , [ 55]  studied the carbon dioxide photocatalytic reduction in 

aqueous suspensions of some semiconductor powers ( TiO2, ZnO, CdS, GaP, SiC, and 

WO3) .  This reaction could reduce CO2 to produce hydrocarbons such as methanol, 

formaldehyde, formic acid in the aqueous sample, and methane in the gaseous 

sample. The best semiconductor catalyst for this report was SiC, which had conduction 

band potential near CO2 photoreduction to hydrocarbon potential.  

Yasar N.  Kavil et al. , [ 56]  used Cu- C/ TiO2 as photocatalyst in the CO2 

photocatalytic system. The catalyst was suspended with a controlled pH solution and 

stirred in the Pyrex glass reactor that was connected with the CO2 cylinder.  Before 

started reaction, the solution with catalyst was purged with super high purity CO2 for 

30 minutes until saturated in solution and turn off CO2 cylinder to stop purging.  The 

reactor must be completely closed to avoid the outer contact.  The UV- lamp was 

turned on and syringe was used to take samples.  The maximum of methanol yield 

was 2593 μmolgcat
-1 after 5 hours. 

K. Koci et al., [57] studied wavelength effect to CO2 photoreduction on Ag/TiO2 

under irradiation by different lamps in the wavelength range 254- 400 nm.  The main 
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products, methane and methanol were obtained in higher yielods with UV light ( 254 

nm). 

K.  Wooyul et al. , [ 58]  found that pH affects CO2 photoreduction. 

Photoreduction activity increases at low pH, to yield the highest methane production 

due to the excess of protons around the active site that could be used for CO2 

reduction.  At high pH ca.  11, CO2 solubility increases to form an intermediate of 

carbonate that could produce solar fuel, but it not significant CO2 reduction probably 

due to the lack of protons in solution. 

Tai-Sing Wu et al., [59] found that Ultraviolet light irradiation on CeO2 catalysts 

could increase the photocatalytic activity of the catalyst and reduce electron- hole 

recombination.  The carbon monoxide conversion was increased as the increase of 

active site Ce3+ on the catalyst surface and oxygen vacancy by UV-light irradiation time 

(254 nm, UV-C). Therefore, the increased activity is presented as experimental evidence 

to confirmed that UV- light irradiation- induced reduction Ce4+  ions to Ce3+  ions and 

created oxygen vacancies. 

Terihisa Ohno et al. , [ 60]  has shown using TEM photographs and electron 

diffraction patterns, Degussa P25 (TiO2 powder) consists of 75% anatase and 25% rutile 

phase that were separated. When P25 reacted in photoreaction, the anatase and rutile 

were not reacted together, yielded low activity. Nevertheless, anatase and rutile phase 

could co- work by using previous HF treatment, which dispersed both phases of the 

TiO2 powders in water or 10% HF solution and sonicated for 30 min.  After treatment, 

the coupling of both phases in TiO2 provides the higher activity of naphthalene 

photooxidation. 
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CHAPTER III 
EXPERIMENTAL 

This chapter describes the details of materials and chemicals, reaction 

measurement, preparation, analysis result equipment, and characterization. 

3.1 Materials and Chemicals 

Table  3 List of materials and chemicals, reactant solution, catalyst, calibration 
standard, and equipment gas supply. 

Chemical Name Formula Purity (%) Suppliers 

Degussa (P25) TiO2 - Aeoxide 

Sodium hydrogen carbonate NaHCO3 99.0 % Fluka Chemika 

Sodium phosphate NaH2PO4 99.0 % ACROS ORGANICS 

Sodium hydroxide NaOH 99.0 %  EMSURE 

Hydrochloric acid fuming  HCl 37 % EMSURE 

Phenol crystallized  C6H5OH 99.0 % Panreac 

Deuterium oxide D2O 99.9 % Cambridge Isotope 

Laboratories, Inc. 

Dimethyl sulfoxide, DMSO C2H6OS 99.5 %  Sigma-Aldrich 

Carbon dioxide CO2 99.99 % Linde 

Methane CH4 99.99 % Linde 

Carbon monoxide CO 99.99 % BOC GASES 

Hydrogen H2 99.99% Linde 

Helium He >99.99% Linde 

Argon Ar >99.99% Linde 

Nitrogen N2 >99.99% Linde 

Air Zero O2 >99.99% BIG (Bangkok Industrial Gas) 
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3.2 Photocatalytic CO2 reduction measurement  
The photocatalytic CO2 reduction was operated in the slurry batch system, as 

shown in Figure 8. A sand sparger is installed in the 250 ml three-way cylindrical quartz 

reactor for bubbling gas to the solution.  Catalyst 0. 3 g was suspended into a stirred 

batch reactor, which contained 100 ml of DI water that control pH at 4- 7 by used 

NaH2PO4, HCl 1M, and NaOH 1M as a buffer, the reactor is sealed with a rubber septum 

and bubbled CO2 gas by flowing gas pass sand sparger for 30 minutes.  After CO2 

saturated in DI water, the solution in the reactor was measured pH and added some 

buffer to control pH at the intended condition.  The photocatalytic reaction started 

after turning on UV- light ( Philips’  Germicidal Ozone UV Quartz Glass UVC Bulb:  16 

watts, 6 bulbs), and irradiation continued for 4 hours. The resultant gas samples were 

taken every 0. 5 hours by using 2. 5 ml gas- syringe and analyzed by using GC- FID and 

GC-TCD, Liquid sample was taken only 1 sample at the end time of reaction for analysis 

with NMR. 

 

Figure  8 Schematic representation of the photocatalytic CO2 reaction system. 
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3.3 Photocatalytic HCO3
- reduction measurement 

The HCO3
-  photocatalytic reduction was operated in the slurry batch system, 

as shown in Figure 9.  The cylindrical quartz reactor with 250 ml of total volume.  UV-

light bulbs ( Philips’  Germicidal Ozone UV Quartz Glass UVC Bulb:  16 watts, 6 bulbs) 

were installed around a cylindrical quartz reactor. Catalyst 0.3 g was suspended into a 

stirred batch reactor by magnetic stirred, which contained 100- 600 mg dissolved 

NaHCO3 in 100 ml of DI water that control pH at 4- 7 by used NaH2PO4, HCl 1M, and 

NaOH 1M as a buffer.  Then high purity of Argon gases was purged into the reactor for 

5 minutes by flowing gas pass the long needle to eliminate air out from reactor at 

ambient pressure. After that, the reactor was closed during the reaction with a rubber 

septum. The photocatalytic reaction was started by turning on UV-light, and irradiation 

was continued for 4 hours.  The resultant gas samples were taken every 0. 5 hours by 

using 2.5 ml gas-syringe and analyzed by using GC-FID and GC-TCD, Liquid sample was 

taken only 1 sample at the end time of reaction for analysis with NMR.  

 

Figure  9 Schematic representation of the photocatalytic HCO3
- reaction system. 
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3.4 Langmuir–Hinshelwood mechanism  
Langmuir-Hinshelwood (LH) kinetic rate (r) expression is shown in Eq. 37.   

 r = −
d[C]

dt
=

kK[C]

1+K[C]
       Eq. 37 

 If CO2 or HCO3
- as substrate at initial of process, LH model is expressed as 

shown in Eq.38 and 39    

 CO2 photoreduction: ri = −
d[CO2]i

dt
=

kK[CO2]i

1+K[CO2]i
   Eq. 38 

 HCO3
- photoreduction: 𝑟𝑖 = −

𝑑[𝐻𝐶𝑂3
−]𝑖

𝑑𝑡
=

𝑘𝐾[𝐻𝐶𝑂3
−]𝑖

1+𝐾[𝐻𝐶𝑂3
−]𝑖

  Eq. 39 

Where  ri  represent the initial rate of reaction 

  [  ]I represent the initial concentration of substrate 

k  represents the rate constant at maximum adsorption. 

  K  represents adsorption on catalyst constant 

And  kobs = kK       Eq. 40 

 The initial rate of reaction (ri) in each condition of the experiment can be 

achieved from the linearity relation of produced hydrocarbon concentration with the 

reaction time. The constant values (k, K) can be obtained from the relation of the 

initial rate of reaction by calculating the slope on the graph before.  

3.5 H2O/D2O Isotope effect of photocatalytic HCO3
- reduction on P25 as 

photocatalyst 
The H2O/D2O Isotope effect in photocatalytic HCO3

- reduction was operated in 

the same batch system, as shown in Figure 9 .  The cylindrical quartz reactor with 250 

ml of total volume. 0.03 g of P25 as photocatalyst were suspended into a stirred batch 

reactor containing 60 mg of dissolved NaHCO3 in 10 ml of DI water.   pH at 7 was 

maintained using NaH2PO4, HCl 1M and NaOH 1M as a buffer. Then high purity of Argon 

gas was bubbled into the reactor for 5 minutes to purge air at ambient pressure. After 

that, the reactor was closed with septum during the reaction.  The photocatalytic 
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reaction was started by turning on UV-light, and irradiation was continued for 3 hours. 

The resultant gas samples were taken every 0.5 hours by using 2.5 ml gas-syringe and 

analyzed by using GC-FID and GC-TCD. 

3.6 Sonicated P25 photocatalyst preparation 
Sonicated P25 was prepared by dispersing 10 g of Degussa P25 powder ( TiO2 

consist of 75%  anatase and 25%  rutile phases)  in 150 ml water.  Sonicated for 30 

minutes, centrifuged to separate the water and dried in the oven at 110 ◦C overnight.  

3.7 Reaction analysis equipment 

3.6.1 Gas-Chromatography 

Table  4 Condition of Gas-Chromatography 

 

 

 

Gas chromatography Shimadzu GC-14A Shimadzu GC-8A 
Detector FID TCD 
Packed column Shincarbon ST Molecular sieve 5A 
Carrier gas He (HP grade, 99.99 vol.%) Argon (HP grade, 99.99 

vol.%) 
Make-up gas Air (UHP grade, 100 vol.%) - 
Column temperature 70 ◦C 70 ◦C 
Injector temperature 150 ◦C 150 ◦C 

Detector temperature 150 ◦C 150 ◦C 
Time analysis 10 minutes 18 minutes 
Analyzed product CH4 H2, CO 
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Conversion and Selectivity calculation 

Conversion of this photocatalytic reduction is determined by using the 

concentration of product at the end time of reaction, initial concentration of substrate 

as the following equation. 

Conversion (%) = [HCP]t(end) x 100% / [C]0   Eq. 41 

Where [HCP]t(end) is Hydrocarbon concentration at the end time of reaction. 
  [C]0 is the initial concentration of the substrate. 

The selectivity of this photocatalytic reduction is considered from the 

concerned product concentration. 

  Selectivity (%) = [P]t,i x 100% / [HCP]t    Eq. 42 

Where [HCP]t is Hydrocarbon concentration at the time of reaction. 

  [P] t, i is the Concentration of concern product at the time of reaction. 

3.6.2 Nuclear magnetic resonance spectrometer (NMR) 

Nuclear magnetic resonance spectrometer (NMR) was used for analyzing organic 

compounds produced at the reactor liquid phase by measuring the FID signal that 

generated the nuclear emission energy.  This energy occurs from the excited element 

nucleus by using radiofrequency waves.  

For produced product in liquid phase such as Methanol ( CH3OH) , Formic acid 

( HCOOH)  in a large amount of water is analyzed by using Fourier Transform Nuclear 

Magnetic Resonance Spectrometer 500 MHz (NMR 500 MHz)  that perform by BRUKER 

AVANCE III HD/OXFORD 500 MHz with Solvent peak suppression program.   

The NMR sample is prepared by using 400 μL of the liquid sample from reaction 

with 200 μL internal standard that content with 0.012 μmol/mL of phenol and 0.125 

μL/mL of DMSO (Dimethyl sulfoxide) in D2O (Deuterium oxide). 

The product compound and phenol peak position were specified by comparing 

with the DMSO peak position, then compare the product peak area with phenol peak 

area to calculate the concentration of product in the NMR sample. 
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The calculation of liquid product in the sample as follows: 

Phenol: Phenol has 5 atoms of aromatic Hydrogen in the molecule 
Phenol area integration from NMR = (Phenol NMR area) 

  Phenol concentration in NMR sample = [Phenol] or [C6H5OH] 

Methanol: Methanol has 3 atoms of Hydrogen bind carbon in the molecule 
Methanol area integration from NMR = (Methanol NMR area) 

  Methanol concentration in NMR sample = [Methanol] or [CH3OH] 

Therefore, Methanol concentration in the NMR sample is 

 [Methanol] =  
[Phenol] × 

3

5
 × (Methanol NMR area)

(Phenol NMR area)
   Eq. 43 

3.8 Characterization equipment 

3.8.1 X-ray diffraction (XRD) 

The phase crystal structure of the compound was analyzed by the X- ray 

diffraction technique (XRD)  that used X- ray diffractometer (Bruker D8  Advance)  with 

Cu anode, Kα1-1,544 A° irradiation at various angles between 20 deg and 80 deg with 

a resolution of 0.05°s-1.  Specify the phase crystal structure type by comparison and 

confirmation from JCODS database: JCPDS card no.21-1272 (anatase TiO2), JCPDS card 

no.21-1276 (rutile TiO2). The Debye-Scherrer equation calculated the crystallite size. 

3.8.2 X-ray photoelectron spectroscopy (XPS) 

The binding energy and surface composition (oxidation state) were investigated 

by X- ray photoelectron spectroscopy ( XPS) .  XPS used an AMICUS photoelectron 

spectrometer with Mg Kα X- ray source is controlled by KRATOS VISION2 software at a 

current of 20 mA and 10 KeV. Furthermore, the intensity of Ti 2p and O 1s were intense 

at binding energy 455-470 eV and 525-540 eV respectively after that the oxidation state 

species of each element were indicated from NIST XPS database. 
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3.8.3 UV-VIS Spectroscopy (UV-VIS) 

The UV- visible absorption spectra of catalyst molecules were detected by 

Spectroscopy using LAMDA 650 UV/ Vis spectrophotometer with wavelength varying 

between 100-900 nm in the ultraviolet and visible light wavelength (UV-C wavelength 

is 100-280 nm and 380-740 nm) .  The light absorption data were obtained by UV Win 

Lab software from PerkinElmer.  UV- VIS result shows diffuse reflectance spectra of 

catalysts, and the energy band gap can be calculated from its optical absorption edge 

with Tauc’s equation Eq. 34. 

αhν= A(hν-Eg)m        Eq. 43 

where A is the optical constant, h is Planck's constant, α is the absorption 

coefficient, ν is c/ λ that c is the speed of light in vacuum and λ is the wavelength, Eg 

is the optical band gap, and m value is 0. 5 for direct transitions and 2 for indirect 

transitions. 

3.8.4 Photoluminescence spectroscopy (PL) 

The charge separation and the charge- carrier lifetime of catalyst were 

investigated by Horiba 4P- Fluoromax spectrofluorometer.  Photoluminescence 

spectroscopy used Xenon lamp as the excitation source.  Excitation was investigated 

under wavelength 200- 800 nm.  The light beam was used to excited the electron in 

molecule become to an excited state (minority carrier) after that, the excited electron 

goes down to the equilibrium state.  The process of minority carrier recombination a 

small period of time is known as charge-carrier lifetime.  

3.8.5 N2-Physisorption 

N2 adsorption−desorption experiments were performed to the catalysts at -196 

°C by under vacuum 12 hours the multipoint Brunauer−Emmett−Teller (BET) method 

on a Micromeritics ASAP 2020 instrument. Before the measurement, each sample was 

degassed under vacuum at 150 ◦C for 8 h. 
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CHAPTER IV 
RESULTS AND DISCUSSION 

In this chapter, the physiochemical properties and the catalytic performance 

of the catalyst were discussed.  In this work, the photocatalysts are the pure 

commercial titanium dioxide (P25) and the sonicated titanium dioxide (Sonic.P25). Both 

P25 and Sonic. P25 catalysts were characterized by using several techniques as XRD, 

XPS, N2 physisorption, UV- vis, PL and SEM.  The photocatalytic performance for the 

conversion and selectivity of CO2 and HCO3
-   photoreduction to hydrocarbon products, 

changing P25 morphology, alternative CO pathway formation and H2O/ D2O solvent 

isotope effect is reported. 

4.1 Characterization 

4.1.1 Powder X-ray diffraction (XRD) 

The X-ray diffraction pattern of commercial TiO2 (P25) and Pre-treatment TiO2 

( Sonic. P25)  catalyst were shown in Figure 10.  Both catalysts consist of two mixture 

phases, containing the anatase phase and the rutile phase with the same characteristic 

peaks. The anatase phase of catalysts has 2threta (2θ) and Miller indices is 25.3˚ (101) 

main peak, 37.0˚ (103), 37.8˚ (004), 38.5˚ (004), 48˚ (200), 54.3˚ (105), 55.1˚ (211), 62.8˚ 

(213) , 70.3˚ (220)  and 75.1˚ (215) .  The rutile phase is 27.4˚ (110)  main peak, 36.1˚ 

( 101) , 41. 3˚ ( 111) , 53. 9˚ ( 221) , 56. 6˚ ( 220)  and 69. 0˚ ( 301)  [ 6 1 - 6 3 ] .  The phase 

composition of catalyst is calculated from the integrated intensities of anatase and 

rutile phases.  The weight fraction of anatase and rutile phases which consist of 80% 

anatase and 20% rutile phases in both catalysts. 

The average crystallite size of anatase and rutile phases was calculated from 

the main anatase and rutile peak (2threta = 25.3˚ and 36.1˚) using the Debye-Scherrer 

equation [64]. The crystallite size of anatase and rutile phases in P25 is 18.68 nm and 
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29.24 nm. The Sonic.P25 crystallite size of anatase and rutile phases are slightly smaller 

than P25 with 18. 33 nm and 28. 29 nm, respectively.  In consequence, the ultrasonic 

vibration of sonicate pre-treatment can slightly reduce the size of the crystal and does 

not change the crystal phase structure of the catalyst. 

 

Figure  10 XRD pattern of P25 and Sonic.P25 catalyst. 

4.1.2 X-ray photoelectron spectrometer (XPS)  

The XPS binding energy of element composite in the catalyst is shown in Figure. 

11-12. The O1s peak of OL at 529.8 eV is oxygen lattice of oxygen bonding with Ti4+ in 

Ti-O-Ti. OV at 531.5 eV is Oxygen vacancy or non-oxygen lattice that is OH group with 

oxygen binding site on the catalyst surface and OS at 533. 4 eV may be chemisorbed 

oxygen specie on the catalyst surface that is oxygen attached to another impurity 

element [65-67]. The binding energy of Titanium (Ti2p), Ti(2p2) at 458.6 eV is Ti4+ and 

Ti(2p1)  at 456.8 eV is Ti3+  in TiO2.  The Ti3+  indicates oxygen vacancies.  The Ti3+  was 

generated to maintain electrostatic balance according to Ti4+  and O2-  to the vacant 

position of oxygens in TiO2 [68] .  Including to the peak area, Ti3+/Ti4+  and OV/OL area 

ratios are 0.017 and 0.43 for P25 and 0.022 and 0.79 for Sonicated P25,  respectively. 
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From Table 5, the sonicated P25 has more oxygen vacancy on its surface that could 

promote more photoactivity of catalyst. 

 
Figure  11 XPS spectra of (a).Ti 2p  and (b). O1s of P25 catalyst 

 

Figure  12 XPS spectra of (a).Ti 2p  and (b). O1s of Sonic.P25 catalyst 

Table  5 The ratios of Ti3+ to Ti4+ and OV to OL of catalysts. 

Catalyst Ratio Ti2p (Ti3+/Ti4+) Ratio O1s (OV/OL) 
P25 0.017 0.432 

Sonic.P25 0.022 0.787 
 

4.1.3 Surface Area Measurement 

The surface area of P25 and Sonic.P25 catalyst are specified by using the single-

point N2 physisorption analysis.  The P25 and Sonic. P25 have a surface area of 51. 34 

m2/ gcat and 51. 48 m2/ gcat, respectively.  Therefore, the sonication was not effect to 

surface changing in TiO2 catalyst. 
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4.1.4 UV-vis absorption spectra  

The UV-vis absorption spectra are used to investigate the light absorption of P25 

and Sonic.P25, as shown in Figure 13. The sharp absorption band at wavelengths less 

than 400 nm were associated with the band structure of the catalysts, which is the 

light region that can excite an electron to transfers from the valence band to the 

conduction band.  The absorption edge of P25 was located at 373 nm, which the 

catalyst adsorbs the UV- light only while the Sonic. P25 can slightly adsorb the visible 

light (wavelength > 400 nm) because the absorption edge was located at 404 nm. 

 

Figure  13 UV-vis absorbance spectra of P25 and Sonic.P25. 

From the light absorbance of catalyst at each wavelength, as shown in Figure 13, 

the energy band gap of P25 and Sonic. P25 catalyst were inferred by using the Tauc’ s 

relation (Eq.43) as shown in Figure 14. The plot of (αhν)2 versus the photoenergy (hν) 

of each catalyst shown the curve line, which intercepted on the photoenergy as its 

bandgap energy [69]. The P25 had the wider energy bandgap about 3.22 eV, compared 

to the Sonic. P25 that had the energy bandgap about 2. 97 eV.  The narrower energy 

bandgap of Sonic. P25 resulted in the electrons transferred from the valence band to 

the conduction band more efficiently [70, 71].  
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Figure  14 Tauc’s relation for energy band gap determination of P25 and Sonic.P25 

4.1.5 Photoluminescence (PL) 

The photoluminescence ( PL)  is a technique for measuring the efficiency and 

electrical properties of semiconductors such as charge carrier trapping, carrier lifetime 

and recombination [72]. The results from the light radiation or photon energy emission 

from the catalyst sample after absorbed the laser-light energy, as shown in Figure 15. 

Generally, the semiconductor has an electrical property called the energy bandgap, 

which is the gap of energy level between the conduction band and valence band. 

When the electrons in the valence band adsorb the light energy more than the energy 

band gap, then the electrons are excited to the conduction band. But if the adsorbed 

light energy is not stable or not enough, the excited electrons will go back to the 

valence band and emit the photon energy [ 73] .  The photo energy emission of 

electrons in going back to the valence band is the recombination of e-/h+ pair. The PL 

emission spectra of catalysts is shown in Figure 15. The intensity indicates the emission 

energy of e-/ h+  recombination rate.  P25 had intensity of emission energy more than 

Sonic.P25. Therefore, the sonicated treatment contributes more charge separation and 

reduces the recombination rate in the catalyst.  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 34 

 
Figure  15 The PL emission spectra of P25 and Sonic.P25 
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4.1.5 Scanning electron microscopy (SEM) 

The morphology of P25 and Sonic.P25 particle, are presented in Figure 16; these 

micrographs can not be explained by the anatase and rutile phase mixing.  The 

spherical nanoparticles of P25 and Sonic.P25 is not much different from the sonication. 

 

Figure  16 SEM images of (a-c) P25 and (d-f) Sonic.P25 catalyst 
 

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 
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4.2 CO2 Photoreduction experiments  
From CO2 photoreduction experiment, the P25 catalyst was used under the 

initial concentration of CO2 in water is [CO2]w0 = 34 x 103 nmol/mlH2O at pH = 5.41 , 

5.12 and 4.52 , Temperature 45 ◦C.  The detected products in the headspace of the 

reactor are CH4, CO and H2. As shown in Figure 17(a), the initial production rate of CH4 

is 1.4-1.6 nmol/mlH2O.gcat.h, 3.2-3.9 nmol/mlH2O.gcat.h for CO, 8.3-11.8 nmol/mlH2O.gcat.h 

for H2.  The selectivity is 9% , 20% , 71%  for CH4, CO and H2, respectively.  Selectivity 

slightly changes when changed to other pH values, as well as the production rate of 

CO and H2 obtained from the plot of product concentration versus time in Figure 17 

(c-d) .  Furthermore, in the aqueous phase was found a minimal amount of methanol 

compared to other products, CH3OH initial production rate = 0.10 nmol/mlH2O.gcat.h at 

pH 4. 52 measured by HNMR.  From Table 6 , conversion of each product is very low 

(%conversion of approximately 6.3 x 103%, 14.1 x 103 % and 36.6 x 103 % for CH4, H2, 

and CO production). 

Table  6 CH4, H2 and CO conversion and selectivity from CO2 photoreduction in the 
aqueous phase under P25 catalyst performance at pH = 5.42, 5.12 and 5.42, 

Temperature 45 ◦C.  
pH  % Conversion x 103   (*a) % Selectivity (*b) 

CH4 H2 CO CH4 H2 CO 

5.4 6.3 14.1 36.6 9.7 22.7 67.6 

5.1 6.7 15.0 39.4 10.8 23.8 65.5 

4.5 7.0 17.0 51.9 8.8 20.4 70.8 

*a. Calculated using:  %Conversion = ri/[CO2]iw,  

where [CO2]w0 = 1 atm/29.41 atm/M = 34 μmole/ml  = 34 x 103 nmole/ml. 

*b Calculated from products detected at the headspace in reactor : CH4, CO and H2.  
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Figure  17 CO2 photoreduction result under P25 catalyst performance (a). Rates of 
CH4, H2 and CO production at pH = 5.42, 5.12 and 5.42. 

(b-d). Initial rates of CH4, H2 and CO production at pHs studied. 

The CH4 formation pathways of CO2 photocatalytic on TiO2 with H2O have been 

proposed [73]. These pathways involved homolytic bond cleavage and formation (Eq. 

46- 48) .  Firstly, the adsorbed CO2 is reduced to form the radical anion ֗CO2
-  at the 

conduction band (Eq.  44) , while water is oxidized at the valence band to form ֗OH    

and ֗H radicals (Eq.  45) .  The radical anion ֗CO2
- continuous reducing to form ֗CO (Eq. 

46) .  Then  ֗CO and ֗H radicals will bond to form C-H radicals to form CH4 (Eq.  47-48) 

[ 74] .  For the H2, CO, CH4 and CH3OH heterolytic formation pathway, These product 
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formation pathways, consisting of ֗CO2
- and H+ binding has been proposed as shown in 

Table 2 or Eq. 50-52 [75]. 

CO2 + e-
CB → ֗CO2

-       Eq. 44  

H2O + h+
VB → ֗H + ֗OH      Eq. 45 

2 ֗CO2
- + 2e-

CB → 2 ֗CO  + O2      Eq. 46 

2 ֗CO + 4 ֗H → 2 ֗CH2
 + O2      Eq. 47 

2 ֗CH2 + 2֗H → 2CH4       Eq. 48 

2H+ + e- → H2       Eq. 49 

֗CO2
- + 2H+

(aq) + 2e- → CO(g) + H2O(l)     Eq. 50 

֗CO2
- + 6H+

(aq) + 6e- → CH3OH(aq) + H2O(l)    Eq. 51 

֗CO2
- + 4H+

(aq) + 4e- → CH4 (g) + H2O(l)     Eq. 52 

If the rate limiting step in CO2 photoreduction. is the radical anion formation ֗CO2
- 

(Eq. 44), the homolytic or heterolytic paths occur after this step; therefore, they cannot 

be distinguished kinetically. The intermediate formation of ֗CO2
- is the rate limiting step 

for CO2 photocatalytic reduction [76], but the product yields depend on the reaction 

condition or the used solvent that promote faster pathways. In experiments, the water 

is the polar media that favoured for heterolytic intermediate formation pathway as Eq. 

50-52. These product formations must follow the reduction potential of reaction. The 

CO2 photoreduction potential to CO, CH3OH, CH4 and H2 are -0.52, -0.38, -0.34 and 0, 

respectively [ 77] .  According to these values, the products partitioning order must be 

H2 > CH4 > CH3OH > CO. 

However, CO has a different order of product formation at all pH, as shown in 

Figure 17. In fact, [CO]/[CH4] increases with time, as shown in Figure 18(a): therefore, 

additional CO formation is obtained with time meaning that there’ re is another 

pathway that contributes with additional CO formation. If there is only one CO pathway 

contribution, [CO]/[CH4] ratio should be maintained constant with time. There is also 
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an initial increase of the [ H2] / [ CH4]  ratio that was increased in the initial period and 

turn bank to t0 ratio (Figure 18(b) ) .  The alternative pathway formation for CO and H2 

production reaches a maximum contribution at 3 h.  After that time, ratios return to 

the initial ratio at t0 (Figure 18(a, b) ) .  The t0 contributions are given by estimating the 

intersection straight lines to t = 0. These ratio values are 1.8, 3.1 and 4.3 at pH = 5.12, 

5.41 and 4.51, respectively for [CO]/[CH4] and 1.7 for [H2]/[CH4]. This means that CH4 

selectivity ([CO]/[CH4] at t0) increases at lower pH. From the maximum ratio in Figure 

18, the alternative pathway contribution can also be estimated. From these maximum 

values, it can be concluded that CO is produced twice as a large amount as H2. 

 

Figure  18 CO2 Photoreduction products ratios of (a). [CO]/[CH4] and (b). [H2]/[CH4] Vs. 
reaction time by P25 performing at different pH. 

According to Figure 1 9 , the proposed photoreduction mechanism in the gas 

phase is limited by the ֗CO2
- radical anion formation formed via previous equilibrium of 

direct addition of reactant molecule to TiO2. However, in the aqueous phase is limited 

by carbene formation (R-C̈-R) via previous equilibrium [1] .  The radical anion and the 

carbene pathway finally form CO, H2, CH4 and CH3OH. According to the [CO]/[CH4] and 

[ H2] / [ CH4]  ratios at t =  0, partitioning to CO is favored in a ratio 2- 4.  However, a 

contribution from the oxygen vacancies sites ( OV)  also occurs at early reaction times 
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(Figure 20 )  to produce 2 moles of CO and 1 mole of H2 [ 7 8 ]  by adding oxygen from 

reactant to V0, as experimental ratios of Figure 18.  From Figure 19, the partitioning 3 

produces formate radical anion that has been detected by EPR [ 7 9 ] .  It is formed via 

homolytic rupture of the O- C bond and heterolytic cleavage of the O- H bond at the 

radical anion adduct. 

 

Figure  19 Reaction mechanism and kinetic (t0) path for CO, H2, CH4 and CH3OH 
formation. Partitioning 2 is acid catalyzed. [CO]/[CH4] increases when decreasing pH. 

Formate radical anion ֗CO2
-  (partitioning 3) has been detected by EPR [79] 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 41 

  

Figure  20 Top: Oxygen vacancies (OV) produced by O2 evolution promoted by light 
at the TiO2 VB. Bottom:  Additional path for CO and H2 formation at the P25 oxygen 

vacancies. A 2:1 CO: H2 is produced at early reaction times after t=0 until a maximum 
[CO]/[CH4] is reached [37].  

4.3 HCO3
-   photoreduction experiments 

HCO3
-  Photoreduction on P25 catalyst kinetic experiments were conducted.  It 

has been proposed that using HCO3
-  as reactant CO, CH4 and CH3OH (Eq.  29-30)  are 

produced [80]. Therefore, NaHCO3 solid has been used in this work in order to obtain 

better controlled conditions of the system studied. The sodium cation ( Na+ )  from 

NaHCO3  dissolution has been reported that no effects on the photoreactions are 

observed [81]  because Na+ is not favored to adsorb on the TiO2 [82] . Consequently, 

the HCO3
-  photocatalytic reduction was studied under different initial concentrations 

([HCO3
- ]0= 11.9-71.4 x 103 nmol/ml) and pH conditions (pH= 5.29-7.29). Considering 

similar conditions, the production rate of CH4, H2 and CO from initial concentration 

[HCO3
- ]0 = 23.8 x 103 nmol/ml at pH = 5.29 are more than about 5 times with [CO2]0w 

=  34 x 103 nmol/ ml at pH =  5. 41.  It can be concluded that using HCO3
-  the same 

products as when using CO2 are formed but rates are faster. 
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Figure  21 Production rate of HCO3
-  photoreduction on P25 under [HCO3

- ]0 = 23.8 

μmole/ml (23.8 x 103 nmol/ml), different pH, Temperature 45 ֯C. 

Both CO2 and HCO3
-  photoreduction must form ֗CO2

-  radical anion before going 

to the next step (Eq.  44 and Eq.  29-30 for HCO3
-  cases) .  So, the rate limiting step of 

both cases is the formation of ֗CO2
-. The different production rate must be due to the 

adduct formation or/ and the electron transfer from Ti.  As shown in Figure 22, the 

adduct formation on TiO2 surface in both CO2 and HCO3
-  photoreduction is similar. 

Thus, the production rate changing is not due to the electron transfer rate (k). The CO2 

hybridization is changed from sp to sp2, when using CO2 as the substrate[ 83 ] .  On the 

other hand, the HCO3
-  hybridization was not changed.  The different production rate 

between using HCO3
-  and CO2 causes the OH on Ti was substituted to produce H2O 

during adduct formation in HCO3
-  case.  Consequently, the different production rate 

between CO2 and HCO3
-  cases must come from the adsorption equilibrium constant 

(K).  
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Figure  22 Adsorption equilibrium (K) and the rate constant of radical anion 
formation (k) for bicarbonate and carbon dioxide [83]. 

CO2(aq) + 8H+
(aq) + 8e- → CH4 (g) + H2O(l)      Eq. 53 

Rate = d[CO2]w/dt  = 1/8d[H+]/dt =  kK[CO2]w/(1 + K[CO2]w)   Eq. 54 

Eq.  53 shows overall reaction to produce one molecule of CH4, from CO2; 8 

moles of e- and 8 electrons of H+ in photoreduction are consumed.  However, CO2 or 

HCO3
-  adsorption on TiO2 as Figure 22 shows must occur before CO2 or HCO3

-  further 

reduction. Langmuir-Hinshelwood (LH) is an approach that could be used as a kinetic 

model. According to Eq. 54, the equilibrium constant of HCO3
-  adsorption (K) and the 

rate constant of CH4 formation (k) at maximum adsorbed HCO3
-  on TiO2 surface (HCO3

- -

TiO2) can be obtained from the production rate results under different pH conditions. 

At the range of pH 5. 29- 7. 29 used HCO3
-  is the main species in solution [ 7] , 

meanwhile,TiO2 surface charge changes in this pH range.  TiO2 surface is mainly positive 

(+) charge at pH 5.29, neutral or zero (0) charge at pH 6.29 and negative charge (-) at 

pH 7. 29.  Therefore, the constant values of k and K for the kinetic model under each 

TiO2 charge surfaces can be obtained under different initial concentrations.  The CH4 

rate formation under [HCO3
- ]0=  11. 9- 71. 4 34 μmole/ mlH2O at each pH 5. 29- 7. 29 are 

showed in Figure 23.  According to Eq.  54, the k and K values were obtained from the 
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plot of 1/ rate versus 1/[HCO3
- ]0, as shown in Figure 24, which 1/Kk = kobs values were 

obtained from line slopes and 1/k from the intercept. 

  

                              
Figure  23  [CH4] versus t plots obtained in the P25 photoreduction of [HCO3

- ]0= (a) 

11.9, (b) 23.8, (c) 47.6 and (d) 71.4 34 μmole/ml at temperature 45 ˚C. 
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Figure  24 Plots of 1/rate Vs 1/[HCO3
- ]0 at different pH. 

Table  7 CH4 formation rates at different pH and [HCO3
- ]0, Obtained Kk=kobs, K and k 

values from Figure 24 and % CH4 conversion. 
pH [HCO3

- ]0 (μmol/mlH2O) kK x 105 

(h-1) 

k 

(nmol/mlH2O.

gcat.h) 

K x 105 

(mlH2O.gcat

/nmol) 
11.9 23.8 47.6 71.4 11.9 23.8 47.6 71.4 

ratei (nmol/mlH2O.gcat.h) % CH4 conversion x 103 

7.29  0.87 1.23 1.48 1.51 7.56 5.35 3.11 2.11 4.24 1.85 2.29 

6.29 0.88 1.17 1.25 2.11 7.65 5.09 2.63 2.95 5.48 1.52 3.61 

5.29 0.81 1.45 1.86 2.29 7.04 6.30 3.91 3.21 2.69 3.65 0.74 
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The equilibrium constant of HCO3
-  adsorption (K) and the rate constant of CH4 

formation (k) change according to charge surface types of TiO2 at pH used (pH = 5.29(+), 

6.29(0) and 7.29(-)). The trend of adsorption constant are K(0) > K(-) > K(+) and the 

rate constant of CH4 formation are k(+) > k(-) > k(0). In Figure 25, the relative stabilities 

of TiO2- HCO3
-  adduct and the radical anion formation at the neutral, positive and 

negative charge surface are shown. The HCO3
-  is better adsorbed on the neutral charge 

surface (0) than in the negative charged surface (-), due to negative charges repulsion 

at the negative site of HCO3
-  [ 8 4 ] .  Meanwhile, the  HCO3

-  adsorbs less on positive 

charged surface, as expected since bicarbonate is attacked from the H2O+ , a poor 

nucleophile [85]. 

On the contrary, the rate constant of CH4 formation (k) that involves e- transfer 

to form radical anion, was favoured on the positive charged surface.  It indicates that 

the electrostatic interaction between H2O+ stabilizes the radical anion formation HCO3
- . 

However, the radical anion formation was better stabilized on the negative charge 

surface when compare to the neutral charge surface, due to delocalization occur and 

form the di-anionic [86]. These HCO3
-  photoreduction results could be concluded that 

the neutral charged surface was more effective when considering the kobs ( kK)  value. 

Although the positive charged surface (pH = 5.29) provide faster electron transfer rate, 

it provide the lowest adsorption efficiency. 
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Figure  25 TiO2-HCO3
-  adducts and corresponding radical anions relative stabilities at 

neutral, positive and negative charged TiO2 surface [84, 85] . 
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4.4 Changing P-25 morphology 
It has been reported [ 84]  that the morphology of catalyst affects the 

photoactivity.  For P25 catalyst, using only one phase whether it be anatase or rutile 

phase it exhibited low activity. However, the coupling between 2 phases can improve 

the activity of photoreaction and get higher yield of products.  A cooperative 

performance is then expected.  The coupling phases in TiO2 may be promoted by the 

sonication of P25 [87]. Under the same condition ([HCO3
- ]0= 71.4 x 103 nmol/mlH2O, pH 

= 5.29 and temperature 45 ˚C). As shown in Figure 26 CH4 formation rate using original 

P25 catalyst (P25) is 2.80 nmol/mlH2Ogcath. The sonicated P25 catalyst (Sonic.P25) has 

about 4 times faster rate and CH4 selectivity is also increased as shown in the [CO]/[CH4] 

plot ( Figure 27) .  Although the [ CO] / [ CH4]  of P25 and Sonic. P25 were similar at the 

beginning time ( t0) , [ CO] / [ CH4]  of P25 increases with time, while the [ CO] / [ CH4]  of 

Sonic.P25 is steady. This means that the Sonic.P25 does not have another alternative 

pathway that produces more CO as when original P25 is used.  It is proposed that 

Sonic. P25 performed only by the main mechanism ( Fig.  19)  to produce products 

without the involvement of oxygen vacancies (OV) which lead to more CO production. 

Regularly, the OV act as the e-  trap that inhibits the e-/ h+  recombination but the OV 

can detain the e- in the trap steadily and delay the e- transfer the electrolyte.  In the 

one phase performance (Figure 20) , the OV preferentially direct e- to reduce reactant 

and to fulfill the oxygen in vacancies.  This oxygen replenishment leads to more CO 

production. After sufficient replenishment, the alternative formation path as Figure 20 

will return to the normal path as Figure 19.  On the other hand, the OV in Sonic. P25 

provides a superior photoactivity.  In addition to the co- working of narrow bandgap 

between anatase and rutile phases cause better electron hierarchical transfer, the Ov 

in the coupling between phases reduces recombination and promote electron transfer 

from anatase conduction band.  In addition to the co- working of narrow bandgap 

between anatase and rutile phases cause better electron hierarchical transfer.  The e- 
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of rutile phase move to anatase Ov from where it combines with anatase phase hole 

( h+ ) ; therefore, anatase excited e-  can be transfer to the electrolyte faster since its 

recombination with its hole is minimized, as shown in Figure 28.  This effect explains 

the faster CH4 formation rate and its selectivity increment.  

 

Figure  26  (a). CH4 and (b). CO formation rate of HCO3
-  photoreduction on the P25 

and Sonic.P25 catalysts under [HCO3
- ]0 = 71.4 μmol/ml and pH 5.29. 

 

Figure  27 [CO]/[CH4] versus time plots of produced products concentration from  

HCO3
-  photoreduction on the P25 and Sonic.P25 catalysts. 
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Figure  28 The electron transfer to the electrolyte in the coupling narrow band gap 
between anatase and rutile phases and its oxygen vacancy  

4.5 [CO]/[CH4] ratios and alternative CO pathway formation 
The [CO]/[CH4] ratios versus time plots are shown in Figure 19 and 29. [CO]/[CH4] 

ratios increase at the beginning period with a further stabilization ( fulfill oxygen 

vacancy)  There is just one mechanism pathway for CH4 and CO formation if the ratio 

is constant with reaction time.  However, if there is CH4 and CO equilibrium or if there 

is an alternative pathway, ratio changed with time. From the ratio plots of Figure 29, it 

increased in the beginning period and decreased after 2 hours of reaction time. 

Therefore, the alternative pathway was causing the changing of [CO]/[CH4] ratios. The 

straight line intersection ratio at t=0 were the [CO] / [CH4]  ratio without an alternative 

pathway. Furthermore, the [CO]/[CH4] ratio increases faster at lower pH condition. This 

means that the acid condition could promote the CO alternative pathway, just as it is 

indicated in Figure 20 (bottom).  

As shown in Figure 20, the interaction of OV with HCO3
- - TiO2 may produce CO 

by fulfill OV as reported for CO2 case [88]. The OV occupation in the alternative pathway 

may deactivate the activity of P25. However, the P25 activity could be reactivated by 

creating new OV during photocatalytic reduction.  
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Figure  29 The [CO]/[CH4] ratio versus time plot obtained by HCO3

-  photoreduction 

on P25 catalyst under UV irradiation, temperature 45˚C, [HCO3
- ]0 = 23.8 μmol/ml at 

three different pH. 

4.6 H2O/D2O solvent isotope effect 

H2O is an important solvent for HCO3
-  photoreduction since it provides protons 

required.  Solvent isotope effects were studied to prove the importance and possibility 

of solvent in the rate limiting step of photoreduction.  The solvent isotope effect can 

be observed by changing the used isotope solvent from H2O to D2O.  Changing the 

transfer of H to D in the rate limiting step, as shown in Figure 31.  Isotope change may 

also affect the equilibrium for adduct formation since it shifted to the left when using 

D2O because OD- is more basic than OH- about two times. Likewise, the LCO3
-  substrate 

promote changing of the equilibrium K  when DCO3
-  and HCO3

-  are used [89], balancing 

the equilibrium isotope change. Therefore, the transfer of protons L+ from L2O in rate-

limiting step may be the main contribution to the the solvent isotope effect observed. 

From the experimental results, the solvent isotope effect can be determined by 

comparing the product rate of CH4, CO and H2 when using H2O and D2O as solvent. 
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KIEs = rateH2O/rateD2O = kobs(H2O)/kobs(D2O) = 1.38 for CH4, 1.4 for CO and H2 formation 

are obtained.  The experiment is operated on P25 under the negative charge surface 

condition (pH > 7.5). Therefore, L transfer at the transition state (e- transfer step) must 

come from water. The obtained KIEs are not larger due to L position in L2O donor, and 

C= O acceptor is not symmetric.  The small solvent isotope effect observed for H2 

formation indicates that L+  reduction to L2 on the TiO2 surface is minimum in the 

photoreduction [90]. 

 
Figure  30 Solvent H2O/D2O isotope effect in the rates of (a) CH4, (b) H2 and (c) CO 

formation from HCO3
-  photoreduction on P25 under UV irradiation, [HCO3

- ]0 = 23.8 
μmol/ml, Temperature 45 ˚C. 

 

Figure  31 Solvent isotope effect at the equilibrium (K) and transition state (k) of 
products common intermediate (radical anion) formation. 
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CHAPTER V 
CONCLUSION AND RECOMMENDATION 

5.1 Conclusion 

CO2 photoreduction in aqueous phase on P25 ( TiO2)  operated under UV light 

irradiation produces 9% CH4, 65% CO, 25% H2 and 1% CH3OH with very low conversion 

7 x 103 % for CH4.  The production rates are limited by TiO2-CO2 adduct radical anion 

intermediate formation.  Partitioning of this intermediate produces CH4 and CH3OH 

through carbene intermediate path; meanwhile, CO and H2 are also produced from 

the same radical anion partitioning. [CO]/[CH4] and [H2]/[CH4] ratios plot increase with 

time, therefore there is an alternative path at OV in P25, which promote CO and H2 

production that decreases CH4 selectivity.  The OV can be produced by TiO2 self-

oxidation in VB. HCO3
-  photoreduction has same rate limiting step as CO2 and proceeds 

through a mechanism via LH mechanism. In the same conditions, the production rate 

when using HCO3
-  as the reactant is faster than when using CO2. Bicarbonate adsorption 

equilibrium to form TiO2-HCO3
-  is larger due to the hybridization change from sp to sp2 

in CO2 case. LH kinetic model allows to obtain, K and k values depending on the charge 

surface species of TiO2, which can be controlled by changing pH conditions:  positive 

(+, pH 5.29), neutral (0, pH 6.29) and negative (-, pH 7.29) charge surfaces. The trend 

of the adsorption equilibrium constant is K(0) > K(-) > K(+) and the rate constant k is 

k( + )  > k( - )  > k( 0) .  It means that HCO3
-  adsorbs better on the neutral and negative 

charge surface; meanwhile the positive charge surface attack HCO3
-  inhibits adduct 

formation. As opposed to the electron transfer rate (k) is favored in low pH condition 

due to stability of formed radical anion on the positive charge surface. The [CO]/[CH4] 

and [H2]/[CH4] ratios in the HCO3
- photoreduction increase at the initial period, meaning 

that more CO and H2 are produced by an alternative pathway via OV.  The solvent 

isotope effect, KIEs value of rateH2O/rateD2O = 1.4 is observed for CH4, and  CO and H2 
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formation. It confirms that the radical anion adduct formation is a common rate limiting 

step for all products detected in the photoreduction.  

Low absorption on P25 can be improved by increasing pH condition. However, 

the e- / h+  recombination in anatase phase inhibits the electron transfer to the 

electrolyte, and its OV tends to decrease CH4 selectivity.  Sonicated P25 increases the 

production rate and selectivity of CH4, since loading anatase on the rutile phase 

promotes reactants adsorption and charge separation  and reduce trapped electron 

from OV to be transferred to the electrolyte. 

5.2 Recommendation 

1. Develop a process for continuous flow. 

2. Using other buffers that can accelerate the photocatalytic reaction. 
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APPENDIX A 

CALCULATION OF THE CRYSTALLITE SIZE 

Calculation of the crystallite size by Debye-Scherrer equation. The crystallite 

size can be calculated from 2θ profile analysis, the half-height 

width of diffraction peak using the Debye-Scherrer equation. 

From Scherrer equation:  D=
kλ

βcosθ
      Eq. 55 

Where 

D = Crystallite size (Å) 

k = Crystallite-shape factor (0.9) 

λ = X-ray wavelength (1.5418 Å for CuKα) 

β = X-ray diffraction broadening (radian) 

θ = Observed peak angel (degree) 

The X-ray diffraction broadening (β) can be obtained by using Warren’s formula 

Warren’s equation:  𝛽2 = 𝛽𝑀
2 − 𝛽𝑆

2     Eq. 56 

    𝛽 = √𝛽𝑀
2 − 𝛽𝑆

2    Eq. 57 

Where  βM = Measured peak width in radians at half peak height 

βS = Corresponding width of a standard material 

Example: Calculation of the crystallite size of P25-TiO2. 

Finding the half-weight width (101) diffraction peak at 25.3˚ from the XRD pattern 

The half-weight width (101) diffraction peak; 

βM = 0.3959 degree 

βS = 0.0069 radian 

The corresponding half-height width of the peak of P25-TiO2 

βS = 0.003836 radian 

The pure width  𝛽 = √𝛽𝑀
2 − 𝛽𝑆

2     
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    𝛽 = √0.00692 − 0.00382    
Where  λ = 1.54 Å  

β = 0.00575 radian 

θ = 12.65 degree 

The crystallite size:  𝐷 =
𝑘𝜆

𝛽𝑐𝑜𝑠𝜃
     

    𝐷 =
(0.9)(1.54)

(0.00575)𝑐𝑜𝑠(12.65)
 

         = 241.89 Å = 24.19 nm 
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APPENDIX B 

CALCULATION OF WEIGHT COMPOSITION 

The weight fraction of P25-TiO2 was calculated from the XRD pattern. 

  WA=
KAAA

KAAA+KBAB+KR
      Eq. 58 

  WB=
KBAB

KAAA+KBAB+KR
      Eq. 59 

  WR=
KR

KAAA+KBAB+KR
      Eq. 60 

Where  WA = Weight fraction of anatase phase TiO2 

WB = Weight fraction of brookite phase TiO2 

WR = Weight fraction of rutile phase TiO2 

AA = The intensity of anatase peak 

AB  = The intensity of brookite peak 

AR  = The intensity of rutile peak 

KA  = The coefficient factor of anatase (0.886) 

KB  = The coefficient factor of brookite (2.721) 

The phases of TiO2 can be calculated from the integrated intensities of the 

peak at 2θ = 25.3º (anatase phase), the peak at 27.4º (rutile phase), and the peak at 

30.6º (brookite phase). However, P25 catalyst consisted of anatase phase and rutile 

phase except for brookite phase. 

Example: Calculation of the phase composition of P25-TiO2. 

Where  The integrated intensities of anatase (AA) = 2297.4 

The integrated intensities of rutile (AR) = 449.3 
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APPENDIX C 

CALCULATION OF THE ENERGY BAND GAP FROM UV-VIS SPECTRA 

From the UV light absorbance results at various wavelengths from 200 - 800 

nm by UV - VIS Spectrophotometer. The absorption values at each wavelength were 

used for the energy bandgap calculation. 

hvα = const( hv - Ebg )n      Eq. 61  

where h is Plank’s constant = 4.13566743 x 10-15  eV.s 

 v is Light frequency (1/s) 

α is optical absorption coefficient 

c    is Speed of light = 299,792,458 m/s หรือ 2.997924 x 108 nm/s 

n    is Material constant of sample 

Ebg   is Energy band gap of catalyst (eV) 

Example: The energy band gap calculation of P25 catalyst. From light 

absorption result at 400 nm wavelength, absorbance constant is 3.0996. 

Then; λ = 400 nm, α = 0.186, h = 4.13566743 x 10-15  eV.s, c = 299,792,458 m/s 
หรือ 2.997924 x 1017 nm/s and n = 1/2 for solid. 

Therefore; hv = hc / λ 
 hv = ( 4.13566743 x 10-15  (eV.s) x 2.997924 x 1017 (nm/s) ) / 400 (nm) 

hv = 3.0996 eV 

 If; K = α / const   ;assume const =1 

  (K.hv)2 = ( 0.186 x 3.0996 eV )2 = 0.3324 

Calculate the hv and (K.hv)2 values at each wavelength, then the hv and (K.hv)2 plot 
is used for energy band gap extrapolation.  From Figure 33, the straight-line cut the 
X-axis presented the band gap energy of pure P25 is 3.27 eV.  
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Figure  32 A plot between (K.hv)2 vs. photon energy (hv) of P25 
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