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CHAPTER I 

1.INTRODUCTION 
 
1.1 Significance of the study 

Carbon dioxide (CO2) is one of the greenhouse gases involved in the global 
warming. Figure 1 illustrates a concerning trend of dramatically increased CO2 
concentration in the atmosphere over the past 50 years. Since 2000, human activities 
such as transportation, industrial fossil fuel combustion, and agricultural practices have 
been responsible for an annual rise in CO2 levels of 1 to 2 ppm. This increase in CO2 
concentration has been correlated with a rise in global temperature. 

Since the Earth’s system composes of many subsystems, changes in one system 
can impact the others. For example, rising global temperature led to ice melting in the 
Earth’s polar regions. Consequently, the reflection of light from the sun by polar ice 
was reduced, leading to more light absorption on the Earth’s surface and increasing 
global temperature (Allan, Hawkins, Bellouin, and Collins, 2021). This phenomenon is 
global warming which causes climate change and directly impacts human health (both 
physical and mental health) via natural and human systems, including economic and 
social conditions and disruptions (Pörtner et al., 2022). 

The slight Increase in global temperature has many serious effects on our planet 
more than several people expected. Greenhouse gases (GHGs) from human activities 
contribute significantly to global warming besides energy from the sun and natural 
GHGs. Because of the development of several countries, global energy consumption 
has been rapidly increasing every year. Especially in 2018, energy consumption grew 
by +2.9%, the fastest since 2010 (Dudley, 2018). Moreover, the main consumed energy 
is still fossil fuels resulting in the increase of emissions of GHGs such as CO2, methane 
(CH4), and nitrous oxide (N2O). The average temperature of the earth’s surface and 
oceans are proportionally increased with the level of these GHGs because they can 
trap infrared radiation emitted from the earth’s surface and sun light. (Moore, Heilweck, 
and Petros, 2021; Yoro and Daramola, 2020; Zandalinas, Fritschi, and Mittler, 2021). 
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Figure 1.1 Evolution of global temperature (black), atmospheric CO2 concentration 

(red), CO2 concentration in air trapped in Antarctic ice cores (green) and 
solar activity (yellow) from 1920 to 2020. Data were taken from the 
website RealClimate: Climate Science from Climate Scientists 
[http://www.realclimate.org/]. This graphic was produced using the 
climate widget at this URL: [http://herdsoft.com/climate/widget/]. 

 

Accordingly, in December 2015, 195 nations made the Paris Agreement at the 21st 
Conference of the Parties (COP21), focusing on taking into account holding the increase 
in the global average temperature to well below 2 ºC and chasing efforts to limit the 
temperature increase to 1.5 ºC above pre-industrial levels by controlling the CO2 
emission (Agreement, 2015). As mentioned before, global warming has to be 
considered a critical problem due to it causes many adverse effects such as large 
floods, extreme weather changes, sea level rise, heavier monsoons or drought in some 
areas, less drinking water, and ocean acidification (Prakash, 2021). Hence, addressing 
the reduction of GHG concentrations, particularly CO2, is a critical issue that demands 
significant attention. In order to tackle the challenge of high CO2 concentrations, two 
key strategies are proposed: the substitution of fossil fuels with hydrogen (H2) and the 
implementation of CO2 reduction measures. 

Among many CO2 reduction and H2 production technologies, AP is considered a 
fascinating candidate. AP is the simulated natural photosynthesis that utilizes 
abandoned sunlight to produce high energy chemicals. This strategy naturally converts 
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CO2 into carbohydrates and splits water into O2 and H2 under sunlight via CO2 reduction 
and water splitting. Therefore, AP is an attractive strategy to overcome global warming 
effects since it can be applied to produce H2 energy via PEC water splitting reaction 
without any greenhouse gas production and reduce CO2 level via photocatalytic 
carbon dioxide reduction reaction (CO2RR). Generally, one of the most important parts 
of this system is semiconductor photocatalysts to catalyze the reactions. Among many 
semiconductors, titanium dioxide (TiO2) is a potential and practical semiconductor due 
to its high thermal and chemical stability, environmentally benign, and low-cost 
production. However, TiO2 has large band gap energy, 3.2 eV, which causes a high 
recombination rate of electron-hole pairs and retards the overall reactions. 
Consequently, the design and development of TiO2-based materials are crucial in this 
research field. 

TiO2 has been widely studied in many applications since its PEC activity was first 
discovered in 1972 (Fujishima and Honda, 1972). The unique properties of TiO2 lead to 
many possible applications, for example, N2-to-NH3 reduction (Wu et al., 2019), 
degradation of antibiotics (Li, Jia, Shao, and He, 2019) or organic dye molecules (Lee, 
Kim, Choi, Chung, and Han, 2019), cancer treatment (Chu et al., 2019) and H2 
production (Hejazi et al., 2019). In photocatalysis, when TiO2 absorbs UV radiation 
matching its band gap energy, charge separation of electrons and holes occurs. These 
charge carriers could contribute to redox reactions under suitable conditions. Charge 
transport of the charge carriers is one of the critical factors affecting the overall 
photocatalytic performance of TiO2. Docampo, Guldin, Steiner, and Snaith (2013) 
revealed that the grain boundary of TiO2 particles could trap free electrons resulting 
in electron transport suppression. Therefore, faster electron transport could be 
obtained from less grain boundary. 

To achieve effective charge transport, Cho et al. (2011) prepared TiO2 nanorods 
on fluorine-doped tin oxide (FTO) substrate to reduce the charge transport limitation 
from TiO2 grain boundaries and the contact area between TiO2 and FTO substrate. The 
researchers found that the measured incident photo-to-current efficiency (IPCE) of 
single crystalline branched TiO2 nanorods on the FTO substrate was 67%, whereas that 
of TiO2 nanoparticles on the FTO substrate was only 6%. One of the possible causes 
of the different IPCE values might be the different formation of TiO2 on the FTO 
substrate. TiO2 nanoparticles were deposited on the FTO substrate by screen printing 
the particles on the substrate. The particles randomly contacted the substrate surface 
resulting in high charge transport suppression. On the contrary, the single crystalline 
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TiO2 nanorods directly grown on the FTO substrate by a sol-gel process could promote 
better charge transportation. 

Recently, Butburee et al. (2019) hydrothermally grew single crystalline TiO2 on an 
FTO substrate. They found that TiO2 crystal facets could be precisely controlled by 
adjusting F- ions, H+ concentration, time, and reaction temperature. Moreover, the 
study revealed that the high surface energy facet, e.g., {001} facet, was favorable for 
water oxidation. TiO2 with the highest {001} facet percentage provided the highest 
water oxidation performance. However, TiO2 with a high portion of {001} facet does 
not always provide better photocatalytic performance (Chamtouri et al., 2017; Hu et 
al., 2014; Chuanhao Li et al., 2015; Wu, Liu, Wu, Li, and Piao, 2012; Zhang et al., 2018). 
A suitable portion of co-exposed facets has been reported to influence the 
photocatalytic activity of TiO2 (Liu et al., 2016; Yu, Low, Xiao, Zhou, and Jaroniec, 2014). 
However, a systematic study of precise tuning of co-exposed facets and their effect on 
photocatalytic performance is rare. Therefore, in this work, the synthesis of anatase 
TiO2 with low-index facet pairs, {101}-{001} and {010}-{001}, with fine-tuning of the facet 
ratio, was investigated. The obtained products with different ratios of co-exposed 
facets were characterized and tested for their photocatalytic activity in PEC water 
splitting.  

TiO2, without any modification, is also recognized as a poor catalyst for CO2RR 
(Lan, Xie, Chen, Hu, and Cui, 2019). High energy is needed to break the strong bonds 
between C and O to generate a CO intermediate. The binding of CO2 and the 
intermediate on the catalyst surface is the key to achieving significant CO2RR 
performance. Excessive binding energy leads to strong adsorption on the catalyst 
surface, hindering the release of the products. In contrast, weak binding energy causes 
less adsorbed reactants on the catalyst surface, resulting in a lower product yield. The 
influences of the adsorption between intermediate molecules and the catalyst’s 
surface on CO2RR performance were also reported in the case of Cu-based catalyst, 
which has considered one of the most selective catalysts (Gao et al., 2019; Jeong et 
al., 2019; Ma et al., 2020).  

The rutile TiO2 with {110}-{001} facet has been reported to exhibit stronger CO2 
adsorption on its surface compared to the anatase phase (Kovačič, Likozar, and Huš, 
2022). The researchers calculated the adsorption energy between CO2 molecules and 
TiO2 surfaces of anatase and rutile phase and found that weak interactions between 
CO2 and anatase surfaces implied physisorption. In contrast, strong CO2 adsorption was 
observed on {001} rutile surfaces, with CO2 molecules adopting a bent configuration 
upon adsorption. The CCO2 atom bonded to the Orutile atom, while the OCO2 atom 
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bonded to the Tirutile atom. As a result, the CO2 molecule was readily deformed. The 
distance between the CO2 molecule and the rutile surface was shorter than that of 
the anatase, facilitating charge transfer from the rutile surface to the CO2 molecule. 
Moreover, strong CO2 binding at the TiO2 surface is not the only critical factor; the 
efficient diffusion of product molecules from the surface and the influx of new CO2 
molecules to the surface is also important. Photo energy has been coupled with 
thermal energy to facilitate molecular diffusion at the catalyst surface, resulting in 
improved product yield and selectivity (Li, Zhang, Huang, Xu, and Zhang, 2021; Wang 
et al., 2020; Xu et al., 2018). 

Given these findings, anatase with different facet ratios and facet pairs ({001}-{101} 
and {001}-{010}) has been prepared for the PEC water splitting reaction. The catalysts 
were tested in a 3-electrode system under simulated solar light. The effects of facet 
ratio, facet pairs, charge transportation, electron affinity, and hole accumulation were 
reported. In the case of photo-CO2RR, {110}-{001} rutile has been primarily investigated 
over anatase as the catalyst. Reactions were conducted in a gas-phase system under 
UV irradiation at 370 nm. The reaction temperature was varied from 25 °C to 80 °C 
using a water bath. Finally, the effects of temperature and catalyst properties were 
compared to anatase. 

 

1.2 Research objectives 
The research objectives were as follows: 
1. To develop TiO2-based materials for the water splitting and carbon dioxide 

reduction reactions. 
2. To synthesize TiO2 with different facet pairs on FTO substrate for PEC water 

splitting and photo-thermal CO2RR. 
3. To explain the photoactivities of the synthesized catalyst PEC water splitting 

and photo-CO2RR reactions.  
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1.3 Scope and limitations of the study 
The scope and limitations of the study are listed: 
1. Single-crystalline rutile and anatase TiO2 with various percentages of facet pairs 

were synthesized on FTO substrates.  
2. The percentages of facet pairs were adjusted by the concentration of HCl. 
3. {101}-{001} and {010}-{001} facet pairs were controlled by the concentration of 

ammonium hexafluorotitanate. 
4. PEC water splitting performance of anatase was investigated through 

photocurrent measurement in 1 M NaOH solution under simulated solar light 
irradiation.  

5. Photo-thermal CO2RR by rutile was performed via a homemade gas phase 
reactor under UV irradiation at 370 nm.  

6. The effects of anatase facet pair on PEC water splitting were evaluated. 
7. The rutile and anatase phase effects on photo-thermal CO2RR were 

investigated. 
8. The quantities of CO2RR products were analyzed by gas chromatography (GC). 
9. Morphology and electronic properties of synthesized catalysts on FTO substrate 

were characterized by X-ray diffraction (XRD), scanning electron microscopy 
(SEM), Raman spectroscopy, UV-Vis absorption spectroscopy, Diffuse 
reflectance spectroscopy, conductive atomic force microscopy (CAFM) and 
electrochemical impedance spectroscopy (EIS). 

 

 



 

CHAPTER II 

2.LITERATURE REVIEW 
 

2.1 Photocatalytic properties of TiO2 
TiO2 is among the most common semiconductors used in photocatalysis. It has a 

large band-gap energy, 3.0 – 3.2 eV, allowing it to absorb the UV radiation of the 
wavelength <390 nm. The basic building block of TiO2 is composed of 6 oxygen atoms 
surrounding 1 titanium atom in a distorted octahedral configuration. Crystals of TiO2 
exist in three major forms: rutile, anatase, and brookite, depending on the arrangement 
of TiO6 octahedral units. 

Single crystalline TiO2 particles usually show greater performance in photocatalytic 
activities than amorphous TiO2 particles (Cho et al., 2011; Docampo, Guldin, Steiner, 
and Snaith, 2013). The defects in TiO2 particles could act as recombination sites and 
result in lower photocatalytic performance. Anatase TiO2 has been reported to have 
much higher activity than other TiO2 structures (Bakardjieva, Šubrt, Štengl, Dianez, and 
Sayagues, 2005). The performance of various crystalline catalysts is also highly 
dependent on their crystal facets. Hence, the design and development of crystal facets 
have been introduced to optimize the performance by finely tuning the surface atomic 
configuration and coordination (Pan, Liu, Lu, and Cheng, 2011).  

Low-index facet anatase TiO2 is composed of three different crystal facets, which 
are {001}, {010}, and {101} (Liu et al., 2016). The surface free energies of {001}, {010}, 
and {101} facets are 0.96, 0.68, and 0.49 J/m2, respectively (Yan, Chen, and Jing, 2019). 
The crystal with higher surface free energy usually reveals excellent catalytic 
performance compared to the lower ones. However, the total surface free energy is 
minimized during the crystal growth process resulting in the decrease of the highly 
reactive facet, {001} facet (Yang et al., 2008).  

The density, size, and surface chemistry of the resulting crystalline nucleus are 
dependent on solution matrices during the formation processes; therefore, the growth 
rate and orientation of crystals can be finely controlled by adjusting the solution 
compositions (Dinh, Nguyen, Kleitz, and Do, 2009). Yang et al. (2008)  investigated the 
effects of absorbed atoms at the crystal surface on the growth of {001} facet. The 
addition of hydrofluoric acid (HF) as a fluoride (F-) source could not only decrease the 
total surface free energy of crystal but also yield the highest percentage of {001} facet 
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(47%). Dinh et al. (2009) reported the effects of the solution ratio between oleic acid 
(OA) and oleylamine (OM), which act as a capping surfactant in the synthesis of 
TiO2.They found that OA limited the growth direction along {001} facet resulting in a 
higher percentage of {001} facet and thinner crystals. OM inhibited the direction growth 
along {101} facet resulting in the presence of a higher percentage of {101} facet. Shiu 
et al. (2012) and Roy et al. (2014) also reported similar results when they used a base, 
diethylamine (DEA) as a shape controller. These reports show that F- content and the 
acid-base environments of the solutions influenced the existence of {001} facet. 

Recently, Butburee et al. (2019) reported factors that affected the structure of 
single-crystalline anatase TiO2 during synthesis processes. TiO2 was hydrothermally 
synthesized on fluorine-doped tin oxide (FTO) conductive substrate by adjusting the 
composition of chemicals, which are water, hydrochloric acid (HCl) as a source of H+, 
ammonium fluorotitanate (AFT) as a F- source, and titanium-butoxide (TTBT) as a Ti4+ 
source. Moreover, the reaction time and temperature were also studied. The effects 
of each factor are as follows: 

1. water/HCl composition 
   The increase of HCl content caused the higher {001} facet percentage and 

thinner crystal. Nevertheless, the crystal could not be attached to the FTO substrate 
if the HCl content was further increased. 

2. F- content 
   F- resulted in an anatase phase transformation instead of a rutile phase 

formation due to F- reduced total surface energy of anatase more than the rutile phase. 
Besides, the crystal size increased with the amount of F-. Therefore, F- act as both 
crystal phase transformation and structure reconstruction.  

3. Ti4+ content 
   The crystal size was extended following the increase of Ti4+ content in the 

growth solution. 
4. Reaction time and temperature 
   Longer reaction time and higher temperature led to higher crystallinity along 

with an increase in the crystal size.  
Furthermore, the study also revealed the selectivity of each facet. {001} facet was 

favorable for the oxidation reaction as proved by Mn2+ oxidation, but {101} and {010} 
facets preferred the reduction reaction as proved by Ag+ reduction as shown in Figure 
2.1. These phenomena indicated that holes were transferred to {001} facet and 
electrons were simultaneously transferred to {101} and {010} facets after light 
illumination (Roy, Sohn, and Pradhan, 2013; Ye, Liu, Tian, Peng, and Zan, 2013; Ye, Mao, 
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et al., 2013; Yu et al., 2014; Zhang et al., 2018). Liu et al. (2016) calculated the relative 
band structure of {101} and {001} facets to explain the charge transportation. As shown 
in Figure 2.2, the conduction band potential of {101} facet is less positive than that of 
{001} facet, but the valence band potential of {101} facet is more negative than that 
of {001} facet. Generally, electrons and holes prefer to locate at lower positive and 
negative band potentials, respectively. Consequently, electrons and holes were 
respectively transferred to the conduction band of {101} facet and the valence band 
of {101} facet.  

 

 
Figure 2.1 Schematic demonstration of selective photodeposition of Ag and MnO2 

on TiO2 films with different facets (a). SEM images showing Ag 
photodeposition (b-d) and MnO2 photodeposition (e-g). Reprinted 
(adapted) with permission from (Butburee et al., 2019). Copyright 2019 
Royal Society of Chemistry. 

 
The increase of the highly reactive facet, {001} facet, should significantly raise the 

photocatalytic performance of the oxidation reaction (Butburee et al., 2019; Wu et al., 
2012) when the crystal size was uniform. However, some reports conflicted with this 
finding (Li et al., 2015; Zhang et al., 2018; Zheng et al., 2011). When the exceed 
independent facet was exposed on the crystal, the charge transportation was not 
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balanced. The excess charge carriers overflowed to the unfavorable facet resulting in 
high charge recombination. Moreover, Li et al. (2015) observed the behaviors of anatase 
TiO2 with various facet percentages on PEC performance. They revealed that the 
performance was not dependent on only the surface energy but also the compatibility 
of the photocatalyst and the reactant resulting in the higher performance of the 
electrode with higher percentages of {010} facet instead of {001} facet.  

From the above literature, several researchers have focused on the anatase phase 
of TiO2 because rutile usually shows lower photocatalytic activity. Moreover, the 
synergistic effects, anatase/rutile composites (e.g., P25), show better performance than 
both bare anatase and rutile TiO2. Hence, P25 is commonly used as a standard material 
for TiO2-based catalysts. 

 

 
Figure 2.2 Calculated relative band edges of the {101} and {001} facets of anatase 

TiO2. CBM and VBM are the conduction band minimum and valence band 
maximum, respectively. Reprinted (adapted) with permission from (Liu et 
al., 2016). Copyright 2016 American Chemical Society. 

 
Concerning the band alignment of rutile and anatase, Mi and coworker proposed 

five potential band alignments for rutile and anatase composites (Mi and Weng, 2015). 
However, Buchalska et al. (2015) and Scanlon et al. (2013) suggested that electron 
transfer primarily occurs from the rutile CB to the anatase CB rather than through other 
processes. As illustrated in Figure 2.3, hydroxyl radicals (OH•) are generated through the 
reduction of H2O2 and the oxidation of H2O. Their findings indicate that superoxide ions 
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(O2
•-) form readily at both rutile and anatase sites due to the reduction of O2 and the 

oxidation of H2O2, respectively. Furthermore, the results highlight that the hydroxyl 
radical yield is the highest compared to anatase and P25. Given that the conduction 
and valence bands of rutile are higher than those of anatase, the authors suggest that 
rutile functions as a more potent reducer and a weaker oxidant than anatase. These 
observations were similar to Yaemsunthorn’s work (Yaemsunthorn, Kobielusz, and 
Macyk, 2021). 

 

 
Figure 2.3 Possible directions of charges transfer between rutile and anatase. 

Reprinted (adapted) with permission from (Buchalska et al., 2015). 
Copyright 2015 American Chemical Society. 
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2.2 Artificial Photosynthesis (AP) 
Amidst the ongoing energy consumption crisis, various clean and renewable green 

technologies have emerged. One of these innovations is AP, drawing inspiration from 
natural photosynthesis, a process where CO2 and H2O are transformed into 
carbohydrates like glucose while releasing O2 as a byproduct under sunlight energy 
(Barber and Tran, 2013; Das, 2021; Perathoner and Centi, 2020). Within the realm of AP, 
scientists and researchers aim to replicate this natural phenomenon using human-
made materials and devices. The ultimate goal is to convert sunlight into chemical 
energy, such as hydrogen or other alternative fuels, instead of producing glucose. This 
approach presents a promising avenue for sustainable energy production and 
mitigating the impact of greenhouse gas emissions. 

The concept of AP can be likened to the photosynthesis process in plant leaves. 
Jones and Fyfe (2001) explained that natural photosynthesis involves two key 
components: Photosystem I (PSI) and Photosystem II (PSII), as depicted in Figure 2.4. In 
PSII, chlorophylls and other pigments act as reaction centers that capture light energy 
from the sun. This absorbed energy then excites electrons within the chlorophyll 
molecules situated at the reaction center. One of the crucial steps in PSII is water 
splitting, which involves a water oxidation reaction leading to the production of O2. 
Additionally, this process generates four protons and four electrons in plastoquinone. 
These electrons are subsequently transferred to plastocyanin, a small, water-soluble 
copper protein, through an integral membrane protein known as the cytochrome bf 
complex. As the process continues, these electrons are utilized to reduce carbon 
dioxide during the Calvin cycle, resulting in the production of glucose. This fascinating 
mechanism of AP mimics the photosynthesis process found in nature, clearing the way 
for harnessing sunlight to drive chemical reactions and potentially generate alternative 
fuels such as H2 for sustainable energy solutions. 
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Figure 2.4 A schematic representation of the molecular machinery that catalyses’ 

oxygenic photosynthesis. Reprinted (adapted) with permission from 
(Jones and Fyfe, 2001) Copyright 2001 Current Biology. 

 

Research in the field of artificial photosynthesis encompasses diverse approaches, 
ranging from the development of specialized photocatalysts and photoelectrodes to 
the integration of light-absorbing materials and catalysts, all aimed at facilitating the 
chemical reactions involved in the conversion process. Although the technology is still 
in its early stages, ongoing advancements show promising potential for a greener and 
more sustainable energy future. In this particular study, facet-controlled TiO2 crystals 
were employed to emulate the functionalities of artificial leaves (AL). These crystals 
acted as catalysts for photoelectrochemical (PEC) water splitting and photo CO2 
reduction reactions. A detailed literature review was conducted to explore the 
photoactivity of TiO2 in both water splitting and CO2 reduction processes, providing 
valuable insights for this study. The use of facet-controlled TiO2 crystals offers several 
benefits, enhancing the efficiency and selectivity of the photoconversion reactions. 
Understanding and leveraging these crystals' properties is expected to advance the 
field of artificial photosynthesis and contribute to the development of sustainable 
energy solutions. 
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2.3 Water splitting on semiconductor photocatalysts 
Clean, renewable, and sustainable energy sources as an alternative to fossil fuels 

have been extensively investigated. H2 has received much attention because it has the 
highest energy density. Besides, it is storable, transportable, and can be converted into 
electricity (Dudley, 2018). H2 can be produced from many sources such as natural gas 
and coal, via a gas reforming process. However, a cleaner and environmentally friendly 
process to produce H2 could be from a water splitting reaction.  

Overall water splitting reaction, H2O (l)  H2 (g) + 1/2O2 (g), is not a 

thermodynamically spontaneous reaction. The standard Gibbs free energy change (G) 
of this reaction is +238 kJ/mol (Peter et al., 2016). Using photocatalysts could reduce 
the energy barrier and make this reaction possible. Generally, the water splitting 
reaction can be operated via two different approaches. One approach is directly 
splitting water into H2 and O2 using a single photocatalyst, as shown in Figure 2.5a. 
However, this approach needs the photocatalyst, which has a suitable band gap energy 
matching the redox potentials to reduce H+ to H2 and oxidize H2O to O2.  

 

 
Figure 2.5 Schematic energy diagram of photocatalytic water splitting for ( a)  one-

step and ( b) two- step photoexcitation. Reprinted (adapted) with 
permission from (Hisatomi, Kubota, and Domen, 2014).  Copyright 2014 
Royal Society of Chemistry. 

 

The other approach is to apply two excitation steps using two different 
photocatalysts and an electron mediator. The approach is simulated from natural 
photosynthesis and is known as Z-scheme (Hisatomi et al., 2014). In the Z-scheme 
system, as shown in Figure 2.5b, one photocatalyst is used to oxidize water to produce 
O2. Another photocatalyst is responsible for the reduction of H+ to produce H2. This 
system uses a redox couple, an electron acceptor (A), and an electron donor (D) as an 
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electron mediator. The photogenerated electrons from the first photocatalyst can 
reduce A to D. Then, D can reduce the photogenerated holes from the second 
photocatalyst. The Gibbs free energy can be changed by adjusting the steps of the 
photoexcitation system. Also, using visible light for the photocatalyst excitation is 
possible with this approach. 

Three steps are involved in the overall water splitting reaction on semiconductor 
photocatalysts. The first step is the light absorption of the photocatalyst with photon 

energy  the band gap energy to generate electron-hole pairs. The second step is the 
separation and migration of the photogenerated charge carriers from the bulk material 
to the surface. The third step is the reduction of H+ to H2 and the oxidation of H2O to 
O2 by the photogenerated electrons and holes, respectively. The structure and 
electronic properties of the photocatalyst influence the first two steps. High 
photocatalytic performance tends to be achieved from the photocatalysts with high 
crystallinity and those with nanosize particles. The third step could be improved by a 
co-catalyst. 

Many photocatalysts were synthesized for the water splitting reaction such as 

IrOx/black Si (Kan, Qian, Zhang, Yue, and Zhao, 2017), N-doped Co/ß-Mo2C on carbon 
nanotube (Ouyang, Ye, Wu, Xiao, and Liu, 2019), hierarchical Co-Fe oxyphosphide 
microtube (Zhang, Lu, Nai, Zang, and Lou, 2019) and PtS-ZnIn2S4 nanosheets loaded 
on WO3 (Ding et al., 2019). They are good candidates for the water splitting reaction. 
However, they have some drawbacks; for example, photocorrosion in aqueous 
environments, unsuitable CB levels for the reduction, low charge mobility, and fast 
charge recombination. Some photocatalysts were prepared via complicated strategies. 
Therefore, photocatalysts with simple synthesized routes such as TiO2, which is one of 
the promising candidates for PC and PEC applications, has been extensively studied. 
However, TiO2 without any modification is not effective enough for practical use. 

Wang et al. (2011) prepared rutile TiO2 nanowires (H:TiO2) by annealing pristine 
TiO2 in H2 atmosphere. From overall IPCE measurement, H:TiO2 performance was 
improved by three orders of magnitude compared to the bare rutile TiO2 in the UV 
region. These results corresponded with Pt/TiO2 nanosheet with exposed {001} facets 
synthesized by Yu et al. (2010) that the reaction was performed in ethanol solution. Pt 
was deposited in {001} facets to accept the excited electrons from the conduction 
band to prevent the direct charge recombination of electrons and holes. Therefore, 
the H2 production rate of Pt/TiO2 was dramatically higher than the bare TiO2. Another 
noble metal-TiO2 catalyst was also prepared to overcome TiO2 limitation. Gogoi, 
Namdeo, Golder, and Peela (2020) synthesized Ag-doped TiO2 for solar energy 
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harvesting to produce H2. The light absorption range was extended and the band gap 
energy was reduced to 2.5 eV when Ag was doped. The photocurrent density of Ag/TiO2 
was improved about 4 times. Besides, a non-metal element such as C was also doped 
into the TiO2 structure to increase the utilization of solar light in the visible region (Park, 
Kim, and Bard, 2006). The performance was considerably increased by 25 times higher 
than P-25 film under white-light illumination. The increase in performance was also 
obtained with B-doped  TiO2 nanotubes (Li, Lu, Quan, Chen, and Zhao, 2008).  

As mentioned above, bare TiO2 was hardly used for the water splitting reaction 
due to its large band gap energy and low solar light absorption. Hence, optimizing TiO2 
properties to obtain the catalyst suitable for the water splitting reaction is essential. 
Due to TiO2 material being used for water oxidation reaction, anatase was focused on 
photoelectrochemical water splitting reaction in this research. Anatase TiO2 was 
synthesized on FTO substrates. The facet pairs (e.g., {001}-{101} and {001}-{010}) were 
prepared in different ranges of facet ratios. Finally, the effects of facet pairs and facet 
percentage were discussed. 
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2.3 Carbon dioxide reduction reaction (CO2RR)  
CO2 is well-known as one of the major greenhouse gases causing global warming 

effects. Human activities are not the only cause of CO2 emission but also natural 
sources such as the respiration of living organisms and wildfire. However, human 
activities such as fossil fuel burning, deforestation, industrial processes, and agriculture 
contribute significantly. 

When CO2 is released into the atmosphere, it can absorb and re-desorb infrared 
radiation, which is heat energy. The heat is trapped in the atmosphere and 
consequently warms the earth. The more CO2 concentration, the higher the global 
temperature would be raised. The effects of global temperature rising are widespread 
and can be seen in many events of the natural world including melting ice caps and 
glaciers, rising sea levels, increasing the number and intensity of heatwaves, droughts, 
and extreme weather changes. Furthermore, these events can have serious 
consequences for human societies and ecosystems, including food and water 
insecurity.  

The increase in greenhouse gas concentrations, especially CO2, has negatively 
affected living organisms. Reducing emitted CO2 from human activities should be taken 
seriously. There are several ways to reduce CO2 emissions such as using renewable 
energies (i.e., wind, solar, and hydropower), reducing meat consumption, and using 
low-carbon transportation. Moreover, improving energy efficiency or using clean energy 
such as H2 is important. H2 can be produced from zero-carbon emission process (i.e., 
water splitting reaction) and release zero-carbon after combustion.  

Several measures including reducing emissions, improving energy efficiency, 
reforestation, and direct air capture, should be performed simultaneously to reduce 
the amount of CO2 in the atmosphere. CO2 can be stored after combustion using 
absorption, adsorption, or membrane separation technologies (post-combustion 
capture). For example, Chehrazi and Moghadas (2022) revealed that the new Chilled 
Ammonia Process (CAP) technology could recover CO2 from ammonia plants and reuse 
it in a urea plant. CAP technology converted CO2 into chemical fertilizers, further 
promoting agricultural product yields. In addition, CO2 can also be stored before the 
combustion process is finished, called pre-combustion capture. These processes are 
performed through gasification and water gas shift reactions to convert CO and H2O to 
H2 and CO2. Then, H2 is used as a clean fuel and CO2 is further separated and stored 
(Chen and Chen, 2020). However, many challenges still need to be addressed, 
including the high cost of capture technologies, the need for reliable storage sites, and 
the environmental impacts of long-term storage. 
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Besides the above measures, CO2 level can be parallelly deducted by converting 
to valuable chemicals via catalytic reaction (i.e., CO2RR). The reduction of CO2 to 
valuable chemicals and fuels not only produces sustainable energy but also directly 
decreases CO2 levels. Several products, such as CH4, formic acid (HCOOH), CO, and 
ethylene (C2H4), can be formed through various pathways depending on several factors, 
including the type of catalyst, reaction conditions, and strategies. Conversion of CO2 
into value-added chemicals is still challenging because CO2 is relatively stable with a 

strong CO bond (750 kJmol-1).  
CO2RR involves complex multi-electron/proton transfer processes with different 

possible reaction intermediates and products. Half-electrochemical thermodynamic 
reactions and standard redox potentials for various products are summarized in Table 
2.1. CO2 first undergoes adsorption and interaction with atoms on the catalyst surface 
to form *CO2

-, followed by various stepwise transfers of protons (typically derived from 
water oxidation) and/or electrons toward different final products. The formation of the 
CO2 intermediate is regarded as a controlling step in the overall reaction of CO2 
reduction at the catalyst surface. Subsequently, local rate-determining steps (RDSs) 
occur in distinct pathways for each product, further influencing the reaction dynamics 
and products. For instance, CH4 formation can occur through the pathways: CO2 → 
*COOH → *CO → *CHO → *CH2O → *CH3O → CH4 + *O → CH4 + *OH → CH4 
+ H2O (Fan et al., 2020; Khezri, Fisher, and Pumera, 2017).  

Among many photocatalysts, TiO2 catalysts have attracted significant attention for 
their potential to catalyze the conversion of CO2 into CO2RR products. However, the 
efficient conversion of CO2 in CO2RR using TiO2 catalysts remains challenging. 
Modification of TiO2 catalysts through doping or surface functionalization has been 
shown to enhance their activity towards CO2RR. For example, incorporating transition 
or noble metals such as Cu, Ag, and Ni into TiO2 catalysts has significantly improved 
their CO2RR activity. The bimetallic dimer-embedded anatase (101) surface, consisting 
of Zn-Cu, Zn-Pt, or Zn-Pd, was also demonstrated to be suitable for the adsorption of 
CO* and O intermediates, which subsequently facilitated the reduction and promotion 
of CO2RR performance (Li et al., 2022).  
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Table 2.1 Half electrochemical thermodynamic reactions of the main ECR 
production, and their corresponding standard redox potentials [V versus 
reversible hydrogen electrode (RHE)] (Fan et al., 2020). 

Products 
Acid Base 

Equation E(V) Equation E(V) 

Hydrogen 2H+ + 2e− → H2 0.000 
2H2O + 2e− →  

H2 + 2OH− 
−0.828 

Carbon 
monoxide 

CO2 + 2H+ + 2e− → 
CO + H2O 

−0.104 
CO2 + H2O + 2e− → 

CO + 2O 
−0.932 

Methane 
CO2 + 8H+ + 8e− → 

CH4 + 2H2O 
0.169 

CO2 + 6H2O + 8e− → 
CH4 + 8 

−0.659 

Methanol 
CO2 + 6H+ + 6e− → 

CH3OH + H2O 
0.016 

CO2 + 5H2O + 6e− → 
CH3OH + 6OH− 

−0.812 

Formic acid 
CO2 + 2H+ + 2e− → 

HCOOH 
−0.171 

CO2 + H2O + 2e− → 
HCOO− + OH− 

−0.639 

Ethylene 
2CO2 + 12H+ + 12e− → 

C2H4 + 4H2O 
0.085 

2CO2 + 8H2O + 12e− 
→ 

C2H4 + 12OH− 
−0.743 

Ethane 
2CO2 + 14H+ + 14e− → 

C2H6 + 4H2O 
0.144 

2CO2 + 10H2O + 14e− 
→ 

C2H6 + 14OH− 
−0.685 

Ethanol 
2CO2 + 12H+ + 12e− → 

CH3CH2OH + 3H2O 
0.084 

2CO2 + 9H2O + 12e− 
→ 

CH3CH2OH + 12OH− 
−0.744 

Acetic acid 
2CO2 + 8H+ + 8e− → 

CH3COOH + 2H2O 
0.098 

2CO2 + 5H2O + 8e− 
→ 

CH3COO− + 7OH− 
−0.653 

n-Propanol 
3CO2 + 18H+ + 18e− → 
CH3CH2CH2OH + 5H2O 

0.095 

3CO2 + 13H2O + 18e− 
→ 

CH3CH2CH2OH + 
18OH− 

−0.733 

 
It has been reported that the TiO2 {001} and {101} surface junctions could 

efficiently convert CO2 into CH4 with a high yield rate of 1.35 mmolg-1h-1. Furthermore, 
co-exposure of {100} and {001} facets could lead to a particular CO2 product, CH3OH, 
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at a yield rate of 1.5 mmol g-1h-1 (Jiang et al., 2020). The Zeeman-effect-assisted anodic 
oxidation method was utilized to synthesize TiO2 to obtain the crystals with various 
exposure ratios of the {100} crystal facet. An increase in the exposure ratio of the {100} 
crystal facet led to an increase in the yield of C2H5OH, while the formation of CH4 was 
suppressed. This finding is attributed to the promotion of the connection of CO* 
intermediates rather than their rapid desorption to CO. Notably, the connection of CO* 
intermediates represents the rate-determining step of the reaction. 

Moreover, the heterojunction of the composites between TiO2 and metal oxide 
has also been introduced to improve charge separation. Hybrid copper oxide-titanium 
dioxide (CuxO-TiO2) heterostructure composites were synthesized for photocatalytic 
CO2 reduction. The inherent p-n heterojunction of the synthesized catalyst significantly 
enhanced light absorption and charge separation, resulting in a high CH4 yield of 221.63 
ppmg-1h-1 (Park et al., 2016). Lei et al. (2018) reported that CO2 could be reduced to 
CO with the highest yield of 2.4 µmolg-1 using TiO2 crystals featuring a {001}/{101} facet 
pair on carbon nanofibers under simulated sunlight. The researchers proposed that the 
surface junction between the {001} and {101} facets facilitated electron-hole 
separation and extended light absorption, which, in turn, further enhanced the 
photocatalytic activity. 

Not only charge separation of the catalyst is important to CO2RR but also CO2 
adsorption-desorption efficiency. Li et al. (2021) documented that the Ag/MgO-
modified surface of TiO2 augmented the adsorption of CO2 and exhibited favorable 
desorption-adsorption characteristics for key CO2RR intermediates, CO*, HCOOH*, 
HCHO*, and CH3OH*, which is imperative for C1 product selectivity. Additionally, the 
combination of Au and MgO facilitated electron transfer between the key 
intermediates and the catalyst surface, resulting in a substantial increase in CH4 
selectivity (Li et al., 2021). Cu2O nanowires coated with a Cu+-incorporated TiO2 
overlayer have been shown that the presence of Cu+ in the TiO2 layer not only 
improved charge transport but also functioned as an adsorption site for CO2 molecules, 
exhibiting a high binding energy of 240 kJmol-1. Consequently, the faradaic efficiency 
(FE) of the modified catalyst reached 56.5%, which is significantly higher than that of 
the bare Cu2O nanowire (23.6%) (Park et al., 2016). In addition, hierarchical TiO2 
nanorods with a highly active {001} surface exhibit superior properties in terms of light 
absorption and surface area. The synergistic effects of the active surface increase the 
charge transfer along the nanorods, resulting in significantly enhanced production of 
methane (CH4) and methanol (CH3OH) compared to P25, a commonly used form of 
TiO2 (Cao et al., 2019). 
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To increase CO2 adsorption, Crake et al. (2019) synthesized composites of TiO2 and 
metal-organic framework (MOF) (NH2-UiO-66), resulting in highly porous materials. The 
CO yield under UV-visible light was found to be nine times higher than that of bare 
TiO2. The success of this approach can be attributed to the introduction of NH2-UiO-
66 into the TiO2 catalyst, which led to improved charge separation and light absorption. 
Furthermore, the number of CO2 adsorption sites dramatically increased, enabling 
stronger binding with CO2 molecules and their subsequent reduction to CO with 100% 
selectivity.  

The study conducted by Neatu et al. (2014) also confirmed the crucial role of 
intermediates adsorption. Au-Cu nanoalloys were incorporated into TiO2 using the 
stepwise deposition-precipitation method (Neatu, Maciá-Agulló, Concepción, and 
Garcia, 2014). The results showed that the addition of Au to TiO2 improved its visible 
light absorption efficiency, while the inclusion of Cu aided in the fixing of CO molecules 
on the catalyst surface, resulting in the direct reduction of CO to CH4 under simulated 
sunlight. The catalyst containing Au-Cu/TiO2 exhibited the highest formation rate of 
CH4, reaching approximately 2200 µmolg-1h-1, whereas Au/TiO2 and Cu/TiO2 provided 
formation rates of approximately 210 and 280 µmolg-1h-1, respectively. FT-IR 
spectroscopy identified the presence of CO2

•- and Cu-CO bonds on the catalyst surface, 
indicating that the adsorption of CO on the catalyst surface was an important step 
before further reduction to CH4 could occur. These observations corresponded to Cu-
based catalysts. Peng et al. (2017) demonstrated that the selectivity of ethylene 
production was contingent on the adsorption energy of HCOOH or CO species on Cu 
surfaces. The researchers suggested that a key intermediate in the CO2RR pathway to 
hydrocarbons involved the adsorption of CO molecules on the Cu surface with an 
optimal binding strength—neither too strong nor too weak. This allowed the CO 
molecules to be further hydrogenated into hydrocarbon species (e.g., C2H4) and 
desorbed from the surface. These observations are in line with the work of Zheng et 
al. (2019), which showed that the suitable adsorption energy of CO molecules on Cu-
based catalysts plays a crucial role in converting CO2 to C2+ products. 

Based on the literature above, the CO2 adsorption and intermediates binding 
energies on the catalyst surface can be considered a critical factor in initiating the 
subsequent reduction of CO2 molecules. Numerous studies have reported that suitable 
binding energies contribute to the selectivity of the products formed. High binding 
energies suggest that the catalyst can firmly attach CO2 and its intermediates to the 
catalyst surface. Following this, CO2 and intermediates undergo further reduction, 
ultimately leading to the desorption of the desired products from the catalyst surface 

 



22 
 

(Chu et al., 2020; Jeong et al., 2020; Wang et al., 2020; Yang et al., 2020; Yin et al., 
2020; Zheng et al., 2019).  

Additionally, several studies have reported that introducing thermal energy can 
enhance the catalytic activity of CO2RR. The presence of thermal energy facilitates the 
separation of photoinduced electron-hole pairs, thereby increasing the availability of 
charge carriers. This, in turn, leads to the generation of more photoinduced vacancies, 
which play a crucial role in the photothermal chemical cycle (Xu et al., 2018). In the 
context of photothermal catalysis for CO2RR, the competition between desorption and 
reduction of key intermediates, such as CO*, HCOOH*, HCHO*, and CH3OH*, significantly 
influences selectivity (Li et al., 2021). Upon completion of the reaction, the products 
are easily released, allowing the selected products to be obtained and reactant 
molecules to diffuse onto the catalyst surface. Consequently, the CO2 reduction 
reaction proceeds efficiently. 

In order to investigate the photoreduction of CO2 on TiO2-based catalysts in this 
research, rutile was chosen as the primary focus, owing to its superior reducing 
capability compared to anatase. Moreover, rutile has been reported to exhibit strong 
CO2 binding energy, which further enhances CO2RR (Kovačič et al., 2022). Rutile was 
grown on FTO substrates, and the reaction was conducted in the gas phase. 
Additionally, thermal energy was introduced into the catalytic system to examine its 
influence on the reactions. The study specifically explored the effects of the TiO2 
phase (e.g., rutile and anatase) and temperature on the photoreduction of CO2. 
Analyzing these factors should provide valuable insights into optimizing TiO2-based 
catalysts for CO2RR application. 
 

 



 
 

CHAPTER III 

3.EXPERIMENTAL 
 

3.1 Chemicals  
The chemicals utilized in this study are listed in Table 3.1. 

Table 3.1 Chemicals used in this research. 

Chemicals Formula 
Content 

(%) 
Suppliers 

Acetone CH3COCH3 99.8 ACI Labscan 
Ammonium hexafluoro 
titanate 

(NH4)2TiF6 99.99 Sigma-Aldrich 

Ethanol C2H5OH 99.7 ACI Labscan 
Hydrochloric acid HCl 37 Merck 
Sodium hydroxide NaOH >97.0 Merck 
Titanium n-butoxide Ti(OCH2CH2CH2CH3)4 97 Sigma-Aldrich 
Argon Ar 99.999 Linde 
Mix gas:  99.999 

Linde 

- Carbon monoxide CO 5.11 
- Carbon dioxide CO2 69.85 
- Ethylene C2H4 4.92 
- Ethane C2H6 4.91 
- Methane CH4 4.91 

Carbon dioxide CO2 99.999 Si-Technology 
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3.2 Preparation of clean FTO substrate 
Fluorine-doped tin oxide substrates (FTO, OPV Tech, 7-8 Ω/sq) were cut into a 2.5 

x 6.0 cm² size. The FTO substrates were cleaned sequentially, involving washing with 
detergent, acetone, ethanol, and deionized (DI) water, with each step involving 15 
minutes of ultrasonication. The cleaned substrates were stored in DI water until further 
use. Before use, the substrates were rinsed with DI water and air-dried. 

 

3.3 Preparation of TiO2 on FTO substrate 

TiO2 was directly grown on FTO substrates using a hydrothermal method reported 
in the literature (Butburee et al., 2019). Initially, a mixture of the desired amount of DI 
water and 37% HCl was prepared in polypropylene bottles under mechanical stirring. 
Subsequently, ammonium hexafluorotitanate (AFT) was added to the solution. Once 
a clear solution was obtained, a specific volume of titanium (IV) n-butoxide (TTBT) was 
added. Then, 35 mL of the mixed solution was transferred into a 50 mL Teflon-lined 
autoclave containing an FTO substrate, with its conductive side facing against the 
autoclave wall. The autoclave was secured with stainless steel and heated to 150 °C 
for an appropriate time. After that, the autoclave was let cool to room temperature, 
the TiO2-coated electrode was removed and rinsed with DI water for 3 minutes. Before 
use, the electrodes coated with anatase TiO2 were calcined at 600 °C for 2 hours to 
remove F atoms from the surface. No calcination was carried out on the electrodes 
coated with rutile TiO2. Reactant contents and reaction time are shown in Table 3.2. 

 
Table 3.2 The synthesis conditions for preparing TiO2 on FTO substrate. 

Samples 
DI water 

(mL) 

HCl 

(mL) 

AFT 

(mg) 

TTBT 

(mL) 

Temperature 

(°C) 

Time 

(h) 
Calcine 

{101}-{001}-1 40.0 20.0 400 1.0 150 24 yes 

{101}-{001}-2 37.5 22.5 400 1.0 150 24 yes 

{101}-{001}-3 35.0 25.0 400 1.0 150 24 yes 

{010}-{001}-1 40.0 20.0 600 1.0 150 5 yes 

{010}-{001}-2 37.5 22.5 600 1.0 150 5 yes 

{010}-{001}-3 35.0 25.0 600 1.0 150 5 yes 

Rutile 40.0 20.0 400 1.0 150 24 no 
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3.4 Characterization of catalysts 
The crystal structures of TiO2 were characterized using X-ray diffraction (XRD) 

performed on a Bruker D8 Advanced X-ray diffractometer, employing Cu K irradiation 
at 40 kV and 40 mA with a diffracted beam monochromator.  

UV-vis absorption spectra were obtained using a UV-Vis-NIR spectrophotometer 
(Shimadzu UV3600plus). Air was used as a background.  

The percentages of each facet of TiO2 were calculated from Raman spectra, which 
were acquired using a high-resolution Raman spectrometer (NTEGRA Spectra). 

Morphology of the catalysts was obtained using Field-emission scanning electron 
microscopy (FESEM) (Hitachi SU8230) conducted at 10 keV.  

The charge resistance of the electrodes was measured by electrochemical 
impedance spectroscopy (EIS) over a frequency range of 0.1 Hz to 100 kHz with a 10 
mV amplitude.  

Surface charge density (i.e., hole accumulation on the electrode surface) was 
evaluated using voltage-dependent conductive atomic force microscopy (CAFM) 
coupled with force-distance spectroscopy mapping (Bruker JPK Nanoscience), using a 
Pt tip (Bruker SCM-PIT-V2). 

 

3.5 Incident photon to charge carrier efficiency of catalysts 
The external quantum efficiency (EQE) of the photoanodes was measured using a 

Newport Oriel QEPVSI-b system under 300 W irradiation from a Xenon lamp equipped 
with a monochromator. Three electrodes were connected to a sample, and a 0.4 V 
RHE bias voltage was applied using a source meter (Keithley 2450). The excitation 
wavelength was swept from 200 to 1100 nm with an exposure mask of 0.04 cm². 

 

3.6 Intensity-modulated photocurrent spectroscopy of samples  
To investigate the charge transport properties of each sample, intensity-

modulated photocurrent spectroscopy (IMPS) was conducted. IMPS measurements for 
samples with various facet pairs were carried out directly in 1 M NaOH solution using 
a three-electrode system (the same configuration as employed in PEC water splitting 
measurements) to simulate the actual environment of the water splitting process. A 
bias of 1.3 V vs Ag/AgCl was applied in each measurement using a Metrohm Autolab 
PGSTAT302N potentiostat. An Autolab LED driver was utilized to power a triple light-

emitting diode (LED) array (LDC470-blue,  = 470 nm) as a light source with an intensity 
of 80 mW/cm², providing both AC and DC components of the illumination in frequency 
response analyzer mode with a frequency range of 4000–100 Hz. Data was collected 
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using NOVA 2.1.4 software. The mean transit time (tr) is employed to indicate charge 

carrier kinetics. tr can be calculated from equation (3.1). 

tr f
 

 min

1

2
 (3.1) 

Where fmin is the characteristic frequency minimum of the IMPS imaginary 
component (Yu et al., 2013).  

 

3.7 PEC water splitting performance measurements 
The PEC water splitting performance was assessed using a photo-reactor with a 

three-electrode system. The prepared TiO2-coated electrode, Ag/AgCl electrode, and 
Pt electrode served as the working, reference, and counter electrode, respectively. The 
reaction was conducted in a 1 M NaOH solution. The solution was purged with Ar gas 
for 30 minutes before initiating the reaction. The current density was measured using 
an electrochemical workstation (AMATEX PMC-CH508A) under simulated solar light 
irradiation (LCS-100 solar simulator) at 1 sun of light intensity (AM 1.5 G filter, 1 kW/m²). 
Linear sweep voltammetry (LSV) was performed with a scan rate of 10 mV/s. The 
potential versus RHE was converted using equations (3.2) and (3.3), where NHE 
represents the normal hydrogen electrode. 


Ag/AgCl

E(vs RHE) = E(vs Ag/AgCl) + E (Reference) + 0.059  pH  (3.2) 

where 
o

Ag/AgCl
E (Reference) = 0.1976 V vs NHE at 25 C  (3.3) 

The reaction was performed under the same procedures for 6 h for the 
stability test. 

 

3.8 Photo CO2RR catalytic performance measurements 
Photo-catalytic CO2RR was performed in a homemade gas phase reactor. The 

electrode with a 3.0 x 3.0 cm2 dimension was placed in the reactor chamber. CO2 was 
bubbled through DI water for 15 min to feed CO2 with vaporized water into the reactor. 
UV light at 370 nm (LED PR160L-370nm) was used as a light source. The reaction 
temperature at 25, 40, 60, and 80 ºC was controlled by a water bath. The reaction was 
carried on for 6 h before the product analysis by a gas chromatograph (SHIMADZU, 
Nexis, GC-2030). 

 



 
 

CHAPTER IV 

4.RESULTS AND DISCUSSION 
 

4.1 PEC water splitting by anatase TiO2 
4.1.1 Synthesis of anatase TiO2 films 

The critical elements governing the formation of low-index facets in TiO2, as 
reported in the literature (Butburee et al., 2019), have facilitated a comprehensive 
alignment of low-index facets in this study. A simple hydrothermal synthesis using 
tetrabutyl titanate (TTBT) as a Ti4+ source, ammonium hexafluorotitanate (AFT) as a 
fluoride (F-) source, and hydrochloric acid (HCl) as an H+ source was utilized to 
successfully grow TiO2 crystals with tuned facets on a fluorine-doped tin oxide (FTO) 
substrate. Parameters, specifically the amount of H+ and F-, were carefully adjusted to 
achieve {101}-{001} and {010}-{001} pairs with varying facet ratios. 

 

 
Figure 4.1 SEM images showing the morphology of single-crystalline anatase TiO2, a-

c) {101}-{001} facets with different {101}/{001} facet ratios and d-e) {010}-
{001} facets with different {010}/{001} facet ratios. Reprinted (adapted) 
with permission from (Phawa et al., 2021). Copyright 2021 ChemCatChem. 
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Figure 4.1 confirms that single-crystalline TiO2 crystals were successfully 
grown on the FTO substrate. As displayed in Figure 4.1a-c, scanning electron 
microscope (SEM) images show that trapezoidal {101} and square {001} facets emerge 
at relatively low F concentration (400 mg of AFT). The angle between {101} and {001} 
facets equals 68.3°, which is consistent with Barnard and Curtiss's predictions (Barnard 
and Curtiss, 2005). The crystal thickness could be further adjusted by modifying the 
HCl concentration. Figures 4.1a-c show samples of crystal {101}-{001} facet pairs. 
Thicker crystals, denoted as {101}-{001}-1, appeared at a lower HCl amount (HCl=20.0 
mL), as shown in Figure 4.1a. In Figures 4.1b and 4.1c, crystals became thinner when 
the HCl amount was increased to 22.5 and 25.0 mL, respectively. This occurs because 
the rise in H+ concentration lowers the surface energy of the {001} facet compared to 
the {101} facet, limiting crystal growth along the {001} direction and resulting in a larger 
percentage of the {001} facet (Butburee et al., 2019; Shiu et al., 2012). The samples 
generated from these synthesis conditions are designated as {101}-{001}-2 and {101}-
{001}-3, respectively. The film thickness also corresponds to the crystal thickness, as 
shown in the inset images. 

Particles composed of rectangular {010} and square {001} facets with a 90° 
interfacial angle were formed when the F- amount in the system was increased (AFT 
raised from 400 mg to 600 mg), as seen in SEM images (Figure 4.1d-f). Similar to the 
{101}-{001} pair case, the thickness of crystals formed by {010} and {001} facets could 
also be adjusted by varying the H+ amount from 20.0 mL to 22.5 and 25 mL, 
respectively. The samples obtained from these conditions, as shown in Figure 4.1d-f, 
are labeled as {010}-{001}-1, {010}-{001}-2, and {010}-{001}-3, respectively. 

X-ray diffraction (XRD) patterns of {101}-{001} (Figure 4.2a) and {010}-{001} 
(Figure 4.2b) films display characteristic anatase peaks (101), (200), (211), and (204) at 
2=25.3, 48.0, 55.0, and 62.6 (PDF-01-070-8505), respectively. In both facet pairs, the 
characteristic peak intensity of the FTO substrate is in opposition to the crystal 
thickness. The substrate diffraction is more guarded by thicker crystal and film, resulting 
in lower relative intensity of characteristic substrate peaks. 
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Figure 4.2 XRD patterns of anatase TiO2 with a) {101}-{001} and b) {010}-{001} facet 

pairs. Reprinted (adapted) with permission from (Phawa et al., 2021). 
Copyright 2021 ChemCatChem. 

 

Typically, the facet ratio of TiO2 crystal can be roughly calculated from XRD 
patterns, but this technique is difficult to determine the facet ratios of thin films 
accurately. As a result, Raman spectroscopy, a more accurate method for quantifying 
the percentage of {001} in TiO2 crystals, was employed (Tian, Zhang, Zhang, and Pan, 
2012). Distinct Raman spectra of TiO2 are known to originate from various vibrational 
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modes of O-Ti-O (Roy, Park, Sohn, Leung, and Pradhan, 2014; Tian et al., 2012). The A1g 
peak in Raman spectra represents the antisymmetric bending vibration of O-Ti-O, which 
appears in the {001} facet. In contrast, the Eg peak indicates symmetric stretching 
vibration of O-Ti-O in non-exposed {001} facets. Based on the method proposed by 
Tian et al. (2012), the percentages of the {001} facet can be calculated from the ratio 
between A1g and Eg intensities. Figure 4.3a and 4.3b display Raman spectra of samples 
comprising {101}-{001} and {010}-{001} facet pairs, respectively. To estimate {001} facet 
percentage, the below equation can be applied. 

g

 1gIntensity of A
%{001} 100

Intensity of E
 (4.1) 

The calculated facet percentages are summarized in Table 4.1. As expected, 
the {001} percentage increases as particle thickness decreases. For instance, {101}-
{001}-1 with the thickest particles has 38% {001}, while {101}-{001}-2 and {101}-{001}-3 
have 47% and ~100%, respectively. A similar trend is also observed for the {010}-{001} 
pair. Additionally, atomic force microscopy (AFM) was employed to estimate the 
surface area of the electrode. The topology images of synthesized samples in Figure 
4.4 also indicate the roughness of the films. The decrease in crystal thickness results 
in rougher film. The estimated surface areas of the samples are presented in Table 4.1. 

 
Table 4.1 The band gap energy, surface area per cm2, and facet percentages of 

crystal samples. 

Samples 
Band gap 
energy  
(eV) 

Surface area 
per cm2 
(cm2) 

{001} 
(%) 

{101} 
(%) 

{010} 
(%) 

{101}-{001}-1 3.37 1.93 38 62 - 
{101}-{001}-2 3.39 2.23 47 53 - 
{101}-{001}-3 3.55 1.88 ~100 0 - 
{010}-{001}-1 3.35 1.89 39 - 61 
{010}-{001}-2 3.40 1.51 57 - 43 
{010}-{001}-3 3.42 1.94 67 - 33 
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Figure 4.3 Raman spectra of anatase TiO2 with a) {101}-{001} and b) {010}-{001} facet 

pairs. Reprinted (adapted) with permission from (Phawa et al., 2021). 
Copyright 2021 ChemCatChem. 
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Figure 4.4 Surface area estimation of 16 µm2 scanned area based on AFM. Reprinted 

(adapted) with permission from (Phawa et al., 2021). Copyright 2021 
ChemCatChem. 

 
UV-visible absorption spectra of TiO2 films with facet pairs are shown in 

Figure 4.5. The absorbance decreases with a reduction in the thickness and density of 
crystals with {101}-{001} facet pair, as shown in Figure 4.5a. Meanwhile, the absorbance 
of the {010}-{001} facet pair exhibits less variation, as the density of the crystals does 
not differ significantly. These observations are in good agreement with the SEM results. 
A noticeable blue shift is evident when the crystals become thinner in both {101}-{001} 
and {010}-{001} pairs. For instance, the samples with the thickest crystals in both facet 
pairs ({101}-{001}-1 and {010}-{001}-1) display light absorption edges of approximately 
377 nm, while those with the thinnest crystals in both facet pairs ({101}-{001}-3 and 
{010}-{001}-3) exhibit significant blue-shifts to around 340 nm and 364 nm, respectively. 
This observation is consistent with previous studies, which showed that the blue shift 
becomes more noticeable as the amount of high-energy {001} facet increases, 
potentially due to the shifted conduction band minimum of the {001} facet (Butburee 
et al., 2019; Liu et al., 2010; Ye, Mao, et al., 2013). 

Figure 4.6 displays the Tauc plots constructed using the Kubelka-Munk 
method. The Tauc plots were extrapolated to determine the bandgap energy. The 
corresponding bandgaps correlate with the blue shift observed in Figure 4.5. 
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Furthermore, the {001} facet percentage is also consistent with the bandgap energy, 
which increases in correspondence with the shifted conduction band minimum. The 
estimated band gap energies are shown in Table 4.1. 

 
Figure 4.5 UV-Vis absorption spectra of anatase TiO2 with a) {101}-{001} and b) {010}-

{001} facet pairs. Reprinted (adapted) with permission from (Phawa et al., 
2021). Copyright 2021 ChemCatChem.
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Figure 4.6 Tauc plots of anatase TiO2 with a) {101}-{001} and b) {010}-{001} facet 

pairs. Reprinted (adapted) with permission from (Phawa et al., 2021). 
Copyright 2021 ChemCatChem. 
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4.1.2 PEC water splitting activities 
The PEC water splitting performance of the samples appears to depend 

more on the type of facet pairs rather than the band gap or surface area. For example, 
in the case of {101}-{001}, PEC water splitting performance seems to increase with a 
higher {001} ratio. As observed in Figure 4.7a, the current-voltage (i-v) curve with 
chopped light for the sample with the {101}-{001} pair at different {001}/{101} facet 
ratios, {101}-{001}-3 with the highest percentage of {001} facet exhibits the highest 
photocurrent, even though it has the widest band gap (3.55 eV) and lowest surface 
area (1.88 cm2) among the samples in the same set. At the water splitting potential 
(1.23 V vs. RHE), {101}-{001}-3 demonstrates a photocurrent of 0.24 mA/cm2, while 
{101}-{001}-2 and {101}-{001}-1 show 0.22 mA/cm2 and 0.15 mA/cm2, respectively. 

On the other hand, unexpected results were observed for the {010}-{001} 
facet pairs. The sample with the highest {001} percentage ({010}-{001}-3) does not 
exhibit the best PEC water splitting performance. As shown in Figure 4.7b, the 
photocurrent generated by {010}-{001}-3 is surpassed by that of {010}-{001}-1, which 
has the lowest percentage of {001} (0.24 mA/cm2 at 1.23 V vs RHE). Furthermore, PEC 
water splitting performance for this set of samples ({010}-{001} facet pair) does not 
display a clear trend. For instance, {010}-{001}-2, which has a moderate {001} facet ratio 
compared to {010}-{001}-1 and {010}-{001}-3, demonstrates the worst PEC water 
splitting performance. 

The corresponding incident photon to charge carrier efficiency (IPCE) of all 

samples is shown in Figure 4.7. The maximum IPCE values (at λ=314 nm) for {101}-
{001}-1, {101}-{001}-2, and {101}-{001}-3 are 53.5%, 59.6%, and 82.0%, while those for 
{010}-{001}-1, {010}-{001}-2, and {010}-{001}-3 are 81.6%, 66.9%, and 76.0%, 
respectively. The IPCE results are in good agreement with the PEC water splitting 
performance of the samples. Additionally, the samples display excellent stability, with 
only a slight drop in photocurrent observed after six hours of illumination, as shown 
in Figure 4.9. 
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Figure 4.7 The PEC water splitting performance of anatase TiO2 with a) {101}-{001} 

and b) {010}-{001} facet pairs. Reprinted (adapted) with permission from 
(Phawa et al., 2021). Copyright 2021 ChemCatChem. 
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Figure 4.8 IPCE of anatase TiO2 with a) {101}-{001} and b) {010}-{001} facet pairs. 

Reprinted (adapted) with permission from (Phawa et al., 2021). Copyright 
2021 ChemCatChem. 
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Figure 4.9 Photocurrents generated by various samples tested under the simulated 

sunlight (AM 1.5) for 6 hr at the applied voltage of 0.6 V vs Ag/AgCl. 
Reprinted (adapted) with permission from (Phawa et al., 2021). Copyright 
2021 ChemCatChem. 

 
The synergistic effects of various factors should be considered to understand 

the complicated trends of PEC water splitting performance in these faceted TiO2 
electrodes. Electrochemical impedance spectroscopy (EIS) measurement was 
performed to elucidate charge transfer kinetics in the nanostructured electrodes. 
Figures 4.10a and 4.10b present the Nyquist plot of {101}-{001} and {010}-{001} sample 
sets, which are fitted with an equivalent circuit (inset), respectively. All samples exhibit 
the same Nyquist plot feature, consisting of a high-frequency intercept on the real axis 
(Z') representing the series resistance (RS), and a semicircle in a high-to-medium 
frequency region representing a combination of constant phase element (Q) and 
charge transfer resistance (RCT) (Butburee et al., 2018; Wang et al., 2016; Xia, Wang, 
Lin, and Lu, 2012). The similar Z' suggests that all samples have comparable RS, 
meaning that the intrinsic resistance of the material, the contact resistance (between 
the material films and the current collectors), and the ionic resistance of the 
electrolyte are similar (Xu, Kong, Zhou, and Li, 2007). This result is expected because 
all films are made of the same material, grown on the same substrate, and tested 
under identical conditions.  

 



39 
 

The semicircles in the high-to-medium frequency region are significantly 
different. As shown in Figure 4.10a, among the set of {101}-{001} samples, {101}-{001}-
1 exhibits the largest semicircle, indicating its high charge transfer resistance, while 
{101}-{001}-2 and {101}-{001}-3 show similar-sized semicircles, significantly smaller than 
that of {101}-{001}-1, suggesting more efficient charge transport kinetics (Xia et al., 
2012). It is noticeable from this set of samples that, in the {101}-{001} pair, a higher 
percentage of {001} corresponds to higher charge transport efficiency. In contrast, in 
the case of the {010}-{001} pair, the sample with a lower percentage of {001} (sample 
{101}-{001}-1) demonstrates better charge transport than the sample with a higher 
percentage of {001}, as shown in Figure 4.10b. 

Intensity-modulated photocurrent spectroscopy (IMPS), a transient 
photocurrent measurement technique to evaluate charge transport, was applied to 
gain insight into the kinetics of carrier extraction in the photoelectrodes (Barnes et al., 
2013; Butburee et al., 2018). IMPS results in Figure 4.11 reveal that, generally, the mean 

transit times (tr) of photogenerated electrons (e-) for {101}-{001}-1, {101}-{001}-2, and 

{101}-{001}-3 are 0.28, 0.18, and 0.10 ms, respectively. The shorter tr indicates more 
efficient electron transport from the material films to the FTO substrate, which acts as 
the current collector (Butburee et al., 2018; Mao et al., 2016). The superior charge 
transport efficiency of {101}-{001}-3 could contribute to the highest photocurrent 
density achieved among the same set of samples constructed by the {101}-{001} facet 

pair. tr is also an excellent factor reflecting the performance of the samples with the 

{010}-{001} facet pair, as {010}-{001}-1, with the lowest tr of 0.08 ms, has higher PEC 

performance than {010}-{001}-3 (tr =0.10 ms) and {010}-{001}-2 (tr = 0.15 ms), 
respectively. 
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Figure 4.10 The EIS spectra of anatase TiO2 with a) {101}-{001} and b) {010}-{001} facet 

pairs. Reprinted (adapted) with permission from (Phawa et al., 2021). 
Copyright 2021 ChemCatChem. 
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Figure 4.11 IMPS spectra of anatase TiO2 with a) {101}-{001} and b) {010}-{001} facet 

pairs. Reprinted (adapted) with permission from (Phawa et al., 2021). 
Copyright 2021 ChemCatChem. 

 
This phenomenon is in excellent agreement with the theoretical study on 

the electron affinity of different TiO2 facets reported by Zhao and coworker (Zhao, Li, 
and Zou, 2010). Based on density functional theory (DFT) calculations, the group 

proposed that the electron affinity (), the ability to acquire electrons, follows the 
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order of {101} > {001} > {010} (for the relaxed surfaces, {101} = 4.384, {001} = 3.193, 

{010} = 2.807 eV, respectively). Considering the total electron affinity, which is 
weighted by the percentages of the facets in the samples, the total electron affinities 
of {101}-{001}-1, {101}-{001}-2, and {101}-{001}-3 are 3.93, 3.82, and 3.19 eV, respectively 
The calculation details are shown in Table 4.2. Since electron affinity is the ability to 
attract electrons, the film with a higher electron affinity value is more likely to 
accumulate electrons on itself. These accumulated electrons can recombine with 
holes (h+), leading to fewer holes left for water oxidation. Consequently, {101}-{001}-1, 
which has the highest electron affinity value among the samples in this set, exhibits 
the lowest PEC performance, while {101}-{001}-2 and {101}-{001}-3, which have lower 
electron affinity values, show better PEC performance. 

Similarly, the total electron affinities of {010}-{001}-1, {010}-{001}-2, and 
{010}-{001}-3 are 2.96, 3.03, and 3.07 eV, respectively. The {010}-{001}-1, which has a 
significantly lower electron affinity in this set of the same facet pair, exhibits the best 
PEC performance.  

 
Table 4.2 Total electron affinity of anatase TiO2. 

Samples Calculation method 
Total electron 

affinity 

{101}-{001}-1 
62 38

( )(4.384) ( )(3.193)
100 100

 3.93 

{101}-{001}-2 
53 47

( )(4.384) ( )(3.193)
100 100

 3.82 

{101}-{001}-3 
0 100

( )(4.384) ( )(3.193)
100 100

 3.19 

{010}-{001}-1 
61 39

( )(2.807) ( )(3.193)
100 100

 2.96 

{010}-{001}-2 
43 57

( )(2.807) ( )(3.193)
100 100

 3.03 

{010}-{001}-3 
33 67

( )(2.807) ( )(3.193)
100 100

 3.07 

 
On the other hand, it is noteworthy that the total electron affinity values of 

{010}-{001}-2 and {010}-{001}-3 are nearly the same, 3.03 and 3.07 eV, respectively. In 
this case, electron affinity cannot significantly affect water oxidation performance. The 
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other factor, dissociative adsorption ability of water molecules on the facets, should 
consequently play a role. It is well known that, among the low-index facets of anatase, 
the {001} facet is more favorable for dissociative adsorption of water molecules (Liu et 
al., 2014; Vittadini, Selloni, Rotzinger, and Grätzel, 1998), and hence facilitates the 
cleavage of water. As a consequence, {010}-{001}-3, which has a higher percentage of 
{001}, is likely to exhibit better water splitting behavior than {010}-{001}-2. This result 
correlates well with the PEC water splitting behavior (Figure 4.7). As a final remark, it is 
interesting to note that the electrostatic adhesion related to upward band bending – 
hole affinity – increases with an applied positive bias, as shown in Figure 4.12, 
corresponding to the voltage dependence of the reaction current density shown in 
Figure 4.7. 
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Figure 4.12 Adhesion force of anatase TiO2 surface with a) {101}-{001} and b) {010}-

{001} facet pairs. Reprinted (adapted) with permission from (Phawa et al., 
2021). Copyright 2021 ChemCatChem. 
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4.2 CO2 photo-thermal reduction reaction by rutile and anatase TiO2 
4.2.1 Synthesis of rutile and anatase TiO2 films 

From the previous study, anatase TiO2 with the {101}-{001} facet pair was 
chosen because its ability to adsorb water molecules was less than the {010}-{001} 
facet pair, which could lead to a better possibility for CO2 adsorption (Phawa et al., 
2020). Rutile TiO2 was prepared with similar procedures to the synthesis of anatase 
TiO2, but ammonium hexafluoro titanate was not added. Both single-crystalline rutile 
and anatase TiO2 were grown on FTO substrates to improve charge transport. SEM 
images in Figure 4.13 show rutile and anatase crystals of various sizes. Due to the 
absence of F- ions, the surface energy of rutile is lower than anatase during the crystal 
growth process. After the reaction was done, rutile was accordingly obtained. In 
addition, F- ions play a key role in phase transformation. F- ions do not only control 
the facet pairs but also reduce the surface energy of anatase during the crystal growth 
process. Hence, with the addition of AFT, the surface energy of anatase is lower than 
rutile resulting in the presence of the anatase phase after the synthesis (Butburee et 
al., 2019).  

 

 
Figure 4.13 SEM images showing the morphology of single-crystalline of a) rutile and 

b) anatase TiO2.  
 
Figure 4.14 shows the XRD patterns of rutile and anatase phases of TiO2, 

which correspond with SEM images. The peaks at 2θ = 36.1° and 62.9° represent the 
(101) and (002) planes, which indicate the characteristic features of rutile. The 
maximum peak intensity of rutile at 62.9° well indicates the nanorods oriented 
perpendicular to the FTO substrate, corresponding with the literature (Sadhu and 
Poddar, 2014). The characteristic peaks of anatase at 2θ = 25.3°, 48.0°, 38.8°, and 55.0° 
represent the (101), (004), (200), and (105) planes, respectively.  
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Figure 4.14 XRD patterns of synthesized rutile and anatase TiO2. 
 
The diffuse reflectance spectra of the synthesized catalysts are shown in 

Figure 4.15. Both samples absorbed UV radiation and the absorption edges of the rutile 
and anatase TiO2 were at 404 nm and 377 nm. The anatase TiO2's higher reflectance 
in the visible region could be from the thicker and denser crystals on the FTO substrate 
than the rutile TiO2, as observed in the SEM images. Furthermore, the Tauc plots in 
Figure 4.16, derived from the Kubelka-Munk function, show that the estimated band 
gap energies for rutile and anatase TiO2 are 3.00 eV and 3.22 eV, respectively. These 
results are consistent with the characteristic electronic properties of rutile and anatase 
(Mi and Weng, 2015; Scanlon et al., 2013).  
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Figure 4.15 Diffuse reflectance spectra of rutile and anatase TiO2. 
 

 
Figure 4.16 Tauc plots of rutile and anatase TiO2.  
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4.2.2 Photo-thermal CO2 reduction activity 
Rutile and anatase films on FTO substrates were cut into the size of 3 x 3 

cm² and employed in photo-thermal CO2 reduction. These films were placed in a 14.75 
mL homemade gas-phase reactor, as shown in Figure 4.17a. Subsequently, CO2 was 
bubbled through deionized water and passed into the reactor for 15 minutes to 
saturate the system with CO2. The reactor was positioned in a water bath as shown in 
Figure 4.17b to maintain specific temperatures (25, 60, and 80 °C) before irradiating 
with a wavelength of 370 nm from an LED light source for 6 hours. The gas was sampled 
and analyzed using gas chromatography after 6 hours of reaction time. Control 
experiments were conducted under similar conditions without catalysts, and no 
product was detected. 

 

 
Figure 4.17 a) Homemade gas-phase reactor and b) the irradiation set up. 

 

CO and CH4 were the products observed from the reaction, as shown in 
Figure 4.18. The distinct phases of TiO2 exhibited varying product selectivity. Anatase 
TiO2 generated only CO and the CO amounts were 137.07 and 404.69 µmolm-2 at 60 
and 80 °C, respectively. No reaction occurred at 25 °C. In contrast, CH4 was only 
observed when the rutile TiO2 was used as a catalyst. Rutile yielded CO amounts of 
114.88, 169.70, and 999.98 µmolm-2 and CH4 amounts of 0, 465.57, and 1187.27 

µmolm-2 at the reaction temperatures of 25, 60, and 80 °C, respectively. 
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Figure 4.18 Products from photo-thermal CO2 reduction using rutile and anatase TiO2 

catalysts under 370 nm light irradiation for 6 h. 
 
The varying CO2RR performances are undeniably associated with the TiO2 

phases. Rutile TiO2 gives higher CO production compared to anatase TiO2. This 
observation could be explained using the diffuse reflectance spectra. The absorption 
edge of the rutile phase is at 404 nm, which could be efficiently excited by the 370 
nm UV light source. In contrast, the absorption edge of the anatase phase is at 377 
nm, making it less excitable than the rutile phase. As a result, the charge carriers of 
the rutile phase for reducing CO2 molecules would be higher. Furthermore, the anatase 
phase’s band gap is larger, which could lead to faster charge recombination. 
Consequently, the possibility of CO2 molecule reduction was diminished. 

The different reaction pathways for CO2RR in rutile and anatase TiO2 might 
lead to the observed differences in selectivity. For anatase TiO2, the reduction of CO2 
mainly results in the formation of CO. This might be attributed to the favored formation 
of a CO2

•- intermediate via a single-electron transfer, followed by a proton-coupled 
electron transfer (PCET) process that generates CO and a hydroxide ion (OH-) from 
adsorbed water molecules (Gagliardi et al., 2010; Wang et al., 2020). In the case of 
rutile TiO2, since the adsorption energy was chemisorption, CO2 molecules became 
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bent after adsorption occurred (Kovačič et al., 2022). Consequently, CO2 molecules 
were more easily broken down to form CO molecules (Warren, Tronic, and Mayer, 
2010; Yin et al., 2016). In addition, the formation of CH4 indicates that multiple PCET 
steps were involved in the reaction mechanism. Since the adsorption energy of rutile 
TiO2 is higher than anatase TiO2, the CO molecules could remain adsorbed longer, 
facilitating the CO molecules to be further reduced through additional PCET steps. 
Therefore, rutile TiO2 could produce both CO and CH4. 

The effects of reaction temperature were considered. The CO2RR products 
increased with reaction temperature. However, the reaction temperature affected 
kinetics rather than reaction pathways. As the classical collision theory predicted, the 
increase in reaction temperature enhanced the probability of collisions between CO2 
molecules and the TiO2 surface (Christov, 2012; Indrakanti, Kubicki, and Schobert, 
2009). High reaction temperature could consequently boost the chemisorption of CO2 
molecules on the TiO2 surface. In addition, the PCET process is more efficient at 
elevated temperatures than at room temperature, leading to further improved CO2RR 
performance. 

Moreover, the desorption of products after the reaction is completed should 
also be considered. It is well-known that product desorption from the catalyst surface 
increases with reaction temperature. Consequently, new CO2 molecules can be 
adsorbed onto the TiO2 surface after the reaction occurs at higher reaction 
temperatures (Li et al., 2021). The combination of increased kinetic energy and 
enhanced product desorption dramatically improves CO2RR performance. A control 
experiment without irradiation was conducted, and no product was observed when 
using only heat as the energy source. 

To further investigate the roles of heat energy, additional experiments were 
performed. The wavelength of 370 nm, UV radiation, was combined with various 
wavelengths to create a dual-wavelength system for catalyst excitation. The relative 
CO production could be obtained from the relative peak area of CO in GC 
chromatograms. Figure 4.19 displays the relative CO production using anatase TiO2 as 
the catalyst irradiated by different dual wavelengths. The relative CO production, 
obtained by irradiating with dual wavelengths combining 370 nm and visible light, 465, 
520, or 630 nm, did not exhibit significant differences. Interestingly, the dual-
wavelength system combining 370 nm and 870 nm (infrared radiation) increases CO 
production. The infrared radiation introduced heat into the system and raised the 
reaction temperature resulting in higher CO2RR performance. The findings confirm that 
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the reaction temperature acted as light assistance rather than an independent energy 
source for TiO2 excitation. 

 

 
Figure 4.19 Relative CO production of different dual wavelengths using anatase as a 

catalyst. 
 

The effect of water on CO2RR was investigated. Water molecules in the 
system usually compete with CO2 molecules for adsorption on the TiO2 surface 
(Klyukin and Alexandrov, 2017). Therefore, a system with high humidity, implying high 
water content, exhibits low CO2 adsorption. In this experiment, CO2 was bubbled 
through DI water to introduce water molecules into the system. The humidity could 
be controlled by adjusting the temperature of the DI water, meaning that higher DI 
water temperatures result in higher water content in the system. In the study, CO2 was 
bubbled through DI water at 25 °C and 45 °C. Figure 4.20 shows the relative CO 
production of anatase with different DI water temperatures after 2 h of reaction time. 
The results indicate that CO production significantly decreased with high water content 
in the system (45 °C of DI water temperature), demonstrating less CO2 reduction. This 
investigation suggests that CO2 adsorption on the TiO2 surface is critical in CO2RR. In 
addition, water is also an important factor because water serves as a critical hole 
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scavenger and H+ source (Moustakas, Lorenz, Dilla, Peppel, and Strunk, 2021). Thus, 
the optimal water content for the system should be investigated further. 

 

 
Figure 4.20  Relative CO production of different water temperatures using anatase 

TiO2 as a catalyst. 
 

 

 



 
 

CHAPTER V 

5.CONCLUSIONS 
 
TiO2 is widely recognized as a promising material for practical applications in 

photocatalysis. However, it faces several challenges, such as its wide band gap (3.0 – 
3.2 eV), fast charge recombination, low charge carrier transportation, and high 
reusability costs. In this study, Facet controlled TiO2-based catalysts were successfully 
grown on FTO substrates using a facile hydrothermal method for applications in 
photoelectrochemical and photochemical reactions. 

For PEC water splitting, anatase films with different facet ratios of {101}-{001} and 
{010}-{001} facet pairs were used as photoanodes. The results demonstrate that 
controlling the facet ratio can improve the PEC water splitting performance. Films with 
a higher percentage of the {001} facet, particularly in the case of the {101}-{001} facet 
pair, exhibit higher photocurrents and incident photon-to-current efficiency. This 
observation can be attributed to the high surface energy and oxidation power of {001} 
facet. Surprisingly, the {010}-{001} facet pair, despite having the lowest percentage of 
the {001} facet, shows the best PEC water splitting performance. The total calculated 
electron affinity plays a crucial role in this phenomenon. The calculated electron 
affinities for each facet are 4.384, 3.193, and 2.807 for {101}, {001}, and {010} facets, 
respectively. The film with the highest {010} facet percentage possesses the lowest 
electron affinity, facilitating convenient electron transfer from the photoanode to the 
cathode. Moreover, conductive atomic force microscopy measurements indicate the 
highest adhesive force for the {010}-{001} facet pair with the lowest {001} facet. This 
implies that it can absorb more water molecules on its surface, which can be 
effectively oxidized by holes. The combination of electron affinity and water 
adsorption ability of the films may effectively reduce electron-hole recombination, 
resulting in the highest photocurrent in the case of the {010}-{001} facet pair with the 
lowest {001} facet percentage. Additionally, the films exhibit excellent stability, with 
only a slight drop in photocurrent after 6 hours of irradiation. Although the 
photocurrent may still be insufficient for practical applications, this study provides 
valuable insights for future photoanode fabrication. 
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In the photochemical application of CO2 reduction, {110}-{001} rutile TiO2 was 
chosen over {101}-{001} anatase TiO2 due to its CO2 adsorption ability. {110}-{001} rutile 
TiO2 exhibits a higher CO2 reduction rate than anatase TiO2, which is likely influenced 
by CO2 adsorption and the subsequent reaction pathways. Rutile TiO2 has a higher CO2 
adsorption energy, leading to the further reduction of CO molecules to CH4 through 
multiple proton coupled electron transfer steps. On the other hand, anatase TiO2 
releases CO molecules after their formation, resulting in 100% selectivity for CO 
production. The significantly higher CO2 reduction performance of rutile TiO2 can also 
be attributed to its lower band gap than anatase TiO2. This lower band gap enables 
rutile to absorb light efficiently and generate charge carriers, enhancing its CO2 
reduction capabilities. When it comes to reaction temperature, an increase in 
temperature leads to an increase in CO2 reduction products, but the selectivity remains 
unchanged. This indicates that the reaction temperature primarily affects the kinetics 
rather than the reaction pathways. According to the classical collision theory, elevated 
temperatures enhance the probability of collisions between CO2 molecules and the 
TiO2 surface, promoting CO2 chemisorption on the TiO2 surface. Furthermore, the 
multiple proton coupled electron transfer process is more efficient at higher 
temperatures, contributing to improved CO2 reduction performance. Additionally, the 
combination of UV and infrared radiation in a dual-wavelength system, particularly at 
870 nm, which introduces heat into the system, significantly increases CO production. 
This suggests that the reaction temperature acts as a light assistance rather than an 
independent energy source for TiO2 excitation. While CO2 adsorption on the TiO2 
surface plays a critical role in CO2 reduction, water is also important as a hole scavenger 
and H+ source. Therefore, controlling the TiO2 phase, water content, and reaction 
temperature are promising strategies for enhancing the performance of TiO2-based 
photo-thermal CO2 reduction devices. Future studies can focus on developing more 
efficient methods for controlling these factors to optimize the CO2 reduction process 
further.
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