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Abstract 

Perfluorochemicals (PFCs) are a set of chemicals containing C-F bonds, which are 

concerned due to their persistent and toxicological properties. Perfluorooctanoic acid 

(PFOA, C7F15COOH) is one of the most widely used PFCs. Photocatalytic approaches 

appear to be an effective way for the removal of PFCs. We first used metal-organic 

frameworks (MOFs) derived In2O3 for photocatalytic degradation of PFOA under UV 

light irradiation. The results show that PFOA was completely decomposed in 3 h. 

MOFs-derived In2O3 was super-hydrophilic with a contact angle of ~20º, which 

facilitated the tight coordination between PFOA and In2O3.   

Lower calcination temperatures enable higher oxygen vacancy concentrations and 

larger specific surface area (SSA) of In2O3. In2O3 prepared at 300 ºC (In2O3-300) and 

400 ºC (In2O3-400) demonstrated better catalytic performance, and PFOA (10 mg L‒1) 

could be completely removed within 4 h, with a defluorination ratio of 39% over In2O3-

400 in 8h. Fe3+ only slightly increased the defluorination ratio of PFOA over In2O3-400 

to 43%. A much higher defluorination ratio of ~60% was obtained in In2O3-600 system 
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after the addition of Fe3+, than the defluorination ratio of ~20% over In2O3-600. 

Combined with a series of characterizations, we speculated that Fe3+ participated in the 

coordination between PFOA and In2O3-600, thus promoting the defluorination of 

PFOA.  

The BiOX/TiO2 heterojunctions demonstrated significantly enhanced efficiency 

for photocatalytic decomposition of perfluorooctanoic acid (PFOA) compared with 

BiOX or TiO2. PFOA (10 mg L‒1) was completely degraded by BiOCl/TiO2 in 8h with 

a high defluorination ratio of 82 %. The charge transfer and photo-induced electron 

hole separation were facilitated by the p-n heterojunctions between BiOX and TiO2 and 

the inner electric fields (IEF) in BiOX. XRD and TEM characterizations indicated that 

TiO2 combined with BiOX along the [110] facet, which facilitated photo-induced 

electron transfer in the [001] direction, thus benefiting PFOA decomposition.  

Single bismuth (Bi) atoms decorated TiO2 catalyst (N-Bi/TiO2) was synthesized 

by a green and simple UV irradiation method using Bi(NO3)3 as the precursor. When 

BiCl3 was used as the Bi precursor, BiOCl nanocluster were formed on the surface of 

TiO2 (denoted as Cl-Bi/TiO2). Both N-Bi/TiO2 and Cl-Bi/TiO2 demonstrated excellent 

performance for the defluorination of PFOA. In-situ DRIFTS spectra demonstrated that 

the Bi single atoms in N-Bi/TiO2 induced the ionization of C-F bond of PFOA, leading 

to the deep defluorination of PFOA. Our findings provide approaches for manipulating 

the photocatalytic activities of In2O3 and TiO2-based composites for the high-

performance decomposition of PFOA.  

 

Keywords: Metal-organic frameworks; hydrophilic In2O3; In2O3; perfluorooctanoic 

acid; photocatalytic degradation; oxygen vacancies; Fe3+; defluorination ratio; inner 

electric fields; band alignment; Bi single atoms; in-situ DRIFTS.    
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CHAPTER 1 

Introduction 
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1.1  Research background 

Perfluorinated chemicals (PFCs) are a group of anthropogenic fluorinated organic 

compounds (Hori et al. 2006, Prevedouros et al. 2006). They have been produced since 

1940s for numerous industrial applications such as refrigerants, polymers, 

pharmaceuticals, adhesives, insecticides, and fire retardants (Baduel et al. 2015, Lehmler 

2005, Trojanowicz et al. 2018). PFCs are demonstrated to have considerable effects on 

the health of human beings (Butenhoff et al. 2012). C-F bond is unreactive due to the high 

electronegativity and the small atomic radius of fluorine. The bond energy of C‒F bond 

is up to 544 kJ mol‒1, leading to its bio-accumulative nature (Xu et al. 2017a). Moreover, 

PFCs are resistant to conventional oxidation processes which utilize reactive oxygen 

species (ROS) and biological methods due to the strong C‒F bond (Dillert et al. 2007, 

Schultz et al. 2006). Therefore, effective approaches are essential to convert PFCs to 

harmless substances under mild conditions.  

Basic structure of anthropogenic PFCs is comprised of a fully fluorinated alkyl chain 

(a hydrophobic part) and a terminated functional group such as carboxylates, sulfonates, 

sulphonamides, and phosphonates, which constitutes a hydrophilic part. 

Perfluorocarboxylic acids (PFCAs) especially perfluorooctanoic acid (PFOA) have 

received tremendous attention recently. Bioaccumulativity of PFCAs is related to their 

chain length. Short-chain PFCAs are less bio-accumulative than PFOA(Martin et al. 

2003). Perfluorooctanesulfonic acid (PFOS) is also one of the primary PFCs, which has 

been widely found in humans, wildlife, and various environmental media (Benskin et al. 

2010, Kannan et al. 2004). Perfluoroalkyl ether carboxylic acids (PFECAs) containing 

ether C‒O bonds are less bio-accumulative alternatives to full-carbon-chain predecessor 

PFCs (Brandsma et al. 2019). However, studies revealed that some PFECAs exhibited 

even higher bioaccumulation potential and toxicity than PFOA, and PFECAs have been 

recognized as a new class of emerging contaminants (Cui et al. 2018). 

Photocatalytic reactions are the acceleration of chemical reactions by photo-induced 

electron/hole, in the presence of a photocatalyst under electromagnetic radiation 

(Colmenares and Luque 2014b). In recent decades, photocatalysis has been extensively 

studied for contaminants remediation (Liu et al. 2017b), fine chemical synthesis (Yoon 

et al. 2010), proton reduction and carbon dioxide (CO2) reduction (Kuriki et al. 2017). 

Compared to conventional chemocatalytic approaches, photocatalytic reactions are 

typically carried out under ambient atmospheric pressure and temperature because of 
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using photon rather than thermal energy. Heterogeneous photochemical processes are 

widely explored for environmental detoxification of liquid and gaseous ecosystems 

(Colmenares and Luque 2014a), with the advantages of low energy consumption and high 

photocatalytic ability (Chen et al. 2015). Although a great many of organic pollutants 

could be readily transformed to CO2 and H2O over TiO2 photocatalysts, TiO2 is inefficient 

for decomposing PFOA under mild conditions, or harsh reaction conditions are required 

(Dillert et al. 2007, Panchangam et al. 2009). Notably, Ga2O3, In2O3 are found to be 

superior to TiO2 when degrading PFOA in aqueous solution, such as good chemical 

activity and stability (Li et al. 2020a, Li et al. 2012b). Bismuth based photocatalysts 

showed good performance in PFOA removal as well (Sahu et al. 2018). However, these 

photocatalysts are used for PFCs remediation only under UV light irradiation. Few 

photocatalysts are reported to possess a significant photocatalytic activity for PFOA 

decomposition under solar light irradiation(Wu et al. 2019b).  

Complete mineralization of PFCs to CO2 and F‒ is the final target for pollutant 

remediation, but this ideal situation for PFCs degradation has not been documented. 

Therefore, efficient semiconductor photocatalysts are necessary to improve both the 

decomposition and defluorination efficiencies for PFCs removal. 

 

1.2 Objectives and scope of the research 

For heterogeneous photocatalytic processes degrading PFCs, various photocatalysts 

developed are reviewed. Their instinct properties benefiting PFCs removal are discussed. 

A linear relationship is obtained between the photocatalytic degradation efficiency of 

PFOA and the Ovs amount in photocatalysts. Photo-induced ecb
‒ and h+ are reactive 

species of photo-oxidative and photo-reductive approaches for PFOA removal, 

respectively. And strong binding between PFOA and semiconductor is beneficial for its 

decomposition. Adjusting aqueous pH and the surface properties of photocatalysts, such 

as higher Ovs level could benefit the adsorption of PFOA towards photocatalysts, further 

enhancing its decomposition. But, heterogeneous methods show relatively lower 

defluorination efficiency compared to homogenous photocatalytic processes. For this 

instance, various efficient semiconductor photocatalysts have been developed to achieve 

efficient defluorination of PFOA under UV light or Xenon lamp irradiation.  

The specific objectives of this study are as follows: 
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1) To design In2O3 and investigate its properties for the efficient decomposition 

and defluorination of PFOA. 

2) To study the effect of Fe3+ on the decomposition of PFOA over In2O3 and 

investigate why Fe3+ could enhance the defluorination of PFOA over In2O3.  

3) To fabricate BiOX/TiO2 heterojunctions and explore the charge separation 

pathway for the highly efficient defluorination of PFOA. 

4) To develop an easy and mild method for the preparation of Bi SAs deposited on 

the surface of TiO2 and demonstrate its high performance for the defluorination 

of PFOA.  

1.3 Research significance 

This study provides methods for the preparation of semiconductor photocatalysts for 

the efficient photocatalytic decomposition and defluorination of PFOA. PFOA is one of 

the most widely used perfluorochemicals which have raised great concern due to their 

wide distribution, persistence and toxicity. Hydrophilic In2O3 is prepared by facilely 

calcination of In-based MOF and demonstrated significant enhanced activities for the 

photocatalytic decomposition and defluorination of PFOA. Moreover, homogeneous and 

heterogeneous photocatalytic processes are also combined to enable a deep defluorination 

of PFOA. Specifically, Fe3+ is added in the In2O3/UV system and greatly enhances the 

photocatalytic defluorination of PFOA. Bismuth based semiconductors appear to be 

efficient for the photocatalytic degradation of PFOA. BiOX/TiO2 p-n heterojunctions are 

synthesized by hydrothermal reactions in ethylene glycol solvent. BiOX/TiO2 

demonstrated significantly enhanced efficiency for the photocatalytic defluorination of 

PFOA, with a defluorination ratio of 82% obtained in BiOCl/TiO2 system. Bi SAs 

deposited on TiO2 are prepared by a facile method by irradiation of Bi(NO3)3 dissolved 

in TiO2 dispersion. A deep defluorination of PFOA is also obtained with a defluorination 

ratio of 85%. Overall, the present study helps to broaden the overview of purposely 

developing efficient photocatalysts to remediate PFOA 

 

1.4 Organization of the thesis 

The thesis includes 8 chapters, and the main contents of each chapter are listed below 

(Figure 1.1).  
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Figure 1.1 The main structure of this thesis.  

 

Chapter 1 generally describes the background of this study. The significance and the 

scope are included in this section.  

 

Chapter 2 provides a review of the recent developments in the heterogeneous 

photocatalytic decomposition and defluorination of PFOA. 

 

Chapter 3 describes the preparation of semiconductor photocatalysts and the analysis 

methods for the characterization of the prepared catalysts. Moreover, in-situ techniques 

to investigate the decomposition of PFOA are also introduced in Chapter 3.  

 

Chapter 4 facilely prepared hydrophilic In2O3 by the calcination of In-based MOF and 

demonstrated its good performance for the efficient degradation of PFOA under UV254 

nm irradiation. The hydrophilic In2O3 possessed particle size of only 20-50 nm. Moreover, 

a tighter coordination was formed between PFOA and MOF-derived In2O3 than that 

between commercial In2O3 and PFOA. These properties led to the significant 

enhancement of the photocatalytic defluorination of PFOA.   
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Chapter 5 mainly describes that Fe3+ could promote the photocatalytic defluorination of 

PFOA over In2O3. In2O3 catalysts were prepared by the calcination of In(OH)3 at different 

temperatures, i.e. 300, 400, 500 and 600 ℃ (denoted as In2O3-300, In2O3-400, In2O3-500 

and In2O3-600). In2O3-300 and In2O3-400 had better activities than In2O3-500 and In2O3-

600, due to the higher OVs and larger SSA. However, when Fe3+ was added to the system, 

the defluorination ratio of PFOA over In2O3-600 was greatly enhanced. While Fe3+ could 

only slightly enhance the defluorination of PFOA over In2O3-400. In-situ DRIFTS spectra 

indicated that Fe3+ maybe could participate in the coordination between PFOA and In2O3-

600, thus promoting its defluorination ratio.  

 

Chapter 6 prepared the BiOX/TiO2 (X=Cl, Br and I) heterojunctions and demonstrated 

its high performance for the deep defluorination of PFOA.  BiOCl(Br)/TiO2  exhibited 

great enhancement than BiOCl(Br) for the photocatalytic defluorination of PFOA. While, 

BiOI/TiO2 only had slight increase than BiOI. XRD and TEM characterizations indicate 

that BiOX connects with TiO2 along the [110] facet. Internal electric field in BiOX will 

guide the photo-induced electrons transfer from BiOX to TiO2 in the [001] direction, and 

photo-induced holes from TiO2 to BiOX along [110] facet. Moreover, the band alignment 

between BiOCl(Br) and TiO2 will separate the photo-induced holes and electrons in 

BiOCl(Br) and TiO2, respectively. All these internal guidance contribute to the high 

performance of BiOCl(Br)/TiO2 composites.  

 

Chapter 7 prepared Bi SAs deposited on TiO2 by irradiation using Bi(NO3)3 as the 

precursor (denoted as N-Bi/TiO2). When BiCl3 was adopted as the precursor, BiOCl 

nanoclusters were generated on the surface of TiO2 (denoted as Cl-Bi/TiO2). Both N-

Bi/TiO2 and Cl-Bi/TiO2 demonstrated excellent performance for the defluorination of 

PFOA under UV 254 nm or Xenon lamp irradiation. STEM and EXAFS confirmed the 

formation of Bi SAs and BiOCl nanoclusters on the surface of TiO2. DRIFTS and in-situ 

DRIFTS revealed that Bi SAs may induce the ionization of C-F bond, thus leading to the 

deep defluorination of PFOA.  

 

Chapter 8 summarizes the main results of the studies in this thesis and proposes future 

research challenges and perspectives in this field.
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CHAPTER 2 

Literature review 
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2.1 Introduction 

Perfluorooctanoic acid (PFOA), as a representative of perfluorinated chemicals 

(PFCs), has been detected globally in water, air, wildlife, and humans. Exposure to 

PFOA can lead to liver damage, and possibly cancer. These chemicals are very stable 

as carbon-fluorine (C-F) bond is very strong with a bond energy of 544 kJ/mol, clearly 

demonstrating its persistent and bioaccumulative nature in the environment.(Xu et al. 

2017a) Therefore, it is necessary and urgent to develop feasible methods to decompose 

PFOA into harmless molecules. Various approaches including ultrasonication, aqueous 

electron reduction, persulfate oxidation, have been studied for the degradation of PFOA 

(Li et al. 2012c). However, these methods require harsh reaction conditions or/and high 

energy consumption. Among potential methods for PFOA decomposition, 

heterogeneous photocatalysis is attractive due to its low energy cost and high efficiency. 

However, TiO2, the most widely used photocatalyst, demonstrated very low efficiency 

for PFOA decomposition under mild conditions. β-Ga2O3 and In2O3 showed good 

activity to decompose PFOA (Xu et al. 2017a). And their activity can be further 

enhanced via modulation of the structure, morphology, and particle size of the materials. 

For example, sheaf-like Ga2O3 was self-assembled from nanoplates and showed good 

activity for the mineralization of PFOA under UV light irradiation (Shao et al. 2013a). 

Bismuth (Bi)-based photocatalysts also demonstrated good performance for the 

photocatalytic degradation of PFOA. And the reported photocatalysts, their 

performances for the photocatalytic degradation of PFOA, together with the properties 

impacting the activities of photocatalysts are concluded in this chapter.  

 

2.2 Heterogeneous photochemical process for PFCs 

decomposition 
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Figure 2.1 Band energy diagram of semiconductors used for PFOA decomposition. 

 

Heterogeneous photocatalysis is an efficient approach for PFCs removal from 

contaminated water, the related studies are concluded in Table 2.1. Up to date, there are 

only a few semiconductors studied for the photocatalytic degradation of PFCs, and 

researches are only focused on the decomposition of PFOA. Figure 2.1 displays the 

band energy diagram of semiconductors studied for the degradation of PFOA. The 

performance and mechanisms of these photocatalysts for remediating PFOA in 

contaminated water are discussed according to the photo-oxidative and photo-reductive 

pathways. Mainly focused on bismuth-based photocatalysts, In2O3, Ga2O3. 

 

2.2.1 Photo-reductive processes 

Semiconductor photocatalysis can degrade PFCs in a reductive way. Β-Ga2O3 with 

a wide bandgap was employed for photocatalytic decomposition of PFOA (Zhao et al. 

2015, Zhao and Zhang 2009). The β-Ga2O3 has much wider bandgap (4.8 eV) than TiO2 

(3.2 eV). And its conduction band position (ECB = ‒1.55 eV) is much higher than TiO2 

(ECB = ‒0.29 eV) relative to the vacuum energy level (Fig. 4) (Zhao et al. 2015). 

Therefore, photo-induced electrons (ecb
‒) in the conduction band of β-Ga2O3 have 

stronger reductive capability than that of TiO2. PFOA molecules adsorbed on the 

surface of β-Ga2O3 could be reductively decomposed in an anaerobic atmosphere (Zhao 

and Zhang 2009). Photocatalytic reduction of PFOA by β-Ga2O3 was also investigated 

in anoxic aqueous solution (Zhao et al. 2015, Zhao et al. 2012). After reacting for 3 h, 

98.8% of PFOA was degraded with a defluorination efficiency of 31.6% in the presence 

of thiosulfate and bubbling N2. A possible mechanism was proposed, involving the 

attack of ecb
‒ onto the carboxyl of CnF2n+1COOH. The generated CnF2n+1⦁ reacted with 
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H2O to form CnF2n+1OH, and then CnF2n+1OH underwent HF elimination and hydrolysis 

to form Cn-1F2n-1COOH. 

Wang et al. reported that oxalic acid could greatly improve PFOA decomposition 

over TiO2, under N2 atmosphere (Wang and Zhang 2011). EPR results confirmed the 

formation of CO2⦁‒, which was produced from reactions between oxalic acid and photo-

generated h+ (Eq.1 and Eq. 2). Oxalic acid can also remarkably prolong the life time of 

photo-generated ecb
‒ by reacting with photo-generated h+. CO2⦁‒ is a strong reductant 

with a normal potential of ‒1.85 V (Surdhar et al. 1989). The authors propose that both 

ecb
‒ and CO2⦁‒ could possibly initiate the decarboxylation of PFOA (Eq.3 and Eq.4) to 

form C7F15⦁. Then, C7F15⦁ would rapidly react with H2O to produce C7F15OH and 

forming C6F13COF after eliminating HF (Eq.5 and Eq.6). C6F13COF was unstable and 

underwent hydrolysis to form C6F13COOH (Eq.7). C6F13COOH would undergo the 

same way to be completely mineralized to CO2 and F‒. CO2⦁‒ was primarily responsible 

for PFOA decomposition due to its significantly larger reduction potential compared 

with ecb
‒. And 86.7% pf PFOA could be decomposed in 180 min, with the addition of 

3 mM oxalic acid and under nitrogen atmosphere.  

TiO2 + hv → h+ + ecb
‒                                                                                                                (1) 

C2O4
2‒ + h+ → CO2 + CO2

•‒                                                                                                    (2) 

C7F15COOH + e‒ + H+ → C7F15⦁ + HCOOH                                                                          (3) 

C7F15COOH + CO2
•‒ + H+ → C7F15⦁ + HCOOH + CO2                                                        (4)          

C7F15⦁ + H2O → C7F15OH + H•                                                                                               (5) 

C7F15OH → C6F13COF + H+ + F‒                                                                                           (6) 

C6F13COF + H2O → C6F13COOH + H+ + F‒                                                                          (7) 
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Figure 2.2 Photoinduced hydrodefluorination mechanisms of PFOA with 

SiC/Graphene at room temperature. The dosage of SiC/Graphene was 0.5 g L‒1, the 

wavelength of UV light was 254 nm, the pH value was 7, and the concentration of 

PFOA was 0.12 mmol L‒1 (Huang et al. 2016a). 

 

PFOA was decomposed under UV light irradiation with SiC/Graphene catalyst 

(Huang et al. 2016a). Reactive Si-H bonds were generated under UV light irradiation 

and responsible for reductive cleavage of C-F bonds via Si-H/C-F redistribution, 

consequently resulting in CH2 carbene from hydrogen-containing perfluoroalkyl chains, 

and the C‒C bonds scission (Fig. 2.2). Besides that, carbonyl groups were attacked by 

ecb
‒, yielding perfluoroalkyl radicals (⦁CnF2n+1) by losing HO‒ and CO. There were two 

main reaction pathways for the subsequent transformation of ⦁CnF2n+1. On one hand, it 

reacted with H2O to generate unstable CnF2n+1OH, which then underwent HF 

elimination and hydrolysis to form Cn-1F2n-1COOH. On the other hand, the hydro–

defluorination also took place via Si-H/C-F redistribution at chain-terminal of ⦁CnF2n+1, 

thus yielding ⦁Cn-1F2n-1 by removing CH2 carbene. Furthermore, addition or elimination 

of ⦁COO‒ induced mutual transformation between Cn-1F2n-1⦁ and Cn-1F2n-1COOH. 

A new method for reductive defluorination of PFOA under visible light was 

conducted by using Pt-Bi2O4 as photocatalysts and KI as electron donors (Wang et al. 

2020c). The defluorination of PFOA proceeded in a photo-reductive pathway, in which 

the photo-induced ecb
‒ was the dominate active species. Pt served as co-catalyst to trap 

ecb
‒, while KI could trap photo-generated hvb

+ to promote ecb
‒- h+ separation. Due to the 

high affinity of ecb
‒, the ecb

‒ firstly attacked F atom at α-position, resulting in the 

replacement of F with H atom to form C7F13H2COOH. The produced C7F13H2COOH 

was further transformed to C6F13COOH (Eq.8 and Eq.9). Then, the generated 

C6F13COOH was further decomposed in the same way and finally mineralized to F‒ 

and CO2.  

C7F13H2COOH → ⦁C6F13 +: CH2 + •COOH                                                                          (8) 

⦁C6F13 + •COOH → C6F13COOH                                                                                          (9) 

 

The ecb
‒ production from heterogeneous catalytic systems is rarely reported. Shao 

et al. demonstrated the production of photo-induced ecb
‒ from diamond/UV system for 

the efficient degradation of PFOA (Liu et al. 2021a). UV/diamond system has a wide 
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pH applicability (pH 2-pH 11).  This system could help to solve the secondary pollution 

caused by the homogeneous system, such as UV/sulfite system, which is pH dependent.  

 

2.2.2 Photo-oxidative processes 

Photo-induced h+ was mainly responsible for the heterogeneous photo-oxidative 

decomposition of PFOA. Other ROS (e.g. OH⦁) also participate in the decomposition 

process. Unstable perfluoroalkyl radical (C7F15COO⦁) is generated from oxidation of 

the adsorbed PFOA by the photo-generated h+ (Eq. 10), and subsequently 

decarboxylated to form ⦁C7F15 (Eq. 11). ⦁C7F15 radical is unstable and may react with 

OH⦁, forming C6F13COF after eliminating HF (Eq. 12 and Eq. 13). C6F13COF further 

undergoes hydrolysis to generate C6F13COOH (Eq. 14). C6F13COOH then undergoes 

the same way as C7F15COOH and decomposed in a stepwise manner. The amount of 

hvb
+ and the adsorption capacity of PFOA are two key parameters that determine the 

degradation efficiency of semiconductors under UV/visible light irradiation. And these 

two key parameters can be optimized by adjusting inherent properties of 

semiconductors and operation conditions of degradation reactions.  

C7F15COO‒ + hvb
+ → C7F15COO⦁                                                                               (10) 

C7F15COO⦁ → C7F15⦁ + CO2                                                                                    (11) 

C7F15⦁ + OH⦁ → C7F15OH                                                                                        (12) 

C7F15OH → C6F13COF + HF                                                                                   (13) 

C6F13COF +H2O → C6F13COOH + HF                                                                   (14) 

 

Table 2.1 Photocatalytic removal of PFOA by different semiconductor photocatalysts. 

Photoche
mical catalyst 

Pollu
tant 

Light 
wavelength 

P
ower 

Condition
s 

Reac
tion time 

Degradation 
ratio 

&Defluorination 
ratio 

Ref. 

TiO2/H2C

2O4 
PFO

A 
254 nm 2

3 W 
C0=24 µM 
pH=2.47 
Ccatalyst=0.

5 g L‒1 

N2 
atomosphere 

3 h 86.7% & 
16.5% 

(Wang 
and Zhang 

2011) 

TiO2/HCl
O4 

PFO
A 

254 nm 1
6 W 

C0=120 
µM 
pH=2.47 
Ccatalyst=0.

66 g L‒1 

O2 
atmosphere 

7 h 97% & 38% (Pancha
ngam et al. 

2009) 
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TiO2/O3 PFO
A 

254 nm 2
8 W 

C0=10 mg 
L‒1 

Ccatalyst=0.
2 g L‒1 

O3 
dosage: 25 mg 

h‒1 

4 h 99.1% & 
44.3% 

(Huang 
et al. 2016b) 

Ga2O3 PFO
A 

254 nm 1
4 W 

C0=0.5 
mg L‒1 
Ccatalyst=0.

5 g L‒1 

N2 
atmosphere 

3 h 36% & 15% (Zhao 
and Zhang 

2009) 

Sheaf-like 
Ga2O3 

PFO
A 

254 nm 1
4 W 

C0=0.5 
mg L‒1 

 
Ccatalyst=0.5 g 

L‒1 

O2 
atmosphere 

45 
min 

100% & 60% (Shao et 
al. 2013a) 

Needle-
like Ga2O3 

PFO
A 

254 nm 1
4 W 

C0=0.5 
mg L‒1 

 
Ccatalyst=0.5 g 

L‒1 

O2 
atmosphere 

1 h 100% & 58% (Shao et 
al. 2013b) 

β-Ga2O3 PFO
A 

254 nm 5
0 W 

C0=10 mg 
L‒1 

 
Ccatalyst=0.5 g 

L‒1 

N2 
atmosphere 

1.5 h 100% & 56% (Zhao et 
al. 2015) 

In2O3 PFO
A 

254 nm 2
3 W 

C0=40 mg 
L‒1 

 
Ccatalyst=3.4 g 

L‒1 

O2 
atmosphere 

4 h 80% & 33% (Li et al. 
2012b) 

In2O3 
NPNs 

PFO
A 

254 nm 2
3 W 

C0=30 mg 
L‒1 

 
Ccatalyst=0.5 g 

L‒1 

O2 
atmosphere 

0.5 h 100% & 71% (Li et al. 
2012c) 

In2O3 
microspheres 

PFO
A 

254 nm 1
5 W 

C0=30 mg 
L‒1 

 
Ccatalyst=0.5 g 

L‒1 

O2 
atmosphere 

17 
min 

100% & ‒ (Li et al. 
2013b) 

In2O3 
nanocubes 

PFO
A 

254 nm 1
5 W 

C0=30 mg 
L‒1 

 
Ccatalyst=0.5 g 

L‒1 

2 h 100% & ‒ (Li et al. 
2013b) 
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O2 
atmosphere 

In2O3  
nanoplate

s 

PFO
A 

254 nm 1
5 W 

C0=30 mg 
L‒1 

 
Ccatalyst=0.5 g 

L‒1 

O2 
atmosphere 

42 
min 

100% & ‒ (Li et al. 
2013b) 

In2O3 with 
graphene 

PFO
A 

254 nm 1
5 W 

C0=30 mg 
L‒1 

 
Ccatalyst=0.5 g 

L‒1 

O2 
atmosphere 

3 h 100% & 
60.9% 

(Li et al. 
2013a) 

In2O3/0.86
% CeO2 

PFO
A 

254 nm 5
00 W 

C0=100 
mg L‒1 

 
Ccatalyst=0.4 g 

L‒1 

 

1 h 100% & ‒ (Jiang et 
al. 2016) 

MnOx-
In2O3 

PFO
A 

Xenon 
lamp 

5
00 W 

C0=50 mg 
L‒1 

 
Ccatalyst=0.5 g 

L‒1 

 

4 h 100% & 3% (Wu et 
al. 2019b) 

BiOCl PFO
A 

254 nm 1
0 W 

C0=20 µM 
Ccatalyst=0.

5 g L‒1 

 

12 h 100% & 
59.3% 

(Song et 
al. 2017) 

BiOCl/Zn
-Al 

hydrotalcite 

PFO
A 

< 350 
nm 

5
00 W 

C0=0.5 
mg L‒1 

pH=2.0 
Ccatalyst=0.

5 g L‒1 

 

6 h 90% &  (Yang et 
al. 2020b) 

Surface 
defective 

BiOCl 

PFO
A 

Xenon 
lamp 

3
00 W 

C0=50 µM 
pH=3.9 

Ccatalyst=1 
g L‒1 

 

8.5 h 68.8% & 
12.86% 

(Sun et 
al. 2019) 

 

Enhanced adsorption of PFOA and a strong binding between PFOA and 

heterogeneous semiconductors, would benefit the direct oxidation of PFOA by h+. 

Inherent properties of semiconductors have great impact on the adsorption capacity of 

photocatalysts. Larger SSA of photocatalysts helps to expose more active surfaces and 

enhances the adsorption capacity for PFOA. It is reported that higher oxygen vacancy 

(OV) level would facilitate the adsorption of PFOA onto semiconductors (Li et al. 

2013c). The bidentate coordination allows closer contact between PFOA and 

photocatalysts than that of monodentate mode (Li et al. 2012b, Song et al. 2017). 
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Moreover, a side-on parallel mode with both the head and tail groups anchored on the 

photocatalysts is reported to be much more efficient for PFOA decomposition (Li et al. 

2020b). The optimization approaches for different classes of semiconductors are 

discussed in detail along with the enhanced performance for PFOA degradation.  

 

 

Figure 2.3 Schematic diagram of PFOA configurations adsorbed on In2O3 and TiO2 

(Li et al. 2012b). 

 

In2O3 exhibited enhanced activity than TiO2 for PFOA decomposition (Li et al. 

2012b). The binding pattern to TiO2 surface was monodentate, and the binding strength 

was relatively weaker. Therefore, the hvb
+ of TiO2 are preferentially transformed to 

hydroxyl radicals (OH•) which is less reactive for PFOA degradation, indicated by 

electron spin resonance (ESR) results (Li et al. 2012b). PFOA closely coordinates to 

In2O3 in a bidentate or bridging mode (Fig. 2.3). The strong bidentate binding between 

carboxylic group of PFOA and In2O3 surface benefited direct decomposition of PFOA 

by photo-induced hvb
+. The main decomposition products of In2O3 are similar to those 

of TiO2, including C2-C7 PFCAs and fluoride ions.  Thereafter, In2O3 nanostructures 

with different morphologies were prepared and exhibited distinct properties. Three 

kinds of nanostructured In2O3 materials were fabricated by dehydration of the 
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corresponding In(OH)3 nanostructures at 500 ℃ for 2h (Fig. 2.3a and Fig. 2.3b). The 

decomposition rates of PFOA by these In2O3 materials, i.e. porous microspheres, 

nanoplates and nanocubes were 74.7, 41.9 and 17.3 times higher than that using P25 

TiO2, respectively (Fig. 2.4c) (Li et al. 2013b). Higher surface oxygen vacancies (Ovs) 

level benefited the adsorption of PFOA towards In2O3. The more Ovs defects existed 

in In2O3 materials. The better activity was obtained for PFOA decomposition (Fig. 

2.4d).  

 

Figure 2.4 XPS spectra of In 3d (a) and O 1s (b) of different In2O3 samples; 

Photocatalytic decomposition of PFOA by different In2O3 samples (c); The 

photocatalytic activity of three nanostructured In2O3 materials vs their Ob/Oa ratio: (a) 

In2O3 nanocubes, (b) In2O3 nanoplates, and (c) In2O3 porous microspheres (d) (Li et al. 

2013b).  

A semiconductor of wide band gap, p-block metal oxyhydroxide InOOH was 

prepared and exhibited high activity for PFOA degradation under UV light irradiation 

at mild conditions (Xu et al. 2017c). The rate constant for PFOA degradation by InOOH 

is 27.6 times higher than that by P25. The main reason is that InOOH have an enhanced 

adsorption capacity for ionized PFOA (C7F15COO‒) than P25.  
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Sheaf-like Ga2O3 was prepared via a polyvinyl alcohol (PVA)-assisted 

hydrothermal method followed by heat treatment(Shao et al. 2013a), and exhibited 

superior photocatalytic activity for PFOA degradation under UV 254 nm light 

irradiation. The decomposition rate constant was 4.85 h‒1, which was 16 and 44 times 

higher than that using commercial Ga2O3 and P25 TiO2, respectively. Needle-like β-

Ga2O3 was also prepared and used as photocatalyst for PFOA decomposition(Shao et 

al. 2013b). The prepared material was efficient for the removal of trace PFOA in both 

pure water and wastewater, with first-order rate constants of 4.03 and 3.51 h‒1, 

respectively. Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) 

revealed the tight coordination of PFOA with Ga2O3 surface in a bidentate or bridging 

configuration, which facilitates direct PFOA decomposed by hvb
+ (Fig. 2.5).  

 

Figure 2.5 Schematic illustration of PFOA decomposition by Ga2O3 under UV light 

irradiation 

BiOCl also demonstrated good performance for the photocatalytic degradation of 

PFOA. Ovs-controllable BiOCl nanosheets were facilely synthesized via a hydrolysis 

method, and applied to degrade PFOA. When Ovs ratio in BiOCl nanosheets increased 

from 0.573 to 0.981 by changing the alkali source applied for preparation, the 

efficiencies of degradation and defluorination of PFOA increased by 3‒4 times. The 

photocatalytic decomposition of PFOA over BiOCl is dominated by the direct hole 

oxidation process(Song et al. 2017). A linear relationship was observed between the 

Ovs level in BiOCl and the photocatalytic decomposition efficiency of PFOA (Song et 

al. 2019). The presence of Ovs in semiconductors can not only narrow the band gap to 
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facilitate photo absorption (Ye et al. 2011). But also promote the separation of charge 

carriers by trapping ecb
‒, thus promoting efficient hvb

+ oxidation (Liu et al. 2009). 

Moreover, Ovs can serve as adsorption sites for PFCs and consequently promote the 

oxidation of target pollutants by photo-generated hvb
+ (Song et al. 2019). Surface 

defective BiOCl was also synthesized and used for efficient photocatalytic 

defluorination of PFOA using sunlight as the energy source (Sun et al. 2019).  

The application of BiOX in photocatalytic mineralization of persistent organic 

pollutants still suffers from drawbacks such as mismatch among the large band gap, 

wide spectral response and weak oxidizing capability of hvb
+ (Liu et al. 2015, Qin et al. 

2016). Halogen doping was an effective way to adjust the band structures of bismuth 

oxyhalide to achieve optimal photocatalytic activity(Gnayem and Sasson 2013). Facet 

regulation is another efficient method to enhance the activity of a photocatalyst. A high 

(001) facet exposed BiOI0.95Br0.05 was successfully prepared by doping bromine via 

solvothermal method, and possessed remarkably high photocatalytic ability for PFOA 

degradation under UV light irradiation. 96% of PFOA could be decomposed within 120 

min and 65% of PFOA was mineralized within 180min. The reaction kinetic constant 

was 4.3 times higher than that using BiOI control. The photo-generated electrons and 

holes were responsible for PFOA decomposition(Li et al. 2019). The generated short-

chain PFCAs and their evolution trends indicated that the α-carbon atom was the attack 

point. The degradation process of PFOA was initialized, followed by losing –CF2 unit 

in a stepwise manner. 

BiOI@Bi5O7I p-n heterojunction photocatalysts could be facilely prepared by 

calcinating BiOI at 350 ℃ < T < 410 ℃(Wang et al. 2019a). The rate constant for PFOA 

decomposition by BiOI@Bi5O7I p-n heterojunction calcinated at 390 ℃ (T-390) was 

four times higher than that of pristine BiOI (k = 0.061 h‒1) and 1.2 times higher than 

that of Bi5O7I (prepared at 410 ℃, k = 0.206 h‒1). T-390 also possessed excellent 

mineralization ability for PFOA with about 60% of total organic carbon removed after 

6 h of irradiation. EPR results and active species scavenging experiments demonstrated 

that OH⦁ was largely responsible for photodegradation of PFOA in this system, 

followed by O2⦁‒ and hvb
+. Attacked by these active species, PFOA was gradually 

mineralized by losing CF2 units.  

Monoclinic BiPO4, a novel Bi3O(OH)(PO4)2 (BOHP) catalyst of wide band gap 

semiconductor, were applied for the degradation of PFOA under ultraviolet irradiation. 
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BOHP microparticles achieved dramatically faster rate in PFOA degradation and 

mineralization compared to BiPO4 and a β-Ga2O3 nanomaterial catalyst, which have 

smaller surface area and lower band gap energy. The rate constant of BOHP for PFOA 

degradation in a pure water solution was ~15 times higher than those of both BiPO4 

and β-Ga2O3. The superior performance of BOHP was primarily related to the surface 

charge, facilitating the adsorption behavior of PFOA onto the catalyst. The favorable 

redox potentials of BOHP charge carriers also contributed to the enhanced PFOA 

decomposition(Sahu et al. 2018). Carbon sphere (CS) modification could enhance the 

performance of bismuth phosphate composite (BiOHP/CS) (Xu et al. 2020c). > 99% of 

PFOA could be adsorbed by BiOHP/CS in 2 h, and subsequently, almost completely 

decomposed in 4 h of UV irradiation with a defluorination ratio of 32.5%. The PFOA 

degradation rate was ~18 times higher than that by neat BiOHP. The carbon 

modification can not only enhance the adsorption capacity of PFOA, but also facilitate 

a side-on adsorption configuration of PFOA with the active sites, which would promote 

photocatalytic cleavage of C‒F bonds. Moreover, CS could enhance the stability of 

BiOHP by accepting photo-induced ecb
‒ to suppress photo-corrosion of the composite.  

Tungstic heteropolyacid (H3PW12O40, HPW) demonstrated good performance for 

the photodegradation of PFOA. But it is worth noting that HPW has small specific 

surface area, which would limit its application to a large extent. You et al. synthesized 

HPW/biomodal mesoporous silica (BMS) catalyst and employed it as photocatalyst for 

PFOA degradation under VUV light irradiation(You et al. 2018). BMS possessed large 

specific surface area (1000 m2 g‒1), and provided sufficient surfaces for the dispersion 

of HPW, which could make more active sites exposed for PFOA decomposition. 

VUV/HPW/BMS system was efficient for PFOA defluorination. 

Boron nitride (BN) was reported to degrade PFOA under 254 nm light irradiation 

(Duan et al. 2020). Scavenging experiment results indicated that PFOA degraded in a 

hole-initiated reaction pathway in the presence of BN, which is similar to the TiO2 case, 

and ROS species (i.e., O2
•‒, OH•) also participated in the degradation process. BN was 

~2 and ~4 times more active than TiO2, before and after ball milling the material. The 

reason may be that edge defects or B or vacancies help to enhance light absorption. 

Moreover, BN demonstrated good stability, showing no decrease in activity over three 

cycles. BN was also active for the photocatalytic degradation of GenX.  

However, few semiconductor photocatalysts are found to efficiently degrade 

PFOA under mild solar irradiation. MnOx is deposited on the surface of In2O3 to 
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enhance ROS generation. Ovs generated on the surface of In2O3 paly critical roles to 

assist PFOA adsorption. The MnOx-modified oxygen-vacancy-rich In2O3 photocatalyst 

possesses a significantly improved photodegradation and defluorination activity for 

PFOA under solar light irradiation compared to the pristine In2O3. Enhanced PFOA 

adsorption ability and ROS generation efficiency contribute to the improved 

performance of MnOx-modified In2O3. 

 

Figure 2.6 Proposed pathway of PFOA degradation by FeO/CS under solar light(Xu et 

al. 2020b).  

 

Iron (hydr) oxides and carbon spheres (FeO/CS) was prepared via a one-step 

hydrothermal method(Xu et al. 2020b). FeO/CS showed good performance for 

adsorbing and then degrading the pre-sorbed PFOA under simulated solar light (Fig. 

2.6). FeO/CS (1:1), derived from Fe/glucose mixture with a molar ratio of 1:1, 

possessed the highest PFOA adsorption capacity and photoactivity. FeO/CS (1:1, 1.0 

g/L) adsorbed nearly 200 µg/L of PFOA within 1 h, and 95.2% of pre-concentrated 

PFOA was photodegraded in 4 h at neutral pH with a defluorination rate of 57.2%. 

There were two reasons for the good performance of FeO/CS. On one hand, CS 

facilitated formation of ferrihydrite, enabling adsorption of PFOA onto FeO/CS via 

binuclear and bidentate binding. On the other hand, the hybrid FeO-CS structure 

promoted multi-point, corporative adsorption of PFOA, which could benefit direct 

electron extraction from PFOA under solar light irradiation.  

A novel adsorptive photocatalyst, Fe/TNTs@AC, was prepared based on 
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commercial activated carbon (AC) and titanate nanotubes (TNTs) (Li et al. 2020b). 

Fe/TNTs@AC demonstrated synergistic adsorption and photocatalytic activity for 

rapid and efficient degradation of PFOA in aqueous solution. Fe/TNTs@AC was able 

to adsorb PFOA within a few minutes, thereby effectively concentrating PFOA on the 

photoactive sites. More than 90% of the pre-concentrated PFOA could be degraded in 

4 h by Fe/TNTs@AC under UV irradiation, with a defluorination ratio of 62%. 

Fe/TNTs@AC was also regenerated by the efficient photodegradation of pre-

concentrated PFOA and showed no significant difference in the performance for PFOA 

adsorption and degradation. The cooperative adsorption modes of α-Fe2O3 particles and 

AC for PFOA allowed PFOA to be adsorbed on the surface of Fe/TNTs@AC in the 

parallel orientation (side-on), with both tail and carboxylate group of PFOA anchored 

on the photocatalyst. The closer contact between PFOA and photocatalyst is conducive 

to PFOA decomposition by photo-generated hvb
+. This study offers a “concentrate-&-

destroy” strategy for efficient decomposition of PFOA, which is potential to degrade 

PFOA, and other PFCs in real wastewater, more cost-effectively.  

EPR spin-trapping experiments could be applied for identifying reactive radicals 

generated in the photocatalytic processes. TEMPO (2,2,6,6-tetramethylpiperidine-N-

oxyl) could be used as the radical scavenger of photo-induced ecb
‒ and hvb

+ (Peng et al. 

2020). DMPO (5,5-dimethyl-1-pyrroline-N-oxide) is used as the trapping agent for the 

detection of OH• and •O2
‒. The detection of •O2

‒ should be conducted in methanol 

dispersion, and in aqueous solution for the detection of OH•(Chen et al. 2017). TEMP 

(2,2,6,6-tetramethylpiperidine) is selected as the trapping agents to examine 1O2 

generation (Wang et al. 2016). For active species scavenging experiments, tert-butanol 

(t-BuOH), EDTA-Na2, benzoquinone (BQ) and sodium azide (NaN3) are used as 

scavengers of OH•, holes, •O2
‒ and 1O2 (Xu et al. 2019) (Wang et al. 2016). S2O8

2‒ can 

effectively consume the hydrated electrons as an electron scavenger (Yamazaki et al. 

2001).  

To enhance the amount of h+ available for PFOA degradation, photocatalysts have 

been combined with other semiconductors or graphene to improve its photocatalytic 

activity for PFOA degradation to decrease the recombination of photo-induced h+-ecb
‒. 

CeO2-doped In2O3 (xCeO2/In2O3) were synthesized and used for PFOA photocatalytic 

degradation(Jiang et al. 2016). The as-prepared xCeO2/In2O3 showed much higher 

photocatalytic activity than CeO2 and In2O3 under UV light irradiation. The excellent 

photocatalytic activity of 0.86%CeO2/In2O3 was ascribed to the effective separation of 
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photo-induced ecb
‒- hvb

+ promoted by charge transfer between CeO2 and In2O3. In2O3-

graphene composites were also synthesized and demonstrated enhanced activity for the 

photodecomposition of PFOA(Li et al. 2013a). Graphene was deposited on the surface 

of In2O3 via a sonication-assisted solution method followed by heat treatment. The 

coverage percentage of graphene on In2O3 could be adjusted by changing calcination 

temperature. The In2O3-graphene composites without calcination was compactly 

covered by graphene but showed lower photocatalytic activity than In2O3 nanoparticles. 

After heating In2O3-graphene composites at 400 ℃, the surface of In2O3 nanoparticles 

was partly enwrapped by graphene and demonstrated enhanced activity for 

photocatalytic decomposition of PFOA. The increased exposed surface of In2O3-

graphene composites should be the predominant reason for providing more adsorption 

sites for PFOA. In addition, some researchers demonstrated that graphene could carry 

excited electrons from the semiconductor to the electron acceptor due to the role of 

electron shuttling, resulting in efficient photogenerated ecb
‒-hvb

+ pairs separation(Zhang 

et al. 2010a).  

BiOCl/Zn-Al hydrotalcite (B-BHZA) photocatalyst was prepared and applied for 

the photocatalytic degradation of PFOA(Yang et al. 2020b). Over 90% of PFOA could 

be removed in 6 h under UV light at an optimal pH of 2. The hybrid structure of B-

BHZA promoted the separation of photogenerated carriers, thus facilitating the direct 

hole oxidation of PFOA.  

The operation parameters (e.g., pH) also have significant impact on the adsorption 

capacity of semiconductors for PFOA. With a pKa of 2.8 in water (Goss 2008), PFOA 

was completely deprotonated even at a pH of 4; The surface of photocatalyst is 

positively charged, when solution pH < the pH point of zero charge (pHPZC) of 

photocatalyst, and negatively charged at pH > pHPZC. Therefore, enhanced adsorption 

of PFOA on photocatalysts could be realized, when solution pH is smaller than pHPZC 

and conducive to PFOA ionization. Heavily acidic and alkaline conditions are not 

conducive to the decomposition of PFOA. For instance, higher defluorination rate of 

38% was obtained at pH 4 in the VUV/HPW/BMS system (You et al. 2018). More 

positively charged BOHP surfaces at acidic conditions facilitated electrostatic 

attraction of CF3(CF2)xCOO‒ , thus enhancing its photocatalytic efficiency for PFOA 

degradation (Sahu et al. 2018). The presence of perchloric acid could increase the 

chances of perfluorocarboxylic anions to be oxidized by the hvb
+ of excited TO2 

(Panchangam et al. 2009). Heterogeneous photocatalytic treatment achieved more than 
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99% decomposition with a defluorination efficiency of 38% of PFOA in 7h, in the 

presence of perchloric acid. The photocatalytic system with 0.15 M perchloric acid in 

conjunction with optimum TiO2 loading of 0.66 g L‒1 exhibited optimal performance.  

 

2.3 Mechanisms for the photocatalytic degradation of PFOA 

2.3.1 Photo-oxidative degradation of PFOA 

An e–h+ pair is generated, after the photocatalyst absorbs a photon with energy 

exceeding its bandgap energy. In the oxidation process (Fig. 2.7), photo-generated h+ 

is the primary active species. The h+ initiates the decarboxylation of PFOA forming 

perfluoroalkyl radicals (C7F15⦁) (Hori et al. 2003, Hori et al. 2008). C7F15⦁ radicals are 

prone to react with H2O and O2 or ⦁OH to form an unstable alcohol C7F15OH. The 

C7F15OH would then undergo HF elimination generating C6F13COF. The C6F13COF 

undergoes hydrolysis to generate PFHpA with one CF2 unit removed from PFOA. Then, 

PFHxA, PFPeA, PFBA, PFPrA, and TFA are generated step wisely following the same 

pathway. Finally, PFOA would be mineralized to F− and CO2, ideally.  

 

 

 

Figure 2.7 Pathway for photo-oxidative degradation of PFOA (Wang et al. 2017b). 

 



 

24 
 

2.3.2 Photo-reductive degradation of PFOA 

Figure 2.8 presents the photo-reductive degradation of PFOA. In this process, the 

photo-induced ecb
− is the primary active species. Firstly, the ecb

− will attack the fluorine 

atom at α-position. The fluorine atom is eliminated to generate C7F14HCOOH and 

C7F13H2COOH. C7F13H2COOH would then generate C6F13⦁ radical, ⦁COOH radical and 

CH2 carbene. C6F13⦁ radical and ⦁COOH radical may connect to form C6F13COOH, 

which would be further degraded in the same way (Wang et al. 2017b). 

 

Figure 2.8 Possible photo-reductive degradation pathway of PFOA. 

 

2.4 Conclusion 

For heterogeneous photocatalytic processes degrading PFCs, various 

photocatalysts have been developed. Their instinct properties benefiting PFCs removal 

are discussed. A linear relationship is obtained between the photocatalytic degradation 

efficiency of PFOA and the Ovs amount in photocatalysts. Photo-induced ecb
‒ and h+ 

are reactive species of photo-oxidative and photo-reductive approaches for PFOA 

removal, respectively. And strong binding between PFOA and semiconductor is 

beneficial for its decomposition. Adjusting aqueous pH and the surface properties of 

photocatalysts, such as higher Ovs level could benefit the adsorption of PFOA towards 

photocatalysts, further enhancing its decomposition. 
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CHAPTER 3 

Experimental methods 
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3.1 Introduction 
This chapter consists of materials, characterizations of as-prepared photocatalysts, 

as well as analysis methods of aqueous samples in the series of experiments (Chapter 4 

– 7) during the whole research period.  

 

3.2 Materials 

All the reagents were purchased from Sigma-Aldrich and used without further 

purification. N,N-dimethylformamide (DMF, anhydrous, 99.8%), benzene-1,4-

dicarboxylic acid (BDC), PFOA (C7F15COOH, 95%), perfluoroheptanoic acid 

(C6F13COOH, PFHpA, 99%), perfluorohexanoic acid (C5F11COOH, PFHxA, 97%), 

perfluoropentanoic acid (C4F9COOH, PFPeA, 97%), perfluorobutanoic acid 

(C3F7COOH, PFBA, 98%), pentafluoropropionic acid (C2F5COOH, PFPA, 97%), and 

trifluoroacetic acid (CF3COOH, TFA, 99%). The In(OH)3 was purchased from Sigma-

Aldrich. All chemicals are used as received without further purification.  

 

3.3 Characterizations 

3.3.1 X-ray Diffraction 

X-ray diffraction (XRD) is recorded to investigate the crystal structures of as-

synthesized semiconductor photocatalysts. The crystal structure of photocatalysts could 

be identified by indexing to the standard PDF card in Joint Committee on Powder 

Diffraction Standards (JCPDS) database. In2O3 samples in Chapter 4 and 5 are 

characterized by XRD (Siemens D5000) for their crystalline structure (Cu Kα, λ = 

1.54059 Å). The photocatalysts studied in Chapter 6 and 7 are collected on XRD (Bruke 

D8 Advance) from 10° to 80°. 

 

3.3.2 Scanning electron microscopy 

Scanning electron microscopes (SEM) are applied to observe the morphologies of 

the photocatalysts and element percentages (equipped with energy dispersive X-ray 

spectroscopy, EDS) of synthesized catalysts. The morphologies of In2O3 samples in 

Chapter 4 and 5 are measured by a scanning electron microscopy (SEM, Zeiss Supra 

55VP, Carl Zeiss AG). The morphologies of BiOX and BiOX/TiO2 catalysts in Chapter 

6 are observed by scanning electron microscopy (SEM, Zeiss Sigma 300). 
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3.3.3 Transmission electron microscopy 

Transmission electron microscopy (TEM) is applied to observe the nanostructures 

as-prepared photocatalysts. High-resolution TEM (HRTEM) is recorded to investigate 

the lattice fringes of the semiconductors. In addition, the selected area electron 

diffraction (SAED) can be used to investigate the phase characteristics (crystalline or 

amorphous) of the as-prepared photocatalysts. Transmission electron microscopy 

(TEM, JEM-2100, JEOL Co. Ltd., Japan) were recorded to observe the microscopic 

morphology of the samples. 

 

3.3.4 X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy is used to investigate the composition, quantity 

and state of surface elements. XPS spectra can provide information of the relative 

quantification and the valence states of constituent elements in the materials. The 

valence states of the elements can be estimated from the binding energies. XPS of as-

synthesized photocatalysts are recorded on the X-ray photoelectron spectroscopy (XPS, 

ESCALab 250Xi, Thermo Fisher) with C as the internal standard (C1s = 284.8 eV). 

 

3.3.5 UV-vis absorption spectroscopy 

The UV-Vis absorption spectra of as-prepared photocatalysts were recorded on a 

950 UV/Vis-NIR spectrophotometer (Perkin Elmer Lambda). BaSO4 is used as a 

reference. 

 

3.3.6 Photoluminescence spectroscopy 

Room-temperature photoluminescence (PL) spectra are collected on an Edinburgh 

FLS1000/FS5 luminescence spectrometer. The PL spectra are collected to investigate 

the recombination of the photogenerated hole with oxygen-deficient defect centers in 

In2O3 samples.  

 

3.3.7 High angle annular dark field-scanning transmission electron microscopy 

images 
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High angle annular dark field (HAADF)-scanning transmission electron 

microscopy (STEM) images (Themis Z, Thermo scientific) are recorded to observe the 

morphologies of prepared materials.  

 

3.3.8 Extended X-ray absorption fine structure spectroscopy 

Extended X-ray absorption fine structure spectroscopy (EXAFS) is applied to 

identify the structure of Bi SAs. The XANES spectra (C K-edge and N K-edge) were 

measured at beamline BL12B of National Synchrotron Radiation Laboratory (NSRL) 

of China. The samples were deposited onto double-sided carbon tape for analysis on 

the X-ray spectroscopy. XAFS measurement and data analysis: XAFS spectra at the Bi 

L-edge was collected at BL14W1 station in Shanghai Synchrotron Radiation Facility 

(SSRF). The Bi L-edge XANES data were recorded in fluorescence mode. 

 

3.3.9 N2 sorption/desorption measurement 

A surface-area pore analyzer (NOVA-2200e, Quantachro) is used to determine the 

specific surface areas (SSAs) by N2 sorption/desorption. Other critical parameters (e.g., 

pore size, pore volume) could also be obtained from the N2 sorption/desorption analysis.  

 

3.4 Photocatalytic degradation of PFOA 

The photocatalytic degradation of PFOA in Chapter 4 was carried out in a 

cylindrical reactor vessel. 200 mL of PFOA aqueous solution (initial concentration of 

10 mg L‒1) and 40 mg catalyst were mixed and stirred in dark for 30 min to achieve 

adsorption equilibrium. A 32-W UV lamp of 254 nm wavelength (Nbet Co. Ltd., 

Beijing, China) was used as the light source. The irradiation intensity was 3.5 mW cm‒

2 as measured by a UV intensity meter (ST-512). During the reaction, the solution and 

photocatalyst were well mixed by magnetic stirring. At regular time intervals, 2 mL of 

samples were taken and filtered through a filter (Puradisc syring fiter, 0.2 µm, Whatman) 

for further analysis. The photocatalytic degradation of PFOA in Chapter 5-7 was carried 

out in a cylindrical reactor vessel with a quartz cap. The volume of the photoreactor 

was 160 mL, with a height of 8 cm, and the irradiated area was 20 cm‒2. The irradiation 

power received on the surface of the photoreactor was 4.0 mW cm‒2. The pH of PFOA 

solution (10 mg L‒1) was 4.85. 100 mL of PFOA solution (10 mg L‒1) and a certain 
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amount of In2O3 were mixed in the reactor, the mixture was then stirred in dark for 30 

min to achieve adsorption-desorption equilibrium. Afterwards, the 254 nm UV light 

was turned on and 2 mL solution was taken at certain times. Lastly, the sample was 

filtered for further analysis of PFOA concentration and fluoride ion concentration. The 

samples were taken at regular times, filtered and then diluted by 20 times. External 

standards were applied for the quantification of PFOA and its degradation intermediates. 

The concentration limit of PFOA and its degradation intermediates were in the range of 

0.5-500 µg L‒1.  

 

3.5 The analysis of PFOA and the degradation intermediates 

3.5.1 The analysis of PFOA and its degradation intermediates 

The concentration of PFOA and its degradation intermediates in Chapter 4 were 

analyzed by a triple quadrupole ultra-high-performance liquid chromatograph tandem 

mass spectrometer (UHPLC-MS/MS) from Shimadzu (model 8060) equipped with a 

binary pump and a Shim-pack column (1.6 µm, 2.0 mm × 50 mm). The mobile phase 

was a binary mixture of A (Milli-Q water) and B (methanol) at a flow rate of 0.4 mL 

min‒1. The elution gradient started with 50% B for 2.5 min, then 100% B for the next 1 

min followed by 50% B for another 1.5 min. The total running time of this method was 

5 min. The injection volume of samples was 1 µL. The tandem mass analysis was 

conducted in a multiple reaction monitoring (MRM) mode. For PFOA, m/z 169.1 and 

m/z 219.0 are used as the qualitative ions and m/z 369.0 is used as the quantitation ion 

to avoid mass interference. The tandem mass analysis conditions of the PFOA and its 

degradation intermediates are listed in Table 3.1. 

 

Table 3.1 The target compounds of PFOA and its degradation products, and their 

MS/MS parameters.  

Acronym Name Formula 
MS/MS 

mass 
transition 

Cone 
voltage 

(V) 

Collision 
energy 
(eV) 

PFOA 
Perfluorooctanoic 

acid 
C7F15COOH 

412.90 → 
369.00 

20 10 

PFHpA 
Perfluoroheptanoic 

acid 
C6F13COOH 

363.00 → 
319.00 

2.6 22 

PFHxA 
Perfluorohexanoic 

acid 
C5F11COOH 

313.00 → 
269.00 

2.6 8.4 

PFPeA Perfluoropentanoic C4F9COOH 262.55 → 2.6 8.4 
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acid 219.10 

PFBA Perfluorobutyric acid C3F7COOH 
212.20 → 

169.10 
2.6 10.0 

PFPrA 
Pentafluoropropionic 

acid 
C2F5COOH 

162.9 → 
118.8 

12.0 7.0 

TFA Trifluoroacetic acid CF3COOH 
112.9 → 

68.9 
12.0 7.0 

 

The concentration of PFOA and its degradation intermediates in Chapter 5-7 were 

analyzed by a high-performance liquid chromatography-tandem mass spectrometry 

(HPLC-MS/MS, Agilent). Agilent 1260 series equipped with a Poroshell 120 EC-C18 

reversed-phase column (3 ×100 mm, 2.7 µm, Agilent) were employed to separate PFOA 

and its decomposition intermediates. Mass spectrometric analysis was performed under 

the multiple reaction monitoring (MRM) mode with negative electrospray ionization. 

Solvent A (methanol) and solvent B (0.1 % formic acid aqueous solution) were used as 

the mobile phase. The elution gradient was set as follows: 0-8.0 min, solvent A 

increased from 30% to 90%; 8.0-10.0 min, held solvent A at 90%; 10.0-13.0 min, 

solvent A incrreased from 90% to 100%; 13.0-15.0 min, held this proportion; 15.0-15.5 

min, the gradient of solvent A decreased from 100% to 30%. The method on mass 

spectrometry was listed Table 3.2.  

 

Table 3.2 The target compounds of PFOA and its degradation products, and their 

MS/MS parameters.  

Acronym Name Formula 
MS/MS 

mass 
transition 

Collision 
energy 
(eV) 

Fragmentor  
(V) 

Cell 
Accelerator 
Voltage (eV) 

PFOA 
Perfluorooctanoic 

acid 
C7F15COOH 

413.3 → 
369.1 

1 110 3 

PFHpA 
Perfluoroheptanoic 

acid 
C6F13COOH 

362.6 → 
319.1 

1 80 3 

PFHxA 
Perfluorohexanoic 

acid 
C5F11COOH 

313.0 → 
269.1 

1 70 3 

PFPeA 
Perfluoropentanoic 

acid 
C4F9COOH 

262.6→ 
219.2 

1 70 3 

 

3.5.2 The analysis of fluoride ion 

The concentration of the fluoride ion was detected by a Dionex ICS-600 IC system. 
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The defluorination ratio of PFOA is an important indicator of the decomposition of 

PFOA. 

 

3.6 Photoelectrochemical measurements 

Electrochemical impedance spectroscopy (EIS) experiments were conducted 

employing a three-electrode system in a 0.02 M Na2SO4 solution. ITO was thoroughly 

washed with ethanol and water for several times before use. Each In2O3 (10 mg) sample 

was firstly dispersed in 0.7 ml ethanol by sonication for 1 h, and then coated on ITO 

glasses evenly and dried at the ambient temperature. The coated ITO glass served as 

the working electrode with an effective geometric coating area of 1.5 × 2 cm2. Ag/AgCl 

electrode and Platinum wire were used as the reference electrode and counter electrode, 

respectively. The measurements were carried out on a CHI-760E (CH Instrument Co., 

China) electrochemical workstation at a frequency range from 0.1 Hz to 1.0 × 106 Hz. 
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CHAPTER 4 

Facile preparation of hydrophilic 
In2O3 nanospheres and rods with 
improved performances for 
photocatalytic degradation of 
PFOA  
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4.1 Introduction 

Perfluorinated chemicals (PFCs) have been extensively used as refrigerants, 

adhesives, insecticides, fire retardants, and surface treatment agents in 

photolithography(Trojanowicz et al. 2018). These chemicals are very stable because of 

the strong carbon-fluorine (C‒F) bond with the high bonding energy of 544 kJ/mol(Xu 

et al. 2017a), giving rise to the environmental persistence and bioaccumulative 

nature(Cui et al. 2020). Some of PFCs, especially perfluoroctanoic acid (PFOA), are 

globally distributed and have been ubiquitously detected in water, animals and human 

beings(Wang et al. 2017b). Developmental and reproductive toxicities, liver damage, 

thyroid disease and possible cancer would be caused by the exposure to PFOA(Lau et 

al. 2007). Due to its chemical inertness, most conventional approaches including 

biological and chemical methods are ineffective to destruct PFOA(Wu et al. 2019b).  

Heterogeneous photocatalysis appears to be an efficient and mild method to purify 

various pollutants including halogenated organics(Herrmann 1999, Sahu et al. 2018). 

Although TiO2 can readily photodegrade diverse organic pollutants, it demonstrated a 

low activity for degrading PFOA under mild conditions; thus harsh reaction conditions 

are required such as highly acidic conditions (pH 1)(Li et al. 2016b, Zhong et al. 2019). 

Therefore, significant efforts have been dedicated to developing efficient photocatalysts 

with a relativly large bandgap corresponding to a sufficient redox potential for PFOA 

degradation. Indium oxide (In2O3) is appealing for direct photocatalytic degradation of 

PFOA(Li et al. 2012c, Xu et al. 2017a).  

In2O3 was typically obtained by the calcination of indium hydroxide (In(OH)3)(Li 

et al. 2013c). Developing a synthetic method for synthesizing In2O3-based materials 

with on-demanding structures and properties is essential and significant(Cho et al. 

2009). Considering the flexible and porous structures of metal-organic frameworks 

(MOFs)(Lee et al. 2009, Nie et al. 2017),  In-based MOF may serve as a good precursor 

for In2O3. MOFs constituted by the coordination of metal ions and organic ligands 

enables great flexibility for preparation of functional materials with diverse structures 

and functions(Long and Yaghi 2009). MOFs can be employed as versatile precursors 

for the facile preparation of functional MOF-derived materials(Dhakshinamoorthy et 

al. 2018, Yang et al. 2017). MOF-derived materials have high surface area, ordered 

porosities, and designable functionalities which are beneficial for their catalytic 

performances(Jiao and Jiang 2019).  
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In this study, In2O3 was prepared by the calcination of Indium (III)-

benzenedicarboxylate (In-BDC) MOF. In-BDC derived In2O3 was firstly used for the 

degradation of PFOA under 254 nm UV light irradiation and demonstrated superior 

performances. Multiple characterizations and together with the degradation results of 

PFOA help to elucidate why In-BDC derived In2O3 samples show better activity than 

commercial In2O3.  

 

4.2 Experimental section 

4.2.1 Preparation of In2O3  

In-BDC nanosphere (NS) was synthesized according to a reported method (Cho et 

al. 2008). In(NO3)3⦁xH2O (23.4 mg) in 1.35 mL DMF and BDC (9 mg) in 1.35 mL 

DMF were mixed in a 5 mL vial. The resulting mixture was heated in a water bath 

(100 ℃) for 20 min. The generated In-BDC NS were separated by centrifugation after 

the reaction mixture cooled to room temperature, and washed several times with DMF 

and methanol. Then, the resulting In-BDC was dried at 40 ℃ in a vaccum drying oven. 

The In2O3 nanospheres (In2O3 NS) were obtained by calcination of In-BDC at 550 ℃ 

for 45 min with a heating rate of 3 ℃/min.  

NaOAc (sodium acetate) was used to ajust the morphology of In-BDC, and In-

BDC rods were synthesized. 2 mmol of In(NO3)3⦁xH2O and 2 mmol BDC were 

dissolved in 10 mL DMF separately and mixed, then 100 µL of 0.04 M NaOAc aqueous 

solution was added with vigorous stirring (Jin et al. 2013). The resulting mixture was 

heated in a water bath (100  ℃) for 30 min. The generated In-BDC rods were separated 

by centrifugation, and washed several times with distilled water and ethanol, which 

were then dried in a vaccum drying oven at 40 ℃. Then the obtained In-BDC 

complexes were calcinated at 500 ℃ for 1 h with a heating rate of 2 ℃ min‒1 to prepare 

In2O3 rods.  

 

4.2.2 Characterization 

The morphology of In-BDC derived In2O3 and commercial In2O3 were measured 

by a scanning electron microscopy (SEM, Zeiss Supra 55VP, Carl Zeiss AG). In2O3 

samples were characterized by X-ray diffraction (XRD) (Siemens D5000) for their 

crystalline structure (Cu Kα, λ = 1.54059 Å). A sessile drop method utilizing Theta Lite 
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100 (Attension, Sweden) was employed to measure the contact angles of In2O3 

samples(Ren et al. 2019). The In2O3 (10 mg) powders were firstly dispersed in 0.7 mL 

ethanol and the solution was sonicated for 1 h and then evenly coated on an indium tin 

oxide (ITO) glass. A water droplet around 5 µl released from a needle tip was dropped 

onto the ITO glass coated with In2O3 samples. Photos were taken at a rate of 12 frames/s 

with a motion camera. The contact angle experiments were conducted in duplicate and 

the average value was taken. X-ray photoelectron spectroscopy (XPS, ESCALab 250Xi, 

Thermo Fisher) was used to investigate the composition, quantity and state of surface 

elements. A surface-area pore analyzer (NOVA-2200e, Quantachro) was used to 

determine the specific surface areas (SSAs) by N2 sorption. Transmission electron 

microscopy (TEM, JEM-2100, JEOL Co. Ltd., Japan) were recorded to observe the 

microscopic morphology of the samples. Room-temperature electron spin resonance 

(ESR) spectra were obtained using an ESR spectrometer (Brucker A300). Room-

temperature photoluminescence (PL) spectra were obtained from an Edinburgh 

FLS1000/FS5 luminescence spectrometer. UV/Vis absorption spectra of In2O3 samples 

were conducted on a Perkin Elmer Lambda 950 UV/Vis-NIR spectrophotometer. 

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) measurements 

were carried out on a Thermo Scientific Nicolet iS50 spectrometer equipped with an 

MCT detector cooled by liquid N2. The IR spectra were recorded in the range of 2000 

to 800 cm‒1 at a resolution of 4 cm‒1. 

Electrochemical impedance spectroscopy (EIS) experiments were conducted 

employing a three-electrode system in a 0.02 M Na2SO4 solution. ITO was thoroughly 

washed with ethanol and water for several times before use. Each In2O3 (10 mg) sample 

was firstly dispersed in 0.7 ml ethanol by sonication for 1 h, and then coated on ITO 

glasses evenly and dried at the ambient temperature. The coated ITO glass served as 

the working electrode with an effective geometric coating area of 1.5 × 2 cm2. Ag/AgCl 

electrode and Platinum wire were used as the reference electrode and counter electrode, 

respectively. The measurements were carried out on a CHI-760E (CH Instrument Co., 

China) electrochemical workstation at a frequency range from 0.1 Hz to 1.0 × 106 Hz. 

 

4.2.3 Photocatalytic decomposition of PFOA 

The photocatalytic degradation of PFOA was carried out in a cylindrical reactor 

vessel. 200 mL of PFOA aqueous solution (initial concentration of 10 mg L‒1) and 40 
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mg catalyst were mixed and stirred in dark for 30 min to achieve adsorption equilibrium. 

A 32-W UV lamp of 254 nm wavelength (Nbet Co. Ltd., Beijing, China) was used as 

the light source. The irradiation intensity was 3.5 mW cm‒2 as measured by a UV 

intensity meter (ST-512). During the reaction, the solution and photocatalyst were well 

mixed by magnetic stirring. At regular time intervals, 2 mL of samples were taken and 

filtered through a filter (Puradisc syring fiter, 0.2 µm, Whatman) for further analysis.  

 

4.2.4 Analyses 

The concentration of PFOA and its degradation intermediates were analyzed by a 

triple quadrupole ultra-high-performance liquid chromatograph tandem mass 

spectrometer (UHPLC-MS/MS) from Shimadzu (model 8060) equipped with a binary 

pump and a Shim-pack column (1.6 µm, 2.0 mm × 50 mm). The mobile phase was a 

binary mixture of A (Milli-Q water) and B (methanol) at a flow rate of 0.4 mL min‒1. 

The elution gradient started with 50% B for 2.5 min, then 100% B for the next 1 min 

followed by 50% B for another 1.5 min. The total running time of this method was 5 

min. The injection volume of samples was 1 µL. The tandem mass analysis was 

conducted in a multiple reaction monitoring (MRM) mode. For PFOA, m/z 169.1 and 

m/z 219.0 are used as the qualitative ions and m/z 369.0 is used as the quantitation ion 

to avoid mass interference.  

 

4.3 Results and discussion 

4.3.1 Characterization  

 

Figure 4.1 XRD patterns of commercial In2O3 and In-BDC based In2O3 (a); N2 

adsorption/desorption isotherm (b) and Barrett-Joyner-Halenda (BJH) pore size 

distribution plot (inset) (c) of commercial In2O3, In2O3 NS, and In2O3 rods. 

The powder X-ray diffraction (XRD) pattern of the prepared In2O3 is shown in Fig. 

4.1a. All the diffraction peaks could be indexed to the cubic In2O3 (JCPDS, No. 06-
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0416), indicating that In2O3 is successfully prepared. In2O3 rods exhibit the highest 

crystallinity, and the peaks of In2O3 NS are much weaker, which may be related with 

the smaller size of buiding blocks of In2O3 NS (Li et al. 2012c).  

Brunauer-Emmett-Teller (BET) gas sorptometry measurements were performed to 

investigate the SSA of In2O3 samples. Figure 4.1b shows the N2 adsorption/desorption 

isotherms. The BET SSA of In2O3 NS and In2O3 rods are 43.78 and 52.86 m2 g‒1, 

respectively. SSA of commercial In2O3 is only 17.82 m2 g‒1. All three samples show the 

Type IV isotherm, suggesting the mesoporous structure of In2O3 materials (Shi et al. 

2018). As shown in Fig. 4.1c, the pore size distribution is in the range of 1.5-5.0 nm. 

Compared with commercial In2O3, In2O3 NS and rods exhibit much larger hysteresis 

loops, suggesting that the MOF-derived In2O3 NS and rods have larger pore volumes 

and SSA. The relatively higher BET surface area confirms that MOF derived In2O3 

have a porous structure. Generally, a high surface area could promote the activity due 

to more active adsorption and reaction centers provided (Li et al. 2014, You et al. 2018).  

 

 

Figure 4.2 XPS survey (a), In 3d core level spectra (b), Room-temperature 

photoluminescence spectra (c), ESR spectra (d) and the O1s XPS spectra (e, f, g) of 

In2O3 samples.  

 

XPS spectra were conducted to identify the surface chemistry of In2O3 samples. 

Figure 4.2a showed the full XPS spectra, which indicated O and In elements in the 

In2O3 samples. Additionally, the carbon ligands in In-BDC MOFs were completely 

decomposed and removed during the calcination. Two peaks situated at 444.5 and 452.0 

eV in the 3d core level spectra (Fig. 4.2b) are ascribed to the characteristic spin‒orbit 

split 3d5/2 and 3d3/2 of In. Furthermore, the high-resolution O 1s spectra can be 
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deconvoluted into two peaks (Fig. 4.2e-g). One peak located at 529.8 eV is assigned to 

the oxygen bond of In-O-In, and the other at 531.4 eV is deemed as the oxygen atoms 

in the vicinity of oxygen vacancy (OV)(Wang et al. 2020a). The two peaks of O 1s are 

assigned as Ob and Oa, and the binding energy (BE) of Oa is 1.6 eV higher than that of 

Ob. The Oa/Ob ratio therefore could indicate the OV level in the material(Gan et al. 2013). 

The Oa/Ob values of commercial In2O3, In2O3 NS and rods are 0.224, 0.239, and 0.256, 

respectively. The PL emission peak at ~460 nm could be mainly attributed to the 

recombination of the photogenerated hole with oxygen-deficient defect centers (Cho et 

al. 2009, Lei et al. 2014). The PL intensities follow the order of In2O3 rods > In2O3 NS > 

commercial In2O3 (Fig. 4.2c), suggesting a little higher concentration of OV in In-BDC 

derived In2O3. In2O3 samples exhibit an ESR signal at g = 2.004 (Fig. 4.2d), which 

could be identified as the electrons trapped on OV(Lei et al. 2014). The signal intensity 

follows the order of In2O3 rod > In2O3 NS > commercial In2O3, indicating the slightly 

higher OV concentration of MOF-derived In2O3 than commercial In2O3, which is in 

accordance with the PL and XPS results. 
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Figure 4.3 SEM images of commercial In2O3 (a, b), In2O3 NS (c, d), In2O3 rod (e, f), 

In-BDC NS (g), and In-BDC rod (h).  

 

The morphologies of In2O3 samples and In-BDC complexes were characterized 

by SEM and TEM (Fig. 4.3 and Fig. 4.4). Typical SEM images of In2O3 samples 

demonstrate that the original shape of In-BDC is maintained when it transforms into 

metal oxide (Fig. 4.3). The SEM images (Fig. 4.3 e-f) and the TEM image (Fig. 4.4 g) 

reveal that In-BDC synthesized with the assistance of NaOAc presents uniform 

hexagonal rods comprised by nanocrystals. After calcination, hollow In2O3 is obtained 

in Fig. 4.4h. The hollow In2O3 rods were composed of numerous In2O3 nanocrystals 

within a size range of 10-30 nm (Fig. 4.4i). The TEM images (Fig. 4.4 c) reveal the 
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ultrathin morphology of In-BDC NS, and In2O3 NS with a larger size of ~20-40 nm was 

obtained after calcination (Fig. 4.4d-e). TEM images show that In2O3 NS and In2O3 

rods are constructed by the interlocking stack of nanoplates, and the single crystal 

property of the nanoplates is also entified. As shown in the HRTEM image of In2O3 NS 

(Fig. 4.4f), the lattice fringe revealed a planar distance of 0.297 nm in the (222) plane 

and 0.413 nm of the (211) plane of the cubic In2O3 (Cho et al. 2009).  

 

 

Figure 4.4 TEM images of (a, b) commercial In2O3, (c) In-BDC NS, (d, e) In2O3 NS, 

(f) HRTEM of In2O3 NS, (g) In-BDC rod, inset is the amplified TEM image of In-BDC 

rod, and (h, i) In2O3 rod.  
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Figure 4.5 UV-vis absorption spectra of commercial In2O3, In2O3 NS and In2O3 rods. 

Inset is the bandgap of samples (a). Contact angles of commercial In2O3, In2O3 NS, and 

In2O3 rods (b). 

 

The UV-vis absorption spectra of commercial In2O3, synthesized In2O3 NS and 

rods are shown in Fig. 4.5a. Blue shift in the UV-vis spectra of In2O3 NS may be due to 

the small particle size and homogeneous distribution of In2O3 NS, compared to the 

commercial In2O3(Bhui et al. 2009). The absorption coefficient α of the indirect 

transition semiconductor near the band edge can be described as αhv = A(hv‒Eg)2, 

where hv is the photo energy, and Eg is the band gap energy(Song et al. 2017). Thus, 

(αhv)1/2 versus hv is plotted. By extrapolating the straight line to the abscissa, the band 

gaps (Eg) of commercial In2O3, NS and rods are estimated to be 2.51 eV, 2.50 eV and 

2.47 eV, respectively. 

Contact angles of the three In2O3 samples are presented in Fig. 4.5b. The contact 

angle of commercial In2O3, In2O3 NS and rods are 70.19 ± 7.33°, 17.99 ± 1.88° and 

22.84 ± 0.43°, respectively. The relatively small contact angles of In-BDC derived 

In2O3 clearly demonstrate its enhanced hydrophilicity, compared with the commercial 

In2O3. Porous morphology facilitated the liquid media to penetrate into the interior of 

the photocatalyst and thus lower the contact angle, which created a more hydrophilic 

surface in nature (Munirathinam et al. 2015). The hydrophilic nature facilitated the 

contact of PFOA with the In2O3 photocatalysts, thus enhancing the efficiency for PFOA 

decomposition. The increases in surface area might be a main contributor to the 

enhancement of photocatalytic activity (Liu et al. 2020). It is known that the 

hydrophobicity/hydrophilicity would significantly affect the adsorption/desorption 

behaviour of molecules on the catalyst surface (Yang et al. 2008). Such properties are 

particularly important in designing catalysts for aqueous reactions (Makowski et al. 
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2008).  

 

4.3.2 Improved photochemical properties 

  

 

Figure 4.6 Time course of PFOA degradation over commercial In2O3, In2O3 NS, and 

In2O3 rod (a); and shorter-chain intermediates under UV irradiation in the presence of 

In2O3 NS (b), In2O3 rod (c) and commercial In2O3 (d).  

 

Figure 4.6a demonstrates the photocatalytic degradation of PFOA by different 

In2O3. In2O3 NS and rods could adsorb ~ 30% of PFOA, after stirring in the dark for 30 

min. Based on the preliminary experiment results, the adsorption equilibrium for PFOA 

was achieved within 30 min. Under the irradiation of 254 nm UV light, PFOA was 

completely degraded within 3 h. While only ~ 10% of PFOA was adsorbed in 30 min 

in dark and 35% of PFOA was removed after irradiation for 8 h in the presence of 

commercial In2O3. PFOA degradation follows the second-order reaction kinetics (Fig. 

S4), and the reaction constants for In2O3 NS, In2O3 rod and commercial In2O3 are 

0.01754, 0.00901 and 7.59 × 10‒5 L mg‒1 min‒1. These results demonstrate that In2O3 

NS and rods have much better efficiency for PFOA decomposition than the commercial 

In2O3. The good performances of In-BDC derived In2O3 are attributed to the larger SSA 

and mesoporous structure of In2O3 NS and rods. Large SSA can provide more 
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adsorption and reaction sites, which are beneficial to the photocatalytic activity of the 

catalysts. The mesoporous structure could promote the diffusion of reactants and 

intermediates during the reaction, which is an important step in determining the reaction 

rate. High adsorbability for PFOA of In2O3 favors the direct oxidation of PFOA by the 

photo-induced holes of In2O3 (Li et al. 2012b, Song et al. 2017).  

The main decomposition intermediates of PFOA are C5-C7 shorter-chain 

perfluorocarboxylic acids (PFCAs). The time-dependent formation of C5-C7 shorter-

chain PFCAs in the presence of In2O3 NS and rods are shown in Fig. 4.6b and Fig. 4.6c. 

The amount of PFHpA increased rapidly at the beginning reaching the maximum 

concentration in 1 h. PFHpA was then gradually decreased and completely degraded in 

4 h. PFHxA increased continuously during the first 3 h, and then decreased to zero in 8 

h. The concentration of PFPeA increased slowly during 8 h reaction, indicating that 

PFOA is degraded stepwisely manner to remove the CF2 units (Li et al. 2012b). In the 

presence of commercial In2O3 (Fig. 4.6d), the concentration of PFHpA increased with 

irradiation time, and no decrease was observed in 8h.  

Fluoride ion was detected during the photocatalytic decomposition process of 

PFOA (Fig. 4.7). A higher concentration of fluoride ion was detected in the presence of 

In2O3 NS (F‒ of 3.89 mg L‒1) and In2O3 rod (F‒ of 3.32 mg L‒1), and only 1.79 mg L‒1 

of fluoride ion was detected for commercial In2O3.  

 

Figure 4.7 Fluoride ion detected during the photodegradation of PFOA. 

 

4.3.3 Charge separation  

Transient photocurrent and EIS experiments were carried out to identify the 

separation efficiency of photoinduced electron-hole pairs (Chen et al. 2016, Liu et al. 
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2017b). Figure 4.8 shows the transient photocurrent responses under UV light 

irradiation and EIS of different In2O3 electrodes. In2O3 NS and commercial In2O3 show 

the similar photocurrent responses peaking at 0.0065 mA, while the photocurrent of 

In2O3 rods is about 0.0055 mA.  

 

  

Figure 4.8 Electrochemical impedance spectroscopy (EIS) Nyquist plots of In2O3 

electrodes (a), and DMPO spin-trapping ESR spectra under UV irradiation for 4 min at 

room temperature of water in the presence of In2O3 samples (b).  

 

Generally, a smaller arc in the EIS Nyquist plot indicates that the charge-transfer 

resistance on the electrode surface is smaller (He et al. 2014, Teng et al. 2013). The arc 

radius in the EIS Nyquist plot follows the order of commercial In2O3 > In2O3 rod > 

In2O3 NS (Fig. 4.8a), indicating that In-BDC derived In2O3 has a higher efficiency in 

charge separation and transfer. This may contribute to the enhanced photocatalytic 

activity of In2O3 NS and rods (WookáLee and WooáHan 2010). The transient 

photocurrent and EIS results imply that In2O3 NS possesses the best efficiency for 

separation of photogenerated charge carriers, giving rise to its greatest photocatalytic 

degradation activity of PFOA.  

The generation of OH⦁ in the presence of In2O3 samples under UV light irradiation 

was monitored by ESR with DMPO as the spin-trap agent (Fig. 4.8b). The four 

characteristic peaks of DMPO-OH⦁ adduct with the intensity ratio of 1:2:2:1 were 

clearly recorded for the In2O3 suspension. The signal intensity in the presence of In2O3 

photocatalysts follow the order of In2O3 NS > In2O3 rods > commercial In2O3. 

Therefore, In2O3 NS and rods generated a higher population of OH⦁ than commercial 

In2O3, thanks to the lower recombination rate of photogenerated holes and electrons, 

which is consistent with the EIS results.   
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Figure 4.9 DRIFT spectra of PFOA and adsorption equilibrium on In2O3 samples.  

 

The peaks at 1699 cm‒1 and 1462 cm‒1 of PFOA are ascribed to asymmetric 

(υas(COO‒)) and symmetric stretches (υs(COO‒)) of carboxylate, respectively (Fig. 4.9). 

Upon adsorption on In2O3 NS and rods, the asymmetric and symmetric stretching types 

of the ‒COO group are located at 1654 and 1440 cm‒1, respectively (Nakamoto 2009, 

Rotzinger et al. 2004a). Similarly, upon adsorption on commercial In2O3, υas(COO‒) 

and υs(COO‒) appear at 1687 and 1440 cm‒1, respectively. An empirical relationship 

between the frequency difference (Δυ = υas(COO‒) ‒ υs(COO‒)) and the bonding modes 

of carboxylate to cations was concluded (Deacon and Phillips 1980). When the Δυ value 

is larger than the ionic Δυ, a monodentate coordination type is formed between PFOA 

and semiconductor photocatalyst, thereagainst a bidentate or bridging coordination 

(Song et al. 2017, Sun et al. 2019). The Δυ of PFOA (237 cm‒1) is substantially greater 

than that of PFOA/In2O3 NS or In2O3 rod (214 cm‒1), and is less than 

PFOA/commercial In2O3 (247 cm‒1). This indicates that PFOA coordinates with In2O3 

NS and In2O3 rod in a bidentate configuration, which could promote the direct oxidation 

of PFOA by photo-induced holes (Li et al. 2012b, Xu et al. 2017b).   

Overall, hydrophilic In2O3 NS and rods with larger SSA are prepared by the 

calcination of In-BDC MOF. Higher adsorption capacity for PFOA and tight 

coordination between PFOA and In2O3 NS and rods are beneficial for the direct 

destruction of PFOA by photo-induced holes. The possible degradation pathway may 

be that PFOA is firstly decarboxylated by the oxidation of h+ to yield C7F13⦁, which is 

unstable and subsequently react with ⦁OH to form C7F13OH. C6F11COOH is then 



 

46 
 

generated by the hydrolysis of C7F13OH. C6F11COOH will undergo the same way to 

remove CF2, and finally menalized to fluoride and CO2 (Figure 4.10).  

 

Figure 4.10 The proposed pathway for the photocatalytic degradation of PFOA over 

In2O3.  

 

4.4 Conclusion 

In2O3 NS and In2O3 rod were prepared by the calcination of Indium-based MOFs, 

and showed much better performances than the commercial In2O3 for photocataltyic 

decomposition of PFOA. After irradiated with UV light, PFOA and intermediates were 

totally degraded by In2O3 NS or rods in 8 h, while only 35% of PFOA was removed by 

the commercial In2O3. The higher photocatalytic activity of In-BDC-based In2O3 

compared with commercial In2O3 is due to the better hydrophlicity which enables a 

better dispersion in the PFOA solution. The uniform dispersion of the photocatalysts is 

much beneficial to the photocatalytic evolution of reactive oxygen species (OH⦁) for 

the decomposition of PFOA. Moreover, the enhanced hydrophilicity and enlarged SSA 

facilitate the tight coordination of In2O3 NS and In2O3 rods with PFOA, which 

contributed to the rapid photocatalytic degradation of PFOA. 
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CHAPTER 5 

Fe3+ promoted the photocatalytic 

defluorination of PFOA over In2O3 
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5.1 Introduction 

Perfluorinated compounds (PFCs) are a group of widely used organofluorine 

chemicals with fluorine replacing all the hydrogen atoms on the carbon chain (Wang et 

al. 2017b). Previous studies indicate that PFCs pose considerable concerns to the 

natural environment and human health due to their wide distribution, extraordinary 

persistence, bioaccumulation properties, and potential toxicities (Chen et al. 2019, 

Huang and Jaffé 2019). Perfluorooctanoic acid (PFOA) is the most common PFC 

presented in environment (Post et al. 2009), and it is detected in different environmental 

and biological matrices (Heydebreck et al. 2016, Li et al. 2017b). What’s worse, the 

concentration of PFOA was reported up to ng L‒1 level in some natural waters (Sun et 

al. 2011), and high concentration level of mg L‒1 was recorded in groundwater (Houtz 

et al. 2013). Currently, PFCs are regarded as the most intractable organic pollutants 

because of the strong C‒F bonds, which are endurable to most conventional chemical 

and biotic approaches (Liu et al. 2020).  

Encouragingly, heterogeneous photocatalytic processes appear to be efficient and 

feasible for the removal of PFOA from wastewater, which could be conducted under 

mild conditions (Xu et al. 2017a). TiO2, In2O3, Ga2O3, Fe-zeolites and bismuth based 

semiconductors were reported for the study of photocatalytic degradation of PFOA (Liu 

et al. 2020, Qian et al. 2021). Among them, In2O3 photocatalysts hve advantages of 

facile preparation, chemical stability, and easy availability (Sun et al. 2020c). It also 

possessed good performance for the photocatalytic degradation of PFOA due to the 

bidentate coordination with PFOA (Li et al. 2012b). The decomposition of PFOA was 

initiated by direct hole oxidation (Liu et al. 2021c), the tight coordination of PFOA is 

essential for direct hole oxidation (Hoffmann et al. 1995). Diffuse reflectance infrared 

Fourier transform spectroscopy (DRIFTS) is a useful technique to gain an insight into 

the coordination mode between PFOA and semiconductor photocatalysts (Song et al. 

2017, Sun et al. 2019). In-situ DRIFTS were widely used to track the reaction 

intermediates and products to better understand reaction mechanisms (Li et al. 2020c, 

Shang et al. 2019).  

Previous studies demonstrate that calcination temperature could significantly 

affect the photoelectrochemical performance of In2O3 films by introducing different 

concentrations of oxygen vacancies (Gan et al. 2013). Furthermore, higher 

concentration of oxygen vacancies could promote the photocatalytic activity of In2O3 
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catalysts (Huang et al. 2020, Wan et al. 2021, Wang et al. 2020b, Wu et al. 2019c). It is 

reported that Fe3+ could degrade PFOA under ultraviolet (UV) light irradiation, due to 

the complexation between Fe3+ and the carboxyl group of PFOA (Liu et al. 2013). The 

cations like Fe3+ would improve the efficiency of photocatalytic oxidation of TiO2 

hydrosols in solutions by influencing the complex hydroxyl group bond between TiO2 

surface and Fe3+ (Wang et al. 2008a). Fe3+ was reported to complex with oxalic acid 

and TiO2, and greatly accelerated the degradation of oxalic acid in the UV/TiO2 system 

(Xie et al. 2018). TiO2/FeCl3 system was applied to significantly enhance the 

photocatalytic degradation of sulfonamides under UV irradiation due to the 

coordination between Fe3+ and sulphonamides (Adamek et al. 2015). Previous study 

also demonstrated the decomposition of PFOA mediated by Fe3+ under UV light 

irradiation (Wang et al. 2008b). Up to date, there are no reports about the effect of Fe3+ 

ion on the photocatalytic performance of In2O3 under UV light irradiation. There is no 

knowledge about whether the oxygen vacancy level in In2O3 would affect the 

interaction between In2O3, Fe3+ and the pollutant, further influencing the decomposition 

processes. Therefore, it is quite necessary to carry out studies to know more about the 

effect of Fe3+ on the performances of In2O3 catalysts of different oxygen vacancy levels.  

In this work, the In2O3 samples were prepared by the calcination of In(OH)3 at 300, 

400, 500 and 600 ℃ (denoted as In2O3-300, In2O3-400, In2O3-500 and In2O3-600), and 

employed for the photocatalytic destruction of PFOA under 254 nm UV light irradiation. 

In2O3-300/In2O3-400 possessed better performance for the decomposition and 

defluorination of PFOA, due to their larger specific surface area (SSA) and rich oxygen 

vacancy. The performance of In2O3 for the defluorination of PFOA deteriorated while 

further increasing the calcination temperature. In2O3-400 and In2O3-600 were selected 

to investigate the effect of Fe3+ on the PFOA degradation over In2O3 catalysts. 

Surprisingly, we found that Fe3+ could greatly promote the defluorination of PFOA over 

the oxygen-vacancy-deficient In2O3-600, while a slight increase was obtained in the 

In2O3-400 system. DRIFTS spectra showed that the C=O exited when PFOA was 

adsorbed on In2O3-500/In2O3-600, while not detected when PFOA was adsorbed on 

In2O3-300/In2O3-400. Therefore, we proposed that Fe3+ ions maybe participated in the 

coordination between PFOA and In2O3-600, thus promoting the defluorination of 

PFOA.  
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5.2 Experimental section 

5.2.1 Preparation of In2O3 samples  

The In2O3 samples were prepared by annealing In(OH)3 in a muffle furnace at 300, 

400, 500 and 600 ℃, denoted as In2O3-300, In2O3-400, In2O3-500 and In2O3-600, 

respectively. Thermogravimetric (TG) analysis of the In(OH)3 shows that the 

dehydration of In(OH)3 to form In2O3 occurs at 200 to 270 ℃. From 270 to 600 ℃, high 

crystalline In2O3 phase is formed with little weight loss (Li et al. 2014), thus, 300, 400, 

500 and  600 ℃ were selected.  

 

5.2.2 Characterization of In2O3 samples 

Scanning electron microscopy (SEM, Zeiss Supra 55VP, Carl Zeiss AG) was 

employed to observe the morphologies of In2O3 catalysts. X-ray diffraction (XRD) 

(Siemens D5000) was conducted over Bragg angles ranging from 1° to 90° (Cu Kα, λ 

= 1.54059 Å). The composition and state of surface elements were monitored by X-ray 

photoelectron spectroscopy (XPS, ESCALab 250Xi, Thermo Fisher). N2 

adsorption/desorption isotherms were carried out to determine the specific surface areas 

(SSAs). Transmission electron microscopy (TEM), high-resolution transmission 

electron microscopy (HRTEM) and the selected area electron diffraction (SAED) were 

recorded on a JEOL-2100F high resolution transmission microscope using an 

accelerating voltage of 200 kV. Photoluminescence (PL) spectra were recorded on a 

fluorescence spectrophotometer (F-4600, Hitachi) to detect the generation of hydroxyl 

radicals (•OH) on the surface of UV-irradiated In2O3 surface without or in the presence 

of Fe3+. Electron Paramagnetic Resonance (EPR) was carried out using a EPR 

spectrometer (JES-FA 200). DRIFTS spectra were collected on a Shimadzu Tracer-100 

FTIR spectrometer equipped with a high-sensitivity mercury cadmium telluride (MCT) 

detector cooled by liquid nitrogen.  

In-situ DRIFTS were recorded to track the degradation process of PFOA over 

In2O3 catalysts under 254 nm UV light irradiation. In2O3 was mixed with PFOA 

solution (2 g L‒1) and stirred for 1 h to ensure that PFOA was adsorbed on In2O3. 

Afterwards, In2O3 was separated by centrifugation and heated in the drying oven for 12 

h at 55 ℃. In2O3 catalysts with adsorbed PFOA were placed in a ceramic cup (0.35 mm 

depth, 5 mm i.d.) (Wang et al. 2018). The temperature of DRIFTS chamber was 
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controlled at 25 ℃. The flow rate of humid air was set as 200 mL min‒1 controlled by 

mass flow controllers (Beijing Sevenstar electronics Co., LTD). A background 

spectrum was recorded firstly. Then, high-pure humid air was introduced. And a 32 W 

254 nm UV light lamp was switched on to irradiate the sample. The spectra of DRIFTS 

were collected every 2 min, with a resolution of 4 cm‒1. Each spectrum was the average 

of 100 scans. 

 

5.2.3 Photocatalytic degradation of PFOA 

A cylindrical reactor vessel with a quartz cap was used for the photocatalytic 

decomposition of PFOA. The volume of the photoreactor was 160 mL, with the height 

of 8 cm, and the irradiated area was 20 cm‒2. The irradiation power received on the 

surface of the photoreactor was 4.0 mW cm‒2. The pH of PFOA solution (10 mg L‒1) 

was 4.85, and after the addition of FeCl3, the solution pH decreased to 4.42, 4.18 and 

3.96 when the concentration of FeCl3 was 25, 50 and 100 µM, respectively. 100 mL of 

PFOA solution (10 mg L‒1) and a certain amount of In2O3 were mixed in the reactor, 

the mixture was then stirred in dark for 30 min to achieve adsorption-desorption 

equilibrium, according to our preliminary experiments. Afterwards, the 254 nm UV 

light was turned on and 2 mL solution was taken at certain times. Lastly, the sample 

was filtered for further analysis of PFOA concentration and fluoride ion concentration. 

The samples were taken at regular times, filtered and then diluted by 20 times. External 

standards were applied for the quantification of PFOA and its degradation intermediates 

(Fig. S1). The concentration limit of PFOA and its degradation intermediates were in 

the range of 0.5-500 µg L‒1. The concentration of the fluoride ion was detected by a 

Dionex ICS-600 IC system.  

 

5.2.4 Analysis of PFOA and its decomposition intermediates 

High-performance liquid chromatography-tandem mass spectrometry (HPLC-

MS/MS, Agilent) was applied for the quantification of PFOA and its decomposition 

intermediates. Agilent 1260 series equipped with a Poroshell 120 EC-C18 reversed-

phase column (3 ×100 mm, 2.7 µm, Agilent) were employed to separate PFOA and its 

decomposition intermediates. Mass spectrometric analysis was performed under the 

multiple reaction monitoring (MRM) mode with negative electrospray ionization. 

Solvent A (methanol) and solvent B (0.1 % formic acid aqueous solution) were used as 
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the mobile phase. The elution gradient was set as follows: 0-8.0 min, solvent A 

increased from 30% to 90%; 8.0-10.0 min, held solvent A at 90%; 10.0-13.0 min, 

solvent A increased from 90% to 100%; 13.0-15.0 min, held this proportion; 15.0-15.5 

min, the gradient of solvent A decreased from 100% to 30%.  

 

5.3 Results and discussion  

5.3.1 Characterization of In2O3 catalysts 

 

Figure 5.1 XRD patterns (a), N2 adsorption/desorption isotherm (b), Barrett-Joyner-

Halenda (BJH) pore size distribution plots (c) and Raman spectra (d), In 3d core level 

spectra (g), and the O1s XPS spectra (e, f, h, i) of In2O3 samples. 

 

Figure 5.1a shows the powder XRD patterns of In2O3 samples. All the recorded 

peaks can be indexed to the cubic In2O3 (JCPDS, No. 06-0416). In addition, the 

intensity of XRD pattern increases with the increase of calcination temperature, 

indicating the crystallinity of In2O3 enhances with temperature (Yan et al. 2010). The 

N2 adsorption/desorption isotherms and the pore-size distribution of In2O3 samples are 
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shown in Fig. 5.1b and Fig. 5.1c, respectively. The Brunauer-Emmett-Teller (BET) 

surface area of In2O3-300, In2O3-400, In2O3-500 and In2O3-600 are 83.34, 48.14, 21.96 

and 6.80 m2 g‒1, correspondingly. The improved SSA may facilitate the adsorption of 

PFOA. The defect states of In2O3 catalysts treated at different temperatures were 

analyzed using room temperature Raman-scattering, and the Raman shift data were 

collected from 100-800 cm‒1, as shown in Fig. 5.1d. All observed peaks in Raman 

spectra of In2O3 samples decreased with the increase of the calcination temperature. 

The results were consistent with the reported values in the literature (Gan et al. 2013). 

Typically, the peaks at 364 cm‒1 are attributed to the stretching of In-O-In, which 

reflects the oxygen vacancy in the In2O3 structure (Sun et al. 2020a, Wu et al. 2021). 

In2O3 prepared under lower temperature exhibit higher oxygen vacancy concentration.  

XPS spectra were utilized to investigate the sample surface chemistry. The peaks 

at 444.5 and 452.0 eV could be assigned to the characteristic spin-orbit split 3d5/2 and 

3d3/2 of In element (Figure 5.1g) (Lei et al. 2014). As shown in Figures 5.1e, 5.1f, 5.1h, 

5.1i, the O 1s core spectra were deconvoluted into two peaks located at 530.0 and 531.5 

eV, which were named as Ob and Oa, respectively. The Oa peak is related to oxygen 

atoms adjacent to oxygen deficiency sites and the Ob peak demonstrates O2- ions 

surrounded by In atoms (Fan and Goodenough 1977). The binding energy (BE) of Oa 

is about 1.5 eV higher than that of Ob. Therefore, the oxygen vacancy level of In2O3 

samples corresponds with Oa/Ob ratio (Li et al. 2013c). The Oa/Ob ratios of In2O3 

materials prepared at 300, 400, 500 and 600 ℃ are calculated to be 0.466, 0.404, 0.342 

and 0.329 correspondingly, indicating that oxygen vacancy level of In2O3 decreased 

with the increase of annealing temperature(Lei et al. 2014), consistent with the Raman 

spectra.  

 

 



 

54 
 

 

Figure 5.2 UV-vis absorption spectra (a); the band gaps (b) and SEM images (c-f) of 

In2O3 samples. 

 

The UV-vis spectra (Fig. 5.2a) demonstrate that In2O3 samples prepared at 

different temperatures have similar absorption for UV-visible light. From Fig. 5.2b, we 

can see that the estimated band gap of the In2O3 catalysts was ~2.72 eV. In Fig. S3b, E 

= hv, E is the photon energy, h is known as the Planck constant, and v is the light 

frequency. The conduction band (~2.17 eV) of In2O3 was well-positioned for the 

oxidation of PFOA by photo-induced holes. Figure 5.2c-f shows that In2O3 samples 

obtained at different temperatures have similar morphologies and structures, and thus 

the influence of morphologies on the performance of In2O3 can be excluded. As can be 

seen from the SEM images (Fig. 5.2), In2O3 catalysts obtained by the calcination of 

In(OH)3 at 300, 400, 500 and 600 ℃ had similar particle sizes. The particle sizes of the 

In2O3 particles were in the range of 2-5 µm. The microstructures of In2O3-400 and 

In2O3-600 were explored by TEM analyses, as shown in Fig. 5.2. The SAED pattern 
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indicate that In2O3-400 (Fig. 5.3b) and In2O3-600 (Fig. 5.3g) exhibit the polycrystalline 

nature. The interplanar spacing of 0.292/0.289 and 0.413 nm indicated the presences of 

(222) and (211) planes of In2O3 (Fig. 5.3c and Fig. 5.3f). The observed stripes 

demonstrate good crystallinity of In2O3-600 (Fig. 5.3h), while the lattice fringes of 

In2O3-400 (Fig. S6a) were not that obvious as In2O3-600, indicating its much lower 

crystallinity. The results were consistent with the XRD intensities of In2O3 catalysts. 

Thus, more amorphous phases were mingled with crystal phases at lower calcination 

temperatures (300 and 400 ℃), resulting in the formation of defect structures (Wang et 

al. 2021b). A great amount of dangling bonds in the defects would act as dense active 

sites for enhancing the activities of catalysts (Chandrasekaran et al. 2019, Hao et al. 

2020). 

 

Figure 5.3 HRTEM images of In2O3-400 (a); The SAED pattern of In2O3-400 (b); 

magnified image of the circled area in Fig. 5.3a (c); TEM image of In2O3-400 (d); TEM 

image of In2O3-600 (e), magnified image of the circled area in Fig. 5.3h (f), the SAED 

pattern of In2O3-600 (g), HRTEM image of In2O3-600 (h). 

 

5.3.2 Photocatalytic decomposition of PFOA by In2O3 catalysts 
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Figure 5.4 Time course of PFOA degradation and the defluorination ratio of PFOA in 

the presence of (a, e) In2O3-300, (b, f) In2O3-400, (c, g) In2O3-500 and (d, h) In2O3-600 

of different dosages.  

 

Figure 5.4a-d show the removal of PFOA from aqueous solution in the presence 

of In2O3 catalysts of different concentrations. Less PFOA was adsorbed onto In2O3 

prepared at higher temperatures, during the dark adsorption period. The SSA of In2O3 

decreased with the increase of calcination temperature. Less adsorption sites were 
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provided due to lower SSA of In2O3-600, therefore less PFOA was adsorbed. About 80% 

of PFOA was adsorbed by In2O3-300 with the dosage of 0.5 g L‒1, while only less than 

20% of PFOA was adsorbed by In2O3-600 under the same condition. Moreover, PFOA 

could be almost completely removed in 4 h in the presence of In2O3-300 or In2O3-400. 

For In2O3-500, about 80-90% of PFOA could be removed in 8h, and only 40-60% of 

PFOA could be removed in 8h with In2O3-600. Defluorination ratio is also one of the 

important indexes for the mineralization of PFOA. As shown in Figure 5.4e-h, In2O3-

400/In2O3-300 show the best defluorination performance of PFOA (38% for In2O3-400 

and 35% for In2O3-300). In2O3-600 demonstrated a poor performance with a 

defluorination ratio ~20%. To obtain a higher defluorination ratio of PFOA 

decomposition, 0.2 g L‒1 is the optimal concentration for these four kinds of In2O3 

catalysts (Fig. 5.4e-h). In2O3-400 and In2O3-600 were selected to investigate the effect 

of Fe3+ on the decomposition of PFOA, and FeCl3 was used to provide Fe3+.  

 

Figure 5.5 The effect of Fe3+ on the degradation of PFOA over (a) In2O3-400 and (b) 

In2O3-600. The defluorination ratio of PFOA in (c) Fe3+/In2O3-400 and (d) Fe3+/In2O3-

600 systems.  

 

5.3.3 Fe3+ Promoted the photocatalytic defluorination of PFOA over In2O3 
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Figure 5.6 Time course of PFOA degradation (a) and the defluorination ratio of PFOA 

in Fe3+/UV systems (b). 

 

When Fe3+ was added in the aqueous solution, the adsorption of PFOA was 

enhanced (Fig. 5.5a-d). In the presence of Fe3+, ~60% and 30% of PFOA was adsorbed 

by In2O3-400 and In2O3-600, respectively. PFOA was completely deprotonated when 

the solution pH ≥ 4 (Liu et al. 2020). With the decrease of solution pH, In2O3 surface 

became more positively charged, which facilitated the adsorption of anionic PFOA 

(Sahu et al. 2018). The addition of FeCl3 decreased the solution pH, therefore enhancing 

the adsorption of PFOA (Fig. 5.5a-b). The concentration of Fe3+ (25, 50 and 100 µM) 

had little effect on the adsorption and decomposition of PFOA in Fe3+/In2O3-600 system. 

While Fe3+ only slightly increased the defluorination efficiency of PFOA over In2O3-

400 (Fig. 5.5c), with the defluorination ratio increased from 39% to 43%. Fe3+ markedly 

enhanced the photocatalytic degradation of PFOA over In2O3-600, with PFOA 

completely removed after UV irradiation for 8h. Moreover, a defluorination ratio of 60% 

was achieved in the Fe3+/In2O3-600 system, three times higher than In2O3-600 (Fig. 

5.5d). Fe3+ was used as the catalyst for the decomposition of PFOA under UV 

irradiation (Fig. 5.6a), the defluorination ratio increased from 30% to 43% with the 

concentration of Fe3+ increased from 25 to 100 µM (Fig. 5.6b), and the degradation 

ratio of PFOA increased from 53% to 76% (Fig. 5.6a).  
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Figure 5.7 The mass balance of fluorine after UV irradiation for 8h (a); Time course 

of shorter-chain intermediates formation in the UV/Fe3+ (25 µM) system (b). 

 

After irradiation with UV light for 8h, the fluorine mass balance was calculated 

(Fig. 5.7a). The F content in the decomposition intermediates of PFOA decreased with 

the assistance of Fe3+, while the F content detected was less than 100 %, the reason 

could be that some of PFOA and its PFACs were adsorbed on the surface of In2O3. 

Figure 5.8 displayed the time-dependent concentrations of the decomposition 

intermediates of PFOA, i.e., perfluoroheptanoic acid (C6F13COOH, PFHpA), 

perfluorohexanoic acid (C5F11COOH, PFHxA) and perfluoropentanoic acid 

(C4F9COOH, PFPeA) during the UV light irradiation process. Shorter-chain 

perfluorocarboxylic acids (PFCAs), mainly C5-C7 PFCAs were detected in the 

decomposition processes. In In2O3-400 and In2O3-400/Fe3+ systems, PFHpA 

(C6F13COOH) increased firstly, reaching the maximum concentration in 2h, and started 

to decrease afterwards (Fig. 5.8a and Fig. 5.8c).  PFHpA can be further decarboxylated 

and degraded into perfluorohexanoic acid (PFHxA, C5F11COOH), and finally 

mineralized to fluoride ion and carbon dioxide. While, in In2O3-600 system (Fig. 5.8b) 

and Fe3+-25µM/UV system (Fig. 5.7b), the concentration of PFHpA kept increasing in 

8h. When Fe3+ was added in the In2O3-600 system, the amount of PFHpA increased in 

the first 4h and then decreased (Fig. 5.7d), demonstrating the faster generation and 

elimination of PFHpA than in In2O3-600 Fe3+/UV systems. These results indicated that 

Fe3+ greatly promoted the decomposition of PFOA over In2O3-600. The stepwise 

degradation of PFOA and shorter-chain PFCAs in In2O3 and In2O3/Fe3+ systems implied 

that Fe3+ did not affect the decomposition pathway, where one CF2 was removed in one 

step.  
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Figure 5.8 Time course of shorter-chain intermediates formation under UV irradiation 

over (a) In2O3-400, (b) In2O3-600, (c) In2O3-400 and (d) In2O3-600 in the presence of 

Fe3+.  

 

5.3.4 Mechanism of photocatalytic PFOA decomposition over In2O3 in the 

presence of or without Fe3+ 

DRIFTS analysis was carried out to characterize the structural changes of 

adsorbed PFOA on In2O3 catalysts, as shown in Fig. 5.9a. PFOA adsorbed on In2O3 in 

the form of its carboxylate anions (Ekström and McQuillan 1999). The typical 

asymmetric and symmetric vibration of O=C-O- appeared in the DRIFTS spectra. The 

peak at 1662 cm‒1 could be assigned to the asymmetric stretching (Δvas) of O=C-O-, 

and the peak at 1440 cm‒1 was due to the symmetric vibration (Δvs) of O=C-O- group 

(Rotzinger et al. 2004b, Wang et al. 2019b). The lower Δv (Δvas ‒ Δvs=222 cm‒1) of 

PFOA carboxylate indicated the bidentate coordination between PFOA and In2O3-

300/In2O3-400(Song et al. 2019). While, when PFOA was adsorbed onto In2O3-

500/In2O3-600, a shoulder peak appeared at 1692 cm‒1, which maybe due to the 

uncoordinated C=O group of PFOA. The asymmetric peak of O=C-O- at 1649 cm‒1 

and the shoulder peak appeared at 1692 cm‒1 suggested that both bidentate and 

monodentate carboxylate coordination modes existed between PFOA and In2O3-
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500/In2O3-600 (Fig. 5.9b-1, Fig. 5.9b-2) (Gao and Chorover 2012, Gu et al. 2016a). We 

suggested that the dangling C=O group of PFOA in the In2O3-600 system could 

coordinate with the added Fe3+. A tight coordination between Fe3+, PFOA and In2O3-

600 was formed (Fig. 5.9b-3), facilitating the direct oxidation of PFOA by photo-

generated holes in In2O3. Thus, the addition of Fe3+ could significantly enhance the 

defluorination of PFOA over In2O3-600. 

 

Figure 5.9 DRIFT spectra of PFOA adsorption equilibrium on In2O3 catalysts (a); The 

coordination modes of PFOA with In2O3 and the coordination mode of PFOA with 

In2O3 in the presence of Fe3+ (b); The in-situ DRIFTS spectra for the photocatalytic 

degradation processes of PFOA over (c) In2O3-400, (d) In2O3-600.  

 

To further understand the degradation process of PFOA over In2O3, the in-situ 

DRIFTS was recorded. The processes over In2O3-400 and In2O3-600 were carried out 

to know if there were any differences of the decomposition processes due to their 

different coordination modes with PFOA. Figures 5.9c and 5.9d show the structural 

changes of PFOA during decomposition processes over In2O3-400 and In2O3-600, 

respectively. Peaks at 1656 cm‒1 and 1420/1429 cm‒1 could be attributed to the 

asymmetric and symmetric vibrations of carboxyl groups (Song et al. 2017), and peaks 
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at 1148 cm‒1, 1209 cm‒1 and 1286 cm‒1 are assigned to C‒F bonds. Peak at 1018 cm‒1 

corresponds to stretching of C‒C bond. The reversed peaks demonstrate the 

consumption of ‒COOH group, C‒F and C‒C bonds, further verifying that the ‒COOH 

and C‒F were attacked during the degradation process. PFOA was degraded on the 

surface of In2O3-400 more quickly than over In2O3-600, due to the higher concentration 

of oxygen vacancy (Gan et al. 2013, Li et al. 2013c). It only takes 4 min to reach the 

maximum peak intensity on the surface of In2O3-400 (Fig. 5.9b), while more than 10 

min is required for In2O3-600 (Fig. 5.9c). In addition, the shoulder peak at 1690 cm‒1 

(Fig. 5.9a) was due to the vibration of C=O bond, demonstrating that the monodentate 

coordination mode influenced the decomposition process. Thus, the decarboxylation of 

PFOA over In2O3-600 became slower, and a lower defluorination ratio and 

decomposition rate was obtained. Which could also be observed in the in-situ spectra 

of PFOA decomposition. So, we supposed that Fe3+ could assist the coordination of 

PFOA with oxygen-vacancy-deficent In2O3 in the mode as shown in Fig. 5.9b-3. 

Moreover, similar intensities of PL spectra emission at 420 nm were observed (Fig. 

S11), demonstrating the similar generation rate of •OH radicals. These results indicated 

that calcination temperature (400 and 600 ℃) and Fe3+ had little influence to produce 

•OH radicals. Therefore, the enhancement promoted by Fe3+ was not due to the higher 

production of •OH species. The decarboxylation was initiated by the hole oxidation. 

The tight coordination facilitated the decarboxylation. Ferric ion easily forms complex 

with carboxylate and the complex formed may photolyze to Fe2+ and an organic radical 

through the ligand-to-metal charge transfer. Both the Fe3+ ion and photo-induced holes 

on the surface of In2O3 could synergistically accelerate the decarboxylation of PFOA.  

 

Figure 5.10 The proposed pathway of PFOA over oxygen-vacancy-deficient In2O3 in 

the presence of Fe3+. 
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The coordination modes of ‒COOH with In2O3 is critical for the decarboxylation 

of PFOA (Li et al. 2020b), which is the initial step for PFOA decomposition (Qu et al. 

2016). In the In2O3-600/Fe3+ system, Fe3+ participated in the complexation between 

In2O3-600 and PFOA (Figure 5.10), pacifying the dangling C=O group of PFOA (Liu 

et al. 2017a). Under UV light irradiation, C7F15⦁ was generated from the 

decarboxylation of PFOA, and subsequently reacted with ⦁OH radical to generate 

C7F15OH (Song et al. 2017, Yang et al. 2020b). C7F15OH would dissociate to HF and 

C6F13COF, which would then hydrolyze to generate C6F13COOH and HF. C6F13COOH 

then degraded the same way as PFOA, and finally to F‒ and CO2 (Liu et al. 2020, 

Trojanowicz et al. 2018). 

 

5.4 Conclusion 

In summary, In2O3 samples were prepared by the calcination of In(OH)3 at 

different temperatures (300, 400, 500 and  600 ℃) and used for the removal of PFOA 

from contaminated water under UV light irradiation. The experiment results show that 

the photocatalytic performance of In2O3 decreased with the increase of calcination 

temperature. Oxygen vacancy rich In2O3-300 and In2O3-400 possessed good 

performance for the decomposition and defluorination of PFOA, when further 

increasing the calcination temperature, the performance of obtained In2O3 deteriorate 

for the decomposition and defluorination of PFOA. However, when Fe3+ ion was added 

in the system, the defluorination ratio of PFOA over In2O3-600 significantly increased, 

from 20% to 60%, while only very slightly increased in the In2O3-400 system, from 39% 

to 43%. DRIFTS spectra demonstrated that uncoordinated C=O group existed when 

PFOA was adsorbed on In2O3-600. Therefore, we supposed that Fe3+ participated in the 

coordination between PFOA and oxygen-vacancy-deficient In2O3-600, therefore 

promoting the decomposition and defluorination of PFOA.   
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CHAPTER 6 

High-performance photocatalytic 

decomposition of PFOA by 

BiOX/TiO2 heterojunctions: self-

induced inner electric fields and 

band alignment 
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6.1 Introduction 

Perfluorooctanoic acid (PFOA) is one of the most spilled perfluoroalkyl 

substances (PFAS) which has been widely used in life and work supplies, such as fire 

retardants and waterproof textiles (Wang et al. 2017b). PFOA has been globally 

detected in aquatic and terrestrial environments (Xu et al. 2017a) and found in many 

organisms (Cui et al. 2020). Exposure to PFOA over certain levels may lead to many 

human diseases such as kidney cancer (Mulabagal et al. 2018), neurotoxicity and 

cardiotoxicity (Eriksen et al. 2010, Johansson et al. 2008). Moreover, most 

conventional remediation technologies demonstrate poor efficiency for PFOA 

degradation, due to the recalcitrant C-F bond (Trojanowicz et al. 2018). However, there 

are limited mild, efficient and easy-operational processes to completely break down 

PFOA. Therefore, efficient technologies are urgently required to ensure the complete 

mineralisation of the intractable PFOA (Tenorio et al. 2020).  

The incomplete decomposition of PFOA results in shorter-chain 

perfluorocarboxylic acids (PFCAs), which would still pose environmental risks 

(Ochoa-Herrera et al. 2016). Reverse osmosis (RO) and adsorption can efficiently 

remove PFOA from the aqueous solution, but the residual needs further treatment by 

other chemical methods (Wang et al. 2017b). Biological approaches demonstrated low 

efficiency for the degradation of PFOA (Trojanowicz et al. 2018). Chemical 

technologies for PFOA degradation mainly include photochemical (Xiong et al. 2020), 

electrochemical and thermal treatment processes. Complete mineralisation generally 

requires incineration or high-temperature thermal treatments, which needed to be 

conducted under harsh conditions (Hao et al. 2021, Wu et al. 2019a).  As a result, 

extensive research efforts are devoted to exploring photocatalysts of excellent 

efficiency to enable the complete defluorination and mineralisation of PFOA at mild 

conditions. Normally, PFOA was degraded under UV254 nm or UV185nm irradiation 

(Li et al. 2012c, Shao et al. 2013a), due to the recalcitrant C-F bond. The extension of 

spectral region would help to maximise the use of nature sunlight to treat PFOA.  

BiOX (X= Cl, Br, and I) photocatalysts are p-type semiconductors (Song et al. 

2021).  BiOX have been reported to show good performance for photocatalytic 

degradation of PFOA (Song et al. 2017, Wang et al. 2019a, Yang et al. 2020b). The 

BiOX consists of tetragonal [Bi2O2]2+ positive layers interleaved by negative halide 

layers, and the layers are connected through van der Waals interactions with X atoms 
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along the c-axis, leading to 2D flexible ultrathin nanosheets (Ai et al. 2009, Li et al. 

2017a, Zhang et al. 2006) (Li et al. 2017a). The internal electric field (IEF) in BiOX 

photocatalysts endows them with appealing photocatalytic activity because IEF will 

facilitate charge separation and migration from bulk to surface (Li et al. 2016a, Zhang 

et al. 2006). Construction of heterojunctions is also an efficient strategy to enhance the 

photocatalytic performances. The establishment of heterojunction interfaces would 

facilitate photo-induced charge separation and transfer, thus enhancing photocatalysis 

of the composites. The studies of BiOX-based heterojunctions mainly focused on p-n 

heterojunctions, type II and Z-scheme systems (Wang et al. 2019d). For example, 

BiOI@Bi12O17Cl12 (Fan et al. 2016), BiOBr/Bi2WO6 (Hu et al. 2016), and g-

C3N4/BiOX (Song et al. 2021) have been developed which demonstrated improved 

efficiencies than pure BiOX.  

TiO2 is a benchmark and commercial catalyst in photochemistry owing to its easy 

availability, photostability, and high redox capacity (Kapilashrami et al. 2014, Sun et 

al. 2020b). However, its photocatalytic activity is restricted by the rapid recombination 

of photo-induced electron-hole pairs (Choi et al. 1994). Built-in electric field (BIEF) 

can be created near the interfaces of p-n heterojunctions, which could enhance the  

separation efficiency of photo-induced electrons and holes, thus improving the 

photocatalytic activities (Ji et al. 2016). Specifically, p-type and n-type semiconductors 

are combined to prepare an effective p-n heterojunction (Duoerkun et al. 2020, Low et 

al. 2017). BIEF will guide the migration of photo-generated electrons to the conduction 

band (CB) of the n-type semiconductor and photo-generated holes to the valence band 

(VB) of the p-type semiconductor, respectively. Normally, in a p-n heterojunction 

photocatalyst, the positions of CB and VB of p-type semiconductor are higher than n-

type semiconductors (Chen et al. 2010, Zhang et al. 2010b). Thus, the band alignment 

would also drive the photo-induced holes and electrons to VB of the p-type 

semiconductor and CB of the n-type semiconductor, respectively. Consequently, the 

synergistic effect between BIEF and band alignment would lead to a high charge 

separation efficiency and activity in photocatalysis.  

Herein, BiOX/TiO2 composites were prepared by a facile hydrothermal approach. 

The formation of p-n heterojunctions significantly enhanced the performance for 

photocatalytic decomposition of PFOA. PFOA was completely decomposed by 

BiOBr/TiO2 and BiOCl/TiO2 heterojunctions. A high defluorination ratio of 82% was 

obtained in the BiOCl/TiO2/UV system. We applied advanced characterizations to 
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reveal that IEF of BiOX and the band alignment regulated the photo-induced electrons 

transfer from BiOX to TiO2, and facilitated the charge carrier shuttle between BiOX 

and TiO2, thus improving the activity for generating reactive oxygen species (ROS) and 

enhancing PFOA decomposition.  

 

6.2 Materials and methods 

6.2.1 Preparation of BiOX and BiOX/TiO2 catalysts 

The BiOX (X=Cl, Br, I) and BiOX/TiO2 photocatalysts were synthesized by 

hydrothermal approaches. Specifically, Bi(NO3)3•5H2O (1.33 mmol) and KX (1.66 

mmol) were dissolved in 33.3 mL ethylene glycol, respectively. 106 mg TiO2 was 

dispersed in Bi(NO3)3•5H2O solution by stirring to obtain a homogeneous suspension. 

Subsequently, the KX solution was added into the above suspension under vigorously 

stirring. The obtained mixture was kept stirring for another 1 h and then transferred to 

a 100 mL Teflon-lined autoclave, sealed and heated for 12 h at 120 ℃. Finally, the 

obtained composites were separated by centrifugation. The separated composites were 

then washed by ethanol and deionized water for several times. BiOX catalysts were 

synthesized with the same procedures without adding TiO2.  

 

6.2.2 Characterizations of BiOX and BiOX/TiO2 catalysts 

The UV-Vis absorption spectra of BiOX and BiOX/TiO2 photocatalysts were 

recorded on a 950 UV/Vis-NIR spectrophotometer (Perkin Elmer Lambda). X-ray 

diffractions (XRD) (Bruker D8 Advance) were collected from 10° to 80°. X-ray 

photoelectron spectroscopy (XPS, ESCALab 250Xi, Thermo Fisher) was applied to 

investigate the compositions, quantities, and state of surface elements of the as-

synthesized photocatalysts. The specific surface areas (SSAs) and the pore size 

distributions of the studied photocatalysts were investigated by a surface-area pore 

analyser. The morphologies of BiOX and BiOX/TiO2 catalysts were observed by 

scanning electron microscopy (SEM, Zeiss Sigma 300). The transmission electron 

microscopy (TEM), high-resolution transmission electron microscopy (HRTEM) and 

the selected area electron diffraction (SAED) images were collected on a JEOL-2100F 

high-resolution transmission microscope. A Fourier transform infrared spectrometer 

(FTIR, Shimadzu Tracer-100) equipped with a high-sensitivity mercury cadmium 
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telluride (MCT) detector was applied to collect the diffuse reflectance infrared Fourier 

transform spectroscopy (DRIFTS). Electron spin resonance (EPR) was conducted on 

an ESR spectrometer (JES-FA 200). 

 

6.2.3 Photocatalytic degradation of PFOA 

The reactors used and the pH conditions of the PFOA solution were the same as 

our previous work (Liu et al. 2021b). A certain amount of catalyst was added in the 

PFOA solution (initial concentration of 10 mg L‒1) and then stirred in dark for 30 min 

to observe the adsorption of PFOA onto the studied semiconductor photocatalysts. 

High-concentration PFOA have been detected in polluted water from PFAS related 

factories (Lin et al. 2010), and previous studies reported the concentration of PFOA up 

to 6.57 mg L‒1 in surface waters after accidental spills of aqueous firefighting foam in 

the united States (Schultz et al. 2004). Therefore, we choose 10 mg L‒1 as the initial 

PFOA concentration for performance evaluation of the photocatalysts.  A 254 nm UV 

light (30 W) and Xenon lamp (300 W) were applied as the light sources. The Xenon 

lamp emission light spectrum was shown in Fig. S1 (the blue one). 2 mL liquid was 

taken at regular time intervals. Lastly, the samples were filtered to detect the 

concentrations of PFOA, degradation intermediates and fluoride ion. All the 

photocatalytic PFOA degradation experiments were conducted with triplicates.  

 

6.2.4 Analysis of PFOA and its decomposition intermediates 

PFOA and the degradation intermediates were quantified using high-performance 

liquid chromatography-tandem mass spectrometry (HPLC-MS/MS, Agilent). The 

organic species were firstly separated by an Agilent 1260 series equipped with a 

Poroshell 120 EC-C18 reversed-phase column (3 ×100 mm, 2.7 µm). Multiple reaction 

monitoring (MRM) mode with negative electrospray ionization were applied for the 

mass spectrometric analysis. Methanol (mobile phase A) and 0.1 % formic acid aqueous 

solution (mobile phase B) were used as the mobile phases for HPLC analysis. The 

elution gradients of this analysis method were set as follows: methanol gradient 

increased from 30% to 90% from 0 to 8.0 min; 8.0-10.0 min, held mobile phase B at 

90%; 10.0-13.0 min, linearly increased mobile phase A from 90% to 100%; 13.0-15.0 

min, held this proportion; 15.0-15.5 min, decreased the mobile phase A from 100% to 

30% linearly.  
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6.3 Results and discussion 

6.3.1 Characterizations of BiOX and BiOX/TiO2 catalysts 

Table 6.1 The SSA and the average pore sizes of BiOX and BiOX/TiO2 catalysts.  

Catalyst BiOCl 
BiOCl/

TiO2 
BiOBr 

BiOBr/

TiO2 
BiOI 

BiOI/

TiO2 
TiO2 

SSA 

(m2 g‒1) 
58.6 45.1 41.2 61.2 67.1 55.8 122.9 

Average 

pore size 

(nm) 

3.3 6.6 4.4 6.6 4.4 5.6 4.1 

 

The crystalline structures and phases of BiOX and BiOX/TiO2 catalysts were 

identified by XRD patterns (Fig. 6.1a-c). The fingerprints of crystalline BiOCl, BiOBr 

and BiOI could be assigned to standard tetragonal phases (JCPDS Card No. of BiOCl: 

06-0249; BiOBr: 09-0393 and BiOI: 73-2062). Better exposure of planes would cause 

increased intensity of the corresponding diffraction peaks (Chen et al. 2013). A typical 

[101] anatase phase (JCPDS file No. 21-1272) and some rutile phases were identified 

(JCPDS file No. 21-1276) in the XRD spectra of TiO2 (P25). The characteristic peak 

of [110] phase exhibited the strongest intensity in BiOX. However, when combined 

with TiO2, the intensity of peak [110] of BiOX became relatively weaker. The changes 

in XRD patterns suggested that the [110] facet of BiOX nanocrystals is inclined to grow 

on TiO2 nanoparticles. A small peak of [101] lattice plane of TiO2 could be observed 

in the diffraction patterns of BiOI/TiO2. Also, a swell aside the [101] peak of BiOCl 

was found for BiOCl/TiO2 composite which was attributed to the diffraction of TiO2. 

These results indicated the successful preparation of BiOX/TiO2 heterojunctions. The 

specific surface area (SSA) and pore size distribution of BiOX and BiOX/TiO2 catalysts 

were analysed by N2 adsorption-desorption process (Table 6.1). The SSA of 

BiOCl(I)/TiO2 decreased by ~20%, compared with BiOCl(I). BiOBr/TiO2 (61.2 m2 g-

1) had larger SSA than BiOBr (41.2 m2 g-1). After combining with TiO2, BiOX/TiO2 

possessed a larger average pore size than BiOX.  The SSA of BiOX and BiOX/TiO2 

were in the range of 40-70 m2 g
-1
. It is not the significant impact factor on the 

photocatalytic efficiency in this study. 
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Figure 6.1 XRD spectra of BiOX and BiOX/TiO2 catalysts (a-c); XPS spectra of Bi 4f 

(d-f), Cl 2p (g), Br 3d (h), I 3d (i) of BiOX and BiOX/TiO2; XPS spectra of Ti 2p (j-m) 

of BiOX/TiO2 and TiO2. 

 

XPS was conducted to study the compositions and the elemental states of BiOX, 

TiO2 and BiOX/TiO2 composites. Fig. 1d-m displayed the details of Bi4f, Cl2p, Br3d, 

I3d and Ti2p. The Bi4f5/2 and Bi4f7/2 peaks  located at ~164.5 and  ~159.2 eV are the 

characteristic peaks of Bi3+ (Fig. 6.1d-f) (Wang et al. 2017a). The peaks centered at 

~199.8 and 198.2 eV are attributed to Cl 2p1/2 and Cl 2p3/2 signals, which are the 

characteristics of Cl‒ in BiOCl (Fig. 6.1g) (Li et al. 2016c). The XPS peaks at 69.2 and 

68.3 eV of Br 3d3/2 and Br 3d5/2 are the featured peaks of Br‒ in BiOBr (Fig. 6.1h). Two 

primary peaks of the XPS spectra of I 3d are located at 630.1 and 618.6 eV, which could 

be attributed to I 3d3/2 and I 3d5/2, respectively (Fig. 6.1i). It should be noted that all 

binding energies of Bi and X for TiO2/BiOX were 0.2 ~ 0.5 eV lower than those of 
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BiOX, indicating that electrons were transferred to BiOX from TiO2 (Yu et al. 2021). 

As can be seen from Fig. 6.1j-m, the chemical binding energies located at 458.4 eV, 

and 464.1 eV could be ascribed to Ti4+ in TiO2. The peak at ~ 466.0 eV of Ti4+ in 

BiOX/TiO2 might be due to the formation of Ti-X bond (Akhavan and Ghaderi 2009, 

Wang et al. 2019c). Thus, BiOX connected with TiO2 via strong chemical bonds, rather 

than forming a physical mixture. Especially, BiOCl connected with TiO2 tightly due to 

the higher content of 466.1 eV of Ti4+ in BiOCl/TiO2. The peak at 466.0 eV of Ti4+ in 

BiOBr(I)/TiO2 seemed quite weak, due to the decreased negativity of Br and I, 

compared with Cl. 

 

 

Figure 6.2 SEM images of BiOCl (a, b), BiOCl/TiO2 (c, d) and element mapping of O 

(f), Cl (g), Bi (h) and Ti (i) in BiOCl/TiO2; TEM image (j) and SAED pattern (k) of 

BiOCl; HRTEM image (l) and TEM image (m) of BiOCl/TiO2 

 

The morphologies of BiOX, TiO2 and BiOX/TiO2 were observed by SEM images 

(Fig. 6.2; Fig. 6.3; and Fig. 6.4). The prepared BiOCl and BiOBr samples are 3D 

flower-like microspheres, assembled by 2D nanorods (Fig. 6.2a-b; and Fig. 6.3a-b). 

After the introduction of TiO2, BiOCl/TiO2 and BiOBr/TiO2 exhibit nonuniform 

flower-like spherical morphology. In addition, BiOCl and BiOBr nanorods of smaller 

sizes were observed in BiOCl/TiO2 and BiOBr/TiO2 composites (Fig. 6.2c-d; and Fig. 

6.3c-d). The smaller BiOCl(Br) nanorods might facilitate the transfer of charge carriers 

from internal to surface for redox reactions (Linic et al. 2011). The morphology of BiOI 
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is 3D flower-like microspheres assembled by 2D nanosheets (Fig. 6.4a-b). Moreover, 

more TiO2 nanoparticles were also observed in the BiOI/TiO2 composite (Fig. 6.4c-d). 

The elemental mapping images showed the evenly distributed Bi, O, X (Cl, Br, I) and 

Ti in the catalysts (Fig. 6.2e-i; Fig. 6.3e-i; and Fig. 6.4e-i), further demonstrating the 

successful preparation of BiOX/TiO2 composites. 

 

 

Figure 6.3 SEM images of BiOBr (a, b), BiOBr/TiO2 (c, d) and element mapping of O 

(f), Br (g), Bi (h) and Ti (i) in BiOBr/TiO2. 
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Figure 6.4 SEM images of BiOI (a, b), BiOI/TiO2 (c, d) and element mapping of O (f), 

I (g), Bi (h) and Ti (i) in BiOI/TiO2. 

 

Figure 6.5 The TEM images of BiOBr (a-c) and BiOBr/TiO2 (d-f) photocatalysts. 

 

Fig. 2j-m displayed the TEM images of BiOCl and BiOCl/TiO2 photocatalysts. 

The size of BiOCl nanorods became smaller when combined with TiO2 (Fig. 6.2j and 

Fig. 6.2m), which is in accordance with the SEM results. The SAED pattern (Fig. 6.2k) 

indicated the single crystalline structure of BiOCl.  The angle between [110] and [200] 

planes is calculated to be 45°, which is in accordance with the angle labelled in the 

SAED pattern (Guan et al. 2013, Jiang et al. 2012). Fig. 6.2l demonstrated the well 
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crystalline structure of BiOCl nanorods. The typical TiO2 [101] planes with the 

characteristic lattice fringes of 0.35 nm were observed which is shown in the circled 

area (Wei et al. 2018). The direct contact between TiO2 and BiOCl was also noticed in 

Fig. 2d. The interplanar lattice spacing of 0.275 nm was found in the uncovered area of 

the nanorod, which corresponded to the [110] atomic facet of BiOCl. These results 

provided direct evidence that TiO2 leaned on the [110] plane of BiOCl, consistent with 

the XRD results. The TEM images of BiOBr (Fig. 6.5a-c), BiOBr/TiO2 (Fig. 6.5d-f), 

BiOI (Fig. 6.6a-c), BiOI/TiO2 (Fig. 6.6d-f) were also listed. The combination of 

BiOI/BiOBr with TiO2 can be clearly observed.  

 

 

Figure 6.6 The TEM images of BiOI (a-c) and BiOI/TiO2 (d-f) photocatalysts.  

 

The photoluminescence spectroscopy (PL) of BiOX, TiO2 and BiOX/TiO2 

catalysts was also collected with the excitation wavelength of 241 nm (Fig. 6.7). A wide 

peak between 340 nm and 480 nm was observed for these samples. The lowest 

fluorescence intensity of BiOCl/TiO2 indicated that the lower recombination rate of 

photo-induced charge carriers in the composite. BiOBr(I) have similar fluorescence 

intensities with BiOBr(I)/TiO2 (Fig. 6.7).  
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Figure 6.7 PL spectra of BiOX, TiO2 and BiOX/TiO2 photocatalysts. 

 

6.3.2 Photocatalytic decomposition of PFOA by BiOX and BiOX/TiO2 catalysts 

BiOX and BiOX/TiO2 catalysts were used to degrade PFOA under UV 254 nm 

light irradiation. As shown in Fig. 6.8a-c, BiOX/TiO2 exhibited significantly enhanced 

performance than BiOX and TiO2 for the degradation of PFOA. Only 18% of PFOA 

was decomposed by TiO2, after irradiation for 8h. In the presence of BiOI, BiOBr and 

BiOCl, 48%, 33% and 50% of PFOA was degraded, respectively. While in the presence 

of BiOI/TiO2, BiOBr/TiO2 and BiOCl/TiO2, the decomposition ratio of PFOA 

dramatically increased to 88%, 100% and 96%, respectively. These results well 

demonstrated that combining BiOX with TiO2 could significantly intensify the 

photooxidation of PFOA. 
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Figure 6.8 The kinetics of the photocatalytic degradation of PFOA (a-c) and the 

generation of shorter-chain intermediates (d-f) under UV irradiation in the presence of 

BiOX and BiOX/TiO2 catalysts. (Reaction conditions: catalyst dosage, 0.2 g L‒1; 254 

nm UV light); The defluorination ratios of PFOA in the presence of BiOX and 

BiOX/TiO2 catalysts after 8h irradiation under UV 254 nm or Xe lamp (g-i). 

 

In addition, shorter-chain intermediates were detected during the degradation of 

PFOA, as shown in Fig. 6.8d-f. PFHpA (C6F13COOH), PFHxA (C5F11COOH) and 

PFPeA (C4F9COOH) were detected as the primary intermediates of PFOA 

decomposition. Shor-chain PFCAs (C= 3, 2) were also detected at a low concentration 

(<0.02 mg L‒1). The concentration of PFHpA increased first during the first 4-h 

irradiation, reaching the maximum concentration in the presence of BiOCl(Br)/TiO2 

catalysts, and then gradually decreased, while other PFCAs (C5F11COOH and 

C4F9COOH) increased continuously during 8-h irradiation. Differently, in the presence 

of BiOI/TiO2, the concentration of PFHpA reached the maximum in 6 h. It indicates 

that PFOA degraded stepwise in BiOX/TiO2/UV systems, with one CF2 removed in 

one step. Moreover, it could be noticed that the concentrations of shorter-chain PFCAs 

in BiOI/TiO2 system were significantly higher than the BiOCl(Br)/TiO2 system.  
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Figure 6.9 The cycle use of BiOCl/TiO2 for the photocatalytic defluorination of PFOA. 

 

Defluorination ratio is an important indicator to see whether PFOA is completely 

decomposed. After irradiation for 8h, the concentrations of fluoride ions were detected. 

The defluorination ratios in the presence of BiOX and BiOX/TiO2 were listed in Fig. 

6.8g-i. We can see that BiOCl/TiO2 exhibited the best performance for PFOA 

defluorination under UV or Xe lamp irradiation (Fig. 3g). A defluorination ratio of 82% 

was obtained in the BiOCl/TiO2/UV system, with the catalyst dosage of 0.1g L‒1. While 

the defluorination ratio slightly decreased to 73% when the concentration of 

BiOCl/TiO2 increased to 0.2 g L‒1. The decrease of the defluorination ratio with the 

increase of the catalyst dosage, was due to the high dispersity of BiOCl/TiO2 

photocatalyst.  The possible reason could be that the decrease of BiOCl/TiO2 density in 

solution facilitated light transmission to the bottom level of the reactor (Egerton and 

Tooley 2004). Under Xe lamp irradiation, the defluorination ratio was 73% (or 63%) 

in the presence of 0.1 (or 0.2) g L‒1 of BiOCl/TiO2. BiOCl obtained a defluorination 

ratio of 27%, which was much lower than that of BiOCl/TiO2. In the BiOBr/TiO2/UV 

systems, the defluorination ratios were 65% and 59% for 0.1 g L‒1 and 0.2 g L‒1, 

respectively (Fig. 3h). Under Xe lamp irradiation for 8h, the defluorination ratios were 

63% and 55%, for 0.1 g L‒1 and 0.2 g L‒1, respectively. Only a defluorination ratio of 

10% was obtained in the presence of 0.2 g L‒1 BiOBr under UV 254 nm irradiation for 

8 h. BiOI/TiO2 also demonstrated a higher defluorination ratio of ~20% compared with 

12% of BiOI under UV 254 nm irradiation (Fig. 3i). BiOI/TiO2 demonstrated a 

defluorination ratio of 16% under Xe lamp irradiation (Fig. 3i). The higher 

defluorination ratio obtained by BiOCl(Br)/TiO2 systems led to the much lower 

concentrations of shorter-chain PFCAs than those in the BiOI/TiO2 system. These 
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results demonstrated the better performance of BiOX/TiO2 than BiOX. Among 

BiOX/TiO2 catalysts, BiOCl/TiO2 was the most efficient for the decomposition and 

defluorination of PFOA. The electric energy required to treat 1000 L of PFOA solution 

is estimated to be 640 kW•h. As displayed in Table 6.2, BiOCl/TiO2 exhibited better 

performance than the previously reported semiconductors for photocatalytic 

defluorination of PFOA. In addition, the cyclic test of BiOCl/TiO2 manifested that it 

possessed good stability during the four cycles (Fig. 6.9). And BiOCl/TiO2 achieved a 

high defluorination ratio of ~64% of PFOA in the 4th run. 

 

Table 6.2 Photocatalytic removal of PFOA over different semiconductor 

photocatalysts. 

Photochemical 
catalyst 

Pollutant 
Light 

wavelength 
Power Conditions 

Reaction 
time 

Degradation ratio 
&Defluorination 

ratio 
Ref. 

Sheaf-like 
Ga2O3 

PFOA 254 nm 14 W 

C0=0.5 mg 
L‒1 

  

45 min 100% & 60% 
(Shao et 

al. 
2013a) 

Needle-like 
Ga2O3 

PFOA 254 nm 14 W 

C0=0.5 mg 
L‒1 

 

1 h 100% & 58% 
(Shao et 

al. 
2013b) 

In2O3 PFOA 254 nm 23 W 

C0=40 mg 
L‒1 

 

4 h 80% & 33% 
(Li et al. 
2012a) 

Fe-zeolites PFOA 365 nm 4W 
C0=48 µM 

 
24h 100%&40% 

(Qian et 
al. 

2020) 

BiOF PFOA Hg lamp 
500 
W 

C0=15 mg 
L‒1 

 

6h 100%&‒ 
(Wang 
et al. 

2021a) 

BiOCl/TiO2 PFOA 254 nm 32 W 
C0=10 mg 

L‒1 
8h 100%&82% 

This 
work 

 

 

6.3.3 The coordination mode and reactive oxygen species 

The coordination mode of PFOA with TiO2, BiOX and BiOX/TiO2 catalysts were 
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investigated by the DRIFTS spectra (Fig. 6.10a). The peaks at 1672 and 1425 cm‒1 of 

TiO2/PFOA corresponded to the asymmetric and symmetric stretching modes of –COO 

group (Li et al. 2012b, Rotzinger et al. 2004b). Upon adsorption on BiOI, BiOI/TiO2 

and BiOCl/TiO2, the peaks of –COO group appeared at 1624 and 1418 cm‒1. According 

to the stretching frequencies of carboxylate, a smaller Δv value (Δv = vas (COO‒) - vs 

(COO‒)) was correlated with a tighter coordination mode of PFOA with catalysts (Gao 

et al. 2009, Song et al. 2017). The smaller Δv value (206 cm‒1) for PFOA adsorbed on 

BiOX, and BiOX/TiO2 than the Δv value (247 cm‒1) of PFOA adsorbed on TiO2, 

indicated that a bidentate coordination mode was formed between PFOA and BiOX or 

BiOX/TiO2.  

 

Figure 6.10 The DRIFTS spectra of PFOA adsorbed on TiO2, BiOX and BiOX/TiO2 

photocatalysts (a); and the effects of different scavengers on the photocatalytic 

degradation of PFOA in the presence of BiOCl/TiO2 (b). (Reaction conditions: 

BiOCl/TiO2 dosage: 0.2 g L‒1; Na2C2O4: 5 mM; BQ: 5 mM; PFOA: 10 mg L‒1) 

 

Scavenging experiments were carried out to probe the categories of reactive 

oxygen species (ROS) and identify their roles during the photocatalytic decomposition 

of PFOA (Fig. 6.10b). The addition of Na2C2O4 (5 mM, a quencher for h+) or p-

benzoquinone (BQ, 5mM, a quencher for O2
•‒) completely inhibited PFOA 

decomposition, demonstrating the important roles of photo-induced holes and O2
•‒. In 

contrast, when isopropanol (IPA, 13.1 mM & 52.4 mM, a quencher for •OH) was added 

in the system, there was no significant deterioration of PFOA removal, suggesting that 

•OH did not participate in the decarboxylation process of PFOA.  
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Figure 6.11 ESR signals for the detection of O2
•‒ in the presence of BiOCl (a) and 

BiOCl/TiO2 (b); and TEMPO signals for the records of h+ in BiOCl (c) and BiOCl/TiO2 

(d) systems.  

 

Active species generated during photocatalytic processes of the BiOCl/TiO2 

system were detected by ESR (Fig. 6.11). 2,2,6,6-tetramethylpiperidine-1-oxyl free 

radical (TEMPO) was adopted as the h+ scavenger, and 5,5-dimethyl-1-pyrroline-N-

oxide (DMPO) was used for scavenging O2
•‒ (Peng et al. 2020). No signals of O2

•‒ were 

detected in the absence of light. When light was on, O2
•‒ were generated in the 

BiOCl/TiO2 system (Fig. 6.11a). While in the BiOCl system, the irregular signals 

maybe caused by other oxidative products generated under light irradiation (Fig. 6.11b). 

The regular signals of O2
•‒ in the BiOCl/TiO2 system may be due to the generation of 

ample photo-induced electrons, which could reduce O2 to O2
•‒ (Clément et al. 2005). 

The signals of TEMPO were strong under dark conditions. After irradiation for 5 min, 

the intensities of TEMPO became weaker due to the decomposition of TEMPO by 

photo-induced holes (Peng et al. 2020). The sharp decrease of TEMPO in the presence 

of BiOCl/TiO2 indicated that more photo-induced holes were generated on BiOX/TiO2 

than BiOX (Fig. 6.11c; and Fig. 6.11d).  
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6.3.4 Self-Induced Inner Electric Fields in BiOX and Band Alignment between 

BiOX and TiO2 

When illuminated under the light, photo-induced electrons could be generated in 

BiOX and then injected into TiO2 nanoparticles along the [001] direction of BiOX, 

guided by the driving forces of IEF in BiOX (Li et al. 2021). Simultaneously, the photo-

generated holes in TiO2 nanoparticles will flow into BiOCl in the perpendicular 

direction of [001] slabs of BiOX (Ouyang et al. 2018). The holes reaching the surface 

of BiOCl would attack the carboxyl group of PFOA molecules. According to the XRD 

patterns, TiO2 combined with BiOX nanosheets along the [110] facet, which was the 

pathway of hole transfer from TiO2 to BiOX.   

 

Figure 6.12 UV-vis absorption spectra of BiOX and BiOX/TiO2 catalysts (a); valance 

band XPS spectra of BiOX and TiO2 catalysts (b); The illustration of band structures 

of BiOX/TiO2 heterostructures (c).  

 

The UV/Vis diffuse absorption spectra of BiOX and BiOX/TiO2 catalysts were 

recorded to investigate their light-harvesting abilities. As indicated in Fig. 6.12a, the 



 

82 
 

TiO2 nanoparticles presented negligible absorption in the visible light range, exhibiting 

a steep absorption edge situated at around 395 nm. The absorption wavelengths for pure 

BiOCl and BiOCl/TiO2 were 358 nm, and 399 nm, respectively. Pure BiOBr exhibits 

an absorption wavelength of 435 nm. Consequently, the BiOBr/TiO2 composite 

presented an absorption edge of 431 nm. The absorption edge of BiOI was extended up 

to 668 nm, demonstrating excellent visible light absorption ability. Different from TiO2, 

the absorption of BiOI/TiO2 composition was greatly extended to the visible light range 

with the light absorption edge up to 656 nm. The band gap values of these 

semiconductor photocatalysts can be calculated based on the formula Eg = 1240/λg, 

where λg is the band gap wavelength (Shenawi-Khalil et al. 2012, Xue et al. 2017). 

Accordingly, the band gap energies of TiO2, BiOX and BiOX/TiO2 were determined to 

be 3.14 eV for TiO2, 3.46 eV for BiOCl, 2.85 eV for BiOBr, and 1.86 for BiOI.   

The valence band (VB) of BiOX and TiO2 catalysts were determined by XPS 

valence spectra, (Fig. 6.12b). BiOCl, BiOBr, BiOI and TiO2 displayed a VB with the 

edge at ~2.23, 2.02, 1.56 and 2.62 eV, respectively. The conduction band (CB) position 

could be estimated according to ECB=EVB-Eg. The corresponding CB minimum for 

BiOCl, BiOBr, BiOI and TiO2 would occur at about ‒1.23, ‒0.83, ‒0.30 and ‒0.52 eV. 

The band gap estimated from the UV-vis spectra and the band positions estimated from 

XPS results are in good agreement the values reported in the literatures (Chen et al. 

2014, Guo et al. 2018, Wang et al. 2015). Therefore, the band alignment of TiO2 and 

BiOX were demonstrated in Fig. 6.12c. When n-type TiO2 contacted with p-type BiOX, 

the p-n junction was formed. For BiOCl/TiO2 and BiOBr/TiO2, the photo-induced 

electrons were transferred from CB of BiOCl/BiOBr to TiO2, and the photo-induced 

holes form VB of TiO2 to BiOCl/BiOBr. Thus, the photo-induced holes would 

accumulate in VB of BiOCl/BiOBr, which subsequently oxidized PFOA coordinated 

with BiOX. While for BiOI/TiO2, CB of BiOI was higher than TiO2 and VB of BiOI 

was lower than TiO2. Both the photo-induced electrons and holes would flow from TiO2 

to BiOI, leading to the accumulation of photo-induced electrons and holes in CB and 

VB of BiOI. However, the accumulated carriers in BiOI would result in a higher 

recombination rate. BiOCl(Br)/TiO2 achieved better performance for photocatalytic 

degradation of PFOA compared with BiOI/TiO2, because of the spatial separation of 

carriers in each component to mitigate recombination. 
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Figure 6.13 Photocurrent enhancements of BiOX/TiO2 compared with BiOX (a-c), and 

the EIS spectra of BiOX and BiOX/TiO2.  

 

The i-t curves and EIS spectra of BiOX and BiOX/TiO2 photocatalysts were 

recorded to further investigate the separation and transfer of photo-generated electrons 

and holes. As shown in Fig. 6.13a-c, the photo-induced current density of BiOX/TiO2 

composites largely suppressed that of the pure BiOX photocatalyst. In addition, the 

semicircle radius of BiOX/TiO2 was smaller than that of BiOX in the EIS plots (Fig. 

6.13d-f), which reflected faster charge migration of BiOX/TiO2 (Sun et al. 2015). All 

these results demonstrated the more efficient separation and transfer of photo-induced 

charges of BiOX/TiO2, thus leading to the generation of more ROS and higher 

defluorination ratio of PFOA.   

 

6.3.5 Mechanisms for the photocatalytic degradation of PFOA 

The photocatalytic degradation pathway of PFOA is illustrated in Figure 

6.14.Photo-induced holes and electrons were generated by the irradiation of UV or UV-

visible light. The electrons generated would then react with O2 to produce O2
•‒. The 

decomposition was initiated by the decarboxylation of PFOA induced by the photo-

induced holes and O2
•‒, which was a thermal-dynamically favourable process (Wang et 

al. 2021a). C7F15• was formed and then reacted with H2O/O2 to produce unstable 

C7F15OH, following the loss of a HF to form C6F13COF. C6F13COF was further 

hydrolysed and converted to C6F13COOH (PFHpA). C6F13COOH would undergo 

similar ways to generate C5F11COOH (PFHxA), and then to PFPeA. Every time a CF2 
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was removed until finally mineralized to fluoride ions and carbon dioxide (CO2). 

Previous studies showed that it was thermodynamically favourable to form C6F13
‒, 

C5F11
‒ and C4F9

‒; therefore PFHpA, PFHxA and PFPeA were mainly detected as PFOA 

decomposition intermediates (Gu et al. 2016b). Moreover, the concentrations of these 

degradation intermediates detected in BiOCl(Br)/TiO2 systems were significantly 

lower than that in the BiOI/TiO2 system, indicating the high efficiency of 

BiOCl(Br)/TiO2 for both short-chain PFCAs and PFOA.  

 

Figure 6.14 Illustration of the photocatalytic degradation pathway of PFOA over 

BiOCl/TiO2.  

 

6.4 Conclusion 

The BiOX/TiO2 composites were synthesized by a hydrothermal approach and 

demonstrated significantly enhanced performance for photocatalytic degradation of 

PFOA. The highest defluorination ratio was obtained in the BiOCl/TiO2 system 

because of the efficient charge separation efficiency. Inner electric field in BiOX could 

shuttle the photo-induced electron from BiOX to TiO2 in the [001] direction, which is 

perpendicular to the [110] facet. Photo-induced electrons would react with O2 and 

produced O2
•‒ to decompose PFOA, and the photo-induced hole could transfer from 

TiO2 to BiOX through the [110] facet, which was verified by the characterizations. 

Therefore, the formation of BiOX/TiO2 heterojunction could benefit charge transfer 

and facilitate PFOA decomposition. 
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 CHAPTER 7 

Photo-induced bismuth single 

atoms on TiO2 for highly efficient 

photocatalytic defluorination of 

PFOA: the ionization of the C-F 

bond.  
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7.1 Introduction 

Perfluoroalkyl substances (PFAS) are a group of persistent and mobile fluoro-

organic chemicals that have been detected in many water bodies, and their 

recommended sage concentrations in drinking water are as low as 6 ng L‒1 (Costanza 

et al. 2019, Post et al. 2009). Perfluorooctanoic acid (PFOA) has various utilizations in 

life and work supplies, and it is widely detected in surroundings. Developing efficient 

photocatalysts for the removal of PFOA in wastewater and natural water systems are 

urgently required (Xu et al. 2020a). In general, PFOA is stable in the environment and 

resists natural degradation or artificial treatment processes (Liu et al. 2020). As a result, 

these chemicals persist and accumulate in the environment, particularly in water, soil, 

and sediment. Photocatalytic approaches have been demonstrated to be an efficient 

method for the mineralization of PFASs under mild conditions (Qu et al. 2016). The 

key of the technology is to develop photocatalysts of high efficiency and low cost.  

Single-atom catalysts (SACs) have gained extensive and increasing attention in 

recent years (Gao et al. 2020). Compared with conventional catalysts with nano sizes, 

the atomically dispersed active sites of SACs afford the maximum atomic utilization 

efficiency, optimised electronic properties, and consequently excellent catalytic activity 

(Lee et al. 2019). The unique features and well-defined coordination structures make 

SACs an ideal platform to understand the catalytic mechanism from the molecule level. 

The outstanding catalytic activity of SACs stems from the unique electronic structure 

of single metal atoms and the coupling of single metal atoms and supports (electronic 

metal–support interaction) (Gao et al. 2016). In addition to serving as active sites, 

incorporating sing-atom metals into catalysts can modulate the electronic structure of 

the support (Chu et al. 2021b). Further studies revealed that atomically controlled 

ultrafine metal clusters possessed unprecedently high activity, such as Pt2 dimers(Yan 

et al. 2017) and neighbouring Pd atoms (Chu et al. 2021a). However, the synthesis of 

atomically controlled SACs and ultrafine metal clusters remains a grand challenge.  

TiO2 is a chemically stable, economically feasible commercial semiconductor. 

However, the low quantum efficiency of pristine TiO2, low visible light utilization 

efficiency and the rapid charge carrier recombination further deteriorates its activity in 

photocatalysis (Grabowska et al. 2012). Construction of metal/TiO2 heterojunctions 

would promote the charge carrier separation, enhance the light absorption ability of 

TiO2, therefore significantly promoting the photocatalytic performances (Daghrir et al. 
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2013). Single atom noble metals, such as palladium (Pd) and platinum (Pt), have been 

loaded onto semiconductors to optimize the physical and optical properties. Huang et. 

al demonstrated that the single-atom Pt (Pt1) decorated silicon carbide can reductively 

cleave C-F bonds of PFOA under UV light irradiation (Huang et al. 2018). Site-

specifically deposited Pt1 on TiO2 could enhance hydrogen spill over onto the TiO2 

surface. Then, PFOA can be decomposed  via hydrodefluorination by the generated 

hydrogen (Weon et al. 2021). Moreover, Pt1 would selectively deposit onto the 

reductive sites of tailored TiO2 to attract the photo-induced electrons. Considering the 

high price of precious metals, some inexpensive metals (e.g., bismuth (Bi)) with similar 

properties have been considered as the potential alternative (Karimi-Nazarabad et al. 

2021). Since the compositions and structures of SACs have great impacts on the 

catalytic performances, rationally manipulating the structures with atomic-level 

precision is of great importance (Pan et al. 2020).  

Bi is a non-precious semimetal and has great potential to be used as an alternative 

cocatalyst in photocatalysis due to its surface plasmon resonance (SPR) effect (Dong et 

al. 2015). Nanoscale Bi demonstrated superior performance than bulk Bi, due to the 

larger specific surface area (SSA), strong light absorption, and locally-intensified SPR 

effect of nanoscale Bi (He et al. 2018). In comparison, Bi single atom (SA) catalysts 

were expected to demonstrate enhanced activity due to the monodispersity of Bi SA. 

However, only a few studies have been reported to investigate the catalytic performance 

of Bi single atoms and the associated mechanisms (Yang et al. 2020a, Zhang et al. 

2019b). Up to date, there yet been any studies on the photocatalytic performance of Bi 

single atoms as a cocatalyst in semiconductors. Bi single atom-based materials are 

typically synthesized via high-temperature pyrolysis (up to 900 or 1000 ℃) (Xi et al. 

2021, Zhang et al. 2019a), which is energy-intensive and requires harsh reaction 

conditions. A facile green method is needed for the preparation of Bi-based 

photocatalysts of low cost and high efficiency. Moreover, previous studies typically 

prepared BiOCl by hydrothermal methods, which require relatively high temperature 

and organic solvents (Jiang et al. 2012, Yang et al. 2021). 

Wet chemistry method has attracted various attention due to easy operation and 

feasibility for up-scale synthesis (Chen et al. 2018). Generally, the voids or defects in 

supports are constructed to anchor single atoms (Ida et al. 2015). Molecular structure 

cages are also considered for the confinement of single atoms (Kistler et al. 2014). 

Other spatial confinement strategies have also been demonstrated for the construction 
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of SACs. Wu et al. reported an iced-photochemical reduction method for the 

preparation of Pt1/TiO2, which firstly freeze the metal precursor solution to inhibit the 

motion and aggregation of metal ions (Wei et al. 2017).   

In this study, we found that Bi single atoms can be generated on the surface of 

TiO2 using Bi(NO3)3 as the precursor with the help of UV light irradiation at room 

temperature, denoted as N-Bi/TiO2. BiOCl nanoclusters were generated over TiO2 

under UV light irradiation (denoted as Cl-Bi/TiO2), when BiCl3 was used as the 

precursor. Cl-Bi/TiO2 and N-Bi/TiO2 demonstrated excellent photocatalytic activities 

for the efficient photocatalytic decomposition and defluorination of PFOA. We 

investigated the primary reactive oxygen reactive species (ROS) accounting for PFOA 

removal, such as photo-induced holes and superoxide radical (O2
•‒). Bi-SA/TiO2 

heterojunctions exhibited excellent photocatalytic activity and stability for applications 

in the remediation of PFOA and associated micropollutants.  

 

7.2 Experimental section 

7.2.1 Preparation of photocatalysts  

The Bi-doped TiO2 catalysts were prepared by a modified photochemical route 

(Liu et al. 2016). Typically, P25 powder (TiO2, 200 mg) were dispersed in deionized 

water for ultrasound treatment of 5 min to obtain a highly dispersed suspension. 

Bi(NO3)3 was firstly dissolved in HNO3 solution (0.85 M). Then Bi(NO3)3 solution (4 

mM)  was added into the TiO2 dispersion under stirring (weight ratio TiO2/Bi = 135:1 

(N-Bi), total volume = 150 mL). After sonicating for another 5 min, the mixture was 

kept stirring at 600 rpm with a magnetic stirrer under UV treatment of a Xenon-lamp 

parallel light source system (CEL-S500, Beijing Ceaulight Co., Ltd. China) with the 

power density was about 100 mW cm−2. After 10-min irradiation, the obtained products 

were collected via centrifugation and washed with deionized water for several times. 

Finally, the prepared catalysts can be obtained after drying in a vacuum oven. By 

varying the concentration of Bi(NO3)3 solution, the weight ratios of Bi(NO3)3:TiO2 

were settled as 135:10 (N-10Bi) and 135:20 (N-20Bi). The catalysts adopted Bi(NO3)3 

as the precursor were totally denoted as N-Bi/TiO2.  When BiCl3 was used as the Bi 

precursor, BiCl3 was firstly dissolved in HCl solution (0.85 M). The weight ratio of 

BiCl3:TiO2 were also 1:135 (Cl-1Bi), 10:135 (Cl-10Bi) and 20:135 (Cl-20Bi). The 

obtained catalysts prepared from BiCl3 were totally denoted as Cl-Bi/TiO2. As for other 
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metal-modified TiO2 (e.g., Pt, Fe), the synthesis method is the same as the procedure 

of preparation of Cl-Bi/TiO2 by replacing Bi with the corresponding metal precursors.  

 

7.2.2 Characterization of as-prepared photocatalysts 

X-ray diffraction (XRD) results were collected from 10° to 80° (Bruker D8 

Advance). The UV-Vis absorption spectra of as-prepared photocatalysts were measured 

on a 950 UV/Vis-NIR spectrophotometer (Perkin Elmer Lambda). X-ray photoelectron 

spectroscopy (XPS, ESCALab 250Xi, Thermo Fisher) was conducted with C as the 

internal standard (C1s = 284.8 eV). High angle annular dark field (HAADF)-scanning 

transmission electron microscopy (STEM) images (Themis Z, Thermo scientific) were 

collected to observe the morphologies of as-prepared photocatalysts. The x-ray 

absorption near-edge structure (XANES spectra) (C K-edge and N K-edge) were 

measured at beamline BL12B of National Synchrotron Radiation Laboratory (NSRL) 

of China. The samples were deposited onto double-sided carbon tape for analysis on 

the X-ray spectroscopy. Extended x-ray absorption fine structure (EXAFS) 

measurement and data analysis: EXAFS spectra at the Bi L-edge were collected at 

BL14W1 station in Shanghai Synchrotron Radiation Facility (SSRF). The Bi L-edge 

XANES data were recorded in a fluorescence mode. Diffuse reflectance infrared 

Fourier transform spectroscopy (DRIFTS) was recorded on a Shimadzu Tracer-100 

FTIR spectrometer equipped with a high-sensitivity mercury cadmium telluride (MCT) 

detector. The method for recording in-situ DRIFTS spectra of PFOA decomposition has 

been described in our previous study (Liu et al. 2021b).  

 

7.2.3 Photocatalytic degradation of PFOA 

The reactor and reaction conditions were the same as our previous work (Liu et al. 

2021b). 20 mg of the as-prepared photocatalyst was firstly mixed with PFOA solution 

(100 mL, 10 mg L‒1) by sonication. The light sources used were a 254 nm UV light (30 

W) and a Xenon lamp (300 W). The Xenon lamp used mainly emits light spectrum in 

the range of 300-1100 nm. The samples were taken out at regular time intervals and 

filtered for further analysis. Then, the filtered samples were detected for the 

concentrations of PFOA and the degradation intermediates. The concentrations of 

fluoride ion were also quantified to calculate the defluorination ratio. The 

photocatalytic experiments were carried out in triplicates and presented with mean 
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values and standard deviations.  

 

7.2.4 Analysis of PFOA and its decomposition intermediates 

PFOA and the degradation intermediates were quantified using high-performance 

liquid chromatography-tandem mass spectrometry (HPLC-MS/MS, Agilent). The 

method was the same as detailed in our previous study (Liu et al. 2021b).  

 

7.3 Results and discussion 

7.3.1 Characterization of Bi/TiO2.  

 

Figure 7. 1 The XRD data of Cl-Bi/TiO2 (a); and N-Bi/TiO2 photocatalysts; Uv-vis 

absorption spectra (c) and Raman spectra (d) of TiO2, N-10Bi, Cl-10Bi.  

 

XRD, XPS and XAFS characterizations were carried out to investigate the 

structures, surface composition and chemical states of Cl-Bi/TiO2 and N-Bi/TiO2. The 

XRD results indicate that when the ratio of BiCl3:TiO2 is 1:135, only the diffraction 

patterns of TiO2 is observed (Fig. 7.1a). While, with the increased ratio to 10:135 and 

20:135, the diffraction patterns of BiOCl appear, implying the formation of BiOCl 
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under UV irradiation. When Bi(NO3)3 was used as the precursor, no BiOCl signal is 

observed (Fig. 7.1a). The characteristic diffraction peaks of hexagonal-close-packed 

(hcp) Bi were not detected in N-Bi/TiO2. Similar results were reported in the previous 

reports that single Bi atoms on N-doped carbon networks (Bi SAs/NC) and Bi clusters 

on N-doped carbon networks (Bi Cs/NC) were generated (Zhang et al. 2019b) (Yang et 

al. 2020a). UV-vis absorption spectra of Bi/TiO2 are recorded to investigate their 

absorption capacity (Fig. 7.1c). After the deposition of Bi on the surface of TiO2, there 

are slight increase of the absorption for UV and visible light.  The absorption edge of 

N-10Bi, Cl-10Bi and TiO2 situated at 410, 413 and 398 nm. The band gap values of 

these semiconductor photocatalysts can be calculated based on the formula Eg = 1240/λg, 

where λg is the band gap wavelength (Xue et al. 2017). Accordingly, the estimated band 

gaps for N-10Bi, Cl-10Bi and TiO2, are 3.02, 3.00, and 3.12 eV. In the Raman spectra, 

the bands at 145, 396, 517 and 640 cm−1 were attributed to the characteristic peaks of 

TiO2 (Wen et al. 2018). XRD and Raman spectra suggest that Bi doping did not destroy 

the crystal structure of TiO2 (Fig. 7.1d).  

 

Figure 7. 2 The STEM image of Cl-10Bi (a, b) and its corresponding mapping spectra 

for the Bi (c), Cl (d), O (e) and Ti (f) elements.  
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Figure 7. 3 The STEM images of N-10Bi at different magnifications (a, b).  

 

STEM images depicted a cluster morphology of BiOCl with the size of ~2 nm on 

the surface of TiO2 (Fig. 7.2 and Fig. 7.4a). The mapping results indicated that Bi, Cl, 

O and Ti elements were distributed evenly on the surface (Fig. 7.2a-f), which may be 

due to the formation of BiOCl on the surface of TiO2, which was consistent with the 

XRD results. The STEM image of N-10Bi (Fig. 7.3a-b) revealed the cluster 

morphology with a size of ~ 2 nm. When the image is further magnified, Bi single 

atoms can be observed on the surface of TiO2. Figure 7.4b displayed the dispersion of 

Bi single atoms on the surface of TiO2. When adopting Bi(NO3)3 as the precursor, light 

spot sites on the surface of TiO2 indicate that single Bi atoms are generated and 

dispersed on the surface of TiO2. The intimate contact between Bi and TiO2 is 

favourable for the charge transfer between Bi and TiO2. XPS spectra were conducted 

to investigate the chemical composition and valance state of the surface elements. As 

shown in Fig. 7.4c, the Bi 4f peaks located at 164.9 and 159.6 eV could be attributed to 

Bi3+ in Cl-Bi/TiO2 (Hu et al. 2014). Except the peaks of Bi3+, two more peaks situated 

at 157.5 eV and 162.8 eV were found, which could be ascribed to the generation of Bi0 

in N-Bi/TiO2 (Fig. 7.4d). These results indicated that both Bi0 and Bi3+ existed in N-

Bi/TiO2 (Li et al. 2020d, Morgan et al. 1973). XPS results also show that, with a further 

increase of Bi content, the content of incorporated Bi only slightly increased, indicating 

that a small content of Bi precursor was enough for the deposition of Bi on TiO2, and 

the substrate cannot host an ultrahigh Bi loading.  
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Figure 7.4 The STEM image of Cl-10Bi (a) and N-10Bi (b); XPS spectra of Bi 4f of 

Cl-10Bi (c) and N-10Bi (d); Fourier-transformed magnitudes of Bi K-edge EXAFS 

fitting in K space (e) and R space (f) for N-10Bi.  

 

To further disclose the coordination environment of single Bi atoms, X-ray 

absorption near-edge structure and extended X-ray absorption fine structure (EXAFS) 

spectroscopy are performed (Fig. 7.4e and 7.4f) (Zhang et al. 2020). The EXAFS 

spectrum of R space for N-10Bi/TiO2 exhibited a dominant Bi-O coordination at 1.56 

Å (Fig. 7.4f), indicating that isolated Bi atoms were dispersed on the support. The 

absence of Bi-Bi coordination for N-Bi/TiO2 further revealed the fine dispersion of 

isolated Bi atoms, instead of clusters or nanoparticles.  

 

7.3.2 The efficient photocatalytic defluorination of PFOA by Bi/TiO2  

Pure TiO2 demonstrated poor activity for the photocatalytic decomposition and 

defluorination of PFOA, only ~15% of PFOA was degraded with a low defluorination 

ratio of 2% (Fig. 7.5a and 7.5b). The incorporation of Fe showed little enhancement on 

the activity for the photocatalytic defluorination performance of TiO2. Pd-doping 

enhanced the defluorination ratio of PFOA to ~10% because of the accelerated charge-

transfer of Pd/TiO2 (Huang et al. 2013, Yilmaz et al. 2017). In contrast, the 

incorporation of Bi SAs significantly promoted the photocatalytic activity of TiO2 

achieving defluorination efficiency of more than 60%. These results indicate that Bi 

SAs has great potential as the cocatalyst of TiO2 to improve the photocatalytic 

performance.  
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Figure 7.5 The degradation (a) and defluorination (b) of PFOA over various metal-

modified TiO2 (weight ratio (TiO2: metal= 135:1)) photocatalysts. Reaction conditions: 

(Catalyst dosage: 20 mg L−1; Initial PFOA concentration: 10 mg L−1; UV 254 nm 

irradiation).  

 

Both N-Bi/TiO2 and Cl-Bi/TiO2 demonstrate high efficiency for the defluorination 

of PFOA under UV light irradiation (Fig. 7.6). Cl-1Bi shows good efficiency for the 

photocatalytic defluorination of PFOA with a defluorination of 60%. With the increase 

of the Bi content, a higher defluorination ratio of 70% is obtained with Cl-10Bi and Cl-

20Bi as the photocatalysts (Fig. 7.6a). For N-Bi/TiO2, the photocatalytic efficiency 

increased with the increase of the Bi amount. The defluorination ratio of PFOA 

increased from 55% to 70% for N-1Bi to N-20Bi (Fig. 7.6b).  
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Figure 7.6 The photocatalytic defluorination ratio of PFOA over Cl-Bi/TiO2 (a) and N-

Bi/TiO2 (b) catalysts. Reaction conditions: (Catalyst dosage: 20 mg L−1; Initial PFOA 

concentration: 10 mg L−1; UV 254 nm irradiation); The photocatalytic decomposition 

(c) and defluorination (d) of PFOA over Cl-10Bi and N-10Bi under Xenon lamp 

irradiation, the other conditions were the same with those reactions in a and b; The 

detected intermediates during the decomposition of PFOA over Cl-10Bi (e) and N-10Bi 

(f).  

When irradiated under Xenon lamp irradiation, the photocatalytic defluorination 

of N-10Bi exhibited better performance. PFOA could be completely removed within 2 

h and a deep defluorination ratio of 85% was obtained after irradiation for 4 h. The high 

defluorination ratio obtained were superior to almost all the photocatalysts reported(Liu 
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et al. 2020). When Cl-10Bi was used as the photocatalyst, a defluorination ratio of 76% 

was obtained after irradiation by Xenon lamp for 4 h. The higher photocatalytic activity 

of N-10Bi under Xenon lamp irradiation than Cl-10Bi indicated that N-10Bi had better 

light utilization efficiency of the full spectrum (Fig. 7.6c and 7.6d). Moreover, the 

decomposition intermediates of PFOA were detected during the irradiation period (Fig. 

7.6e and 7.6f). The degradation of PFOA followed a stepwise way, the same as most 

previously reported studies (Liu et al. 2021c, Qian et al. 2020, Shao et al. 2013a). The 

concentration of perfluoroheptanoic acid (C6F13COOH, PFHpA) increased firstly in the 

first one hour and decreased afterwards. Then, the concentrations of 

PFHpAperfluorohexanoic acid (C5F11COOH, PFHxA) and perfluoropentanoic acid 

(C4F9COOH, PFPeA) increased subsequently.  

 

Figure 7. 7 The cycle use of N-10Bi for the photocatalytic defluorination under Xenon 

lamp irradiation.  

 

Moreover, the stability of N-10Bi was also tested for four successive runs (Fig. 

7.7). More than 90% of PFOA could be removed by N-10Bi with the defluorination 

ratio slightly decreased to 65%. These results indicate that N-10Bi exhibited good 

stability with great potential for practical applications.  

 

7.3.3 The photocatalytic mechanism of PFOA 



 

97 
 

 

Figure 7. 8 The scavenging effects on the photocatalytic defluorination of PFOA over 

Cl-10Bi (a) and N-10Bi (b) under UV 254 nm irradiation.  

 

Scavenging experiments are conducted to investigate the reactive oxygen species 

(ROS) that involved in the photodecomposition of PFOA (Fig. 7.8a and Fig. 7.8b).  

Sodium oxalate (Na2C2O4, 2 mM), p-benzoquinone (p-BQ, 2 mM) and tertbutyl alcohol 

(TBA, 52.4 mM) are applied to selectively quench photo-induced holes, superoxide 

radical (O2⦁‒) and ⦁OH, respectively. The results show that the decomposition of PFOA 

could be completely inhibited by Na2C2O4 and P-BQ both in N-Bi/TiO2 and Cl-Bi/TiO2 

systems. These phenomena indicate that photo-induced holes and O2⦁‒ are the crucial 

active species responsible for the degradation of PFOA. Different from the reported 

results, where O2⦁‒ contributed little to the photocatalytic degradation of PFOA (Li et 

al. 2020b). The scavenging experiment results also indicated that PFOA degraded in an 

oxidative way, where the decarboxylation initiated the degradation, followed by the 

removal of CF2 group stepwise. This is quite different from the report that Pt1 on TiO2 

degrade PFOA via a reductive pathway (Weon et al. 2021). The reason maybe the high 

valance band position of Bi/TiO2 photocatalysts (2.95-3.15 eV, Fig. 7.9).  
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Figure 7. 9 Valance band XPS spectra of Bi/TiO2 photocatalysts.  

 

The adsorption of PFOA on the prepared photocatalysts were investigated by the 

DRIFTS spectra (Fig. 7.10a). The peaks at 1672 and 1418 cm‒1 of PFOA adsorbed on 

TiO2 were attributed to the asymmetric and symmetric stretching modes of –COOH 

group. Upon adsorption on Cl-10Bi and N-10Bi, the peaks of –COO group appeared at 

1634 and 1418 cm‒1.  The smaller Δv value (Δv = vas (COO‒) - vs (COO‒)) for PFOA 

adsorbed on the surface of Cl-10Bi and N-10Bi, was due to the formation of bidentate 

coordination between PFOA and Cl-10Bi/N-10Bi. Moreover, we can see that when 

PFOA was adsorbed on N-10Bi. The C-F bond shifted to lower wavenumbers, 

compared with that adsorbed on TiO2 or Cl-10Bi. The shift of C-F bond to lower 

wavenumbers was due to the ionization of C-F bond (Li et al. 2004, Wang et al. 2012), 

which was probably induced by the Bi single atoms.  

Moreover, in-situ DRIFTS spectra of photocatalytic degradation of PFOA over Cl-

10Bi or N-10Bi were recorded to explore the decomposition processes. When Cl-10Bi 

was used as the catalyst (Fig. 7.10b), the peaks at 1207 cm‒1, 1240 cm‒1 and 1260 cm‒

1 were assigned to C‒F bonds. The peak at 1020 cm‒1 was attributed to the stretching 

of C‒C bond (Liu et al. 2021b). The reversed peaks were due to the consumption of ‒

COOH group, C‒F and C‒C bonds, further verifying that the ‒COOH and C‒F groups 

were attacked during the degradation. When PFOA was degraded over N-10Bi (Fig. 

7.10c), the vibration of C-F mainly located at 1166 cm‒1. The possible reasons were 

that Bi single atoms deposited on TiO2 caused the ionization of C-F bond (Li et al. 2004, 

Palchan et al. 1989), further leading to the defluorination of PFOA.  
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Figure 7.10 DRIFTS spectra of PFOA adsorbed on TiO2, Cl-10Bi and N-10Bi (a); In-

situ DRIFTS spectra of PFOA decomposition over Cl-10Bi (b) and N-10Bi (c).  

 

7.4 Conclusion 

In this study, we firstly reported the synthesis of Bi SAs/TiO2 composite under UV 

irradiation at room temperature. Bi SAs were generated on the surface of TiO2 when 

adopting Bi(NO3)3 as the precursor. While, BiOCl nanoclusters were formed over TiO2, 

when BiCl3 was used as the Bi source. Both N-Bi/TiO2 Cl-Bi/TiO2 demonstrated 

outstanding performance for the photocatalytic degradation and defluorination of 

PFOA under UV 254 nm irradiation and Xenon lamp irradiation. Further studies 

indicate that photo-induced holes and O2⦁‒ are responsible for the decarboxylation 

process, which initiated the decomposition of PFOA. Moreover, the as-prepared N-

Bi/TiO2 show good stability in multiple runs. In addition, in-situ DRIFTS spectra 

demonstrated that the Bi single atoms in N-Bi/TiO2 induced the ionization of C-F bond 

of PFOA, leading to the deep defluorination of PFOA. This study provides a novel way 

for the preparation of Bi SAs and BiOCl at room temperature without using organic 

solvents.  
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CHAPTER 8 

Conclusions and perspectives 
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8.1 Conclusions  

Efficient semiconductor photocatalysts have been developed in this study for the 

deep defluorination of PFOA. This study firstly used metal-organic-frameworks (MOFs) 

derived In2O3 for the photocatalytic degradation of PFOA. MOFs derived In2O3 

demonstrated significantly enhanced performance for PFOA decomposition than 

commercial In2O3. The hydrophilicity of MOFs derived In2O3 is much better than 

commercial In2O3 which enables a better dispersion in the PFOA solution. The uniform 

dispersion of the photocatalysts is beneficial to the photocatalytic evolution of reactive 

oxygen species and degradation of PFOA. Overall, the present study helps to broaden 

the overview of purposely developing efficient photocatalysts to remediate PFOA. 

In2O3 photocatalysts were prepared at 300, 400, 500 and 600℃. The results In2O3-

300 and In2O3-400 demonstrated the best performance for the decomposition and 

defluorination of PFOA due to rich oxygen vacancy reserved, with the defluorination 

ratio of 35% and 38%. Further increasing the calcination temperature, the activity of 

In2O3 deteriorated and a defluorination ratio of less than 20% was obtained for In2O3-

600. While, when Fe3+ was added, the defluorination ratio significantly increased to 

60%. But, Fe3+ has little effect on the defluorination ratio of PFOA over In2O3-400. 

Combined with diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) 

and in-situ DRIFTS tracking the decomposition process of PFOA, the mechanisms for 

Fe3+ promoting the defluorination of PFOA over oxygen-vacancy-deficient In2O3-600 

was proposed.  

BiOX (X = Cl, Br and I) and BiOX/TiO2 photocatalysts were prepared by a facile 

hydrothermal approach. The BiOX/TiO2 heterojunctions demonstrated significantly 

enhanced performance for photocatalytic degradation of PFOA compared with sole 

BiOX or TiO2. PFOA of 10 mg L‒1 could be completely decomposed by 

BiOCl(Br)/TiO2, and ~90% of PFOA could be removed by BiOI/TiO2. While, under 

the same conditions, only 20%, 50%, 37% and 48% of PFOA was degraded by TiO2, 

BiOCl, BiOBr, and BiOI, respectively. Moreover, BiOCl/TiO2 attained deep 

decomposition of PFOA with a high defluorination ratio of 82 % under UV 254 nm 

illumination for 8 h. BiOCl/TiO2 presented excellent performance for decomposing 

PFOA under Xenon lamp irradiation with a defluorination ratio of 73%. The p-n 

heterojunctions between BiOX and TiO2 were confirmed by a series of 

characterizations. The photo-induced holes would migrate from the valance band (VB) 
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of TiO2 to BiOX, driven by the built-in electric field (BIEF) near the interfaces of p-n 

heterojunctions, the inner electric fields (IEF) in BiOX and the higher VB position of 

BiOX. The X-ray diffraction (XRD) and TEM characterizations indicated that TiO2 

combined with BiOX along the [110] facet, which facilitated photo-induced electron 

transfer in the [001] direction, thus benefiting PFOA decomposition.   

Bi SAs deposited on TiO2 were firstly prepared by irradiation and demonstrated 

ultra-high performance for the photocatalytic defluorination of PFOA. A deep 

defluorination of PFOA with a defluorination ratio of 85% was obtained after 

irradiation for 4 h. Various characterizations confirmed the generation of Bi SAs on the 

surface of TiO2. DRIFTS and in-situ DRIFTS spectra indicated that Bi SAs induced the 

ionization of C-F bond, thus leading to the deep defluorination of PFOA.  

 

8.2 Perspectives 

Despite great efforts devoted to the treatment of PFCs, there are still many 

problems needed to be dissolved. Firstly, the advanced treatment of PFCs degradation 

products has yet been reported until now. Secondary pollution induced by the PFOA 

degradation, including the produced fluoride ions, degradation intermediates remains 

to be a great challenge for wastewater treatment.  

Secondly, visible-light-responsive photocatalysts are required for efficient 

degradation and defluorination of PFCs. Developing noble metal-free photocatalysts 

with high activity, good stability and recoverability is essential for the treatment of 

practical PFCs-containing wastewaters. Moreover, recent studies for heterogeneous 

photocatalytic degradation of PFCs only focused on PFOA. However, PFCs are a 

diverse class of compounds with different structures. Therefore, more research is 

desired for the treatment of different kinds of PFCs. 

Thirdly, most of the reported studies are about synthetic wastewater, which 

contain much higher concentration (mg L‒1) of PFCs than those in real contaminated 

water (ng L‒1 - µg L‒1). And the constituents of real wastewater are much more complex 

than that of synthetic wastewater. The interfering factors (e.g., dissolved oxygen, pH, 

NOMs, NO3
‒, Cl‒, etc.) could significantly influence the PFCs removal. Thus, both 

homogenous and heterogeneous photocatalytic processes should be applied for the 

remediation of PFCs in real wastewater.  

Lastly, Continuous-flow reactors are required to treat the PFCs-contained 
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wastewater. We need to explore how to effectively deposit the photocatalysts on the 

continuous-flow rectors to further treat the real wastewater. Moreover, the 

photocatalytic processes can be combined with other treatment techniques to achieve 

synergistically effect for the efficient treatment of PFCs-contained wastewater.  
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