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RESUMO 

Uma grande variedade de compostos orgânicos e inorgânicos têm sido frequentemente 
descartados no meio ambiente sem controle por indústrias e atividades agrícolas. Isto tem 

causado impactos significativos no desenvolvimento e na saúde dos organismos vivos, e na 

biodiversidade. Portanto, o desafio do monitoramento e/ou remediação desses contaminantes 

permanece. Esta tese apresenta o desenvolvimento de três estratégias de sensoriamento 
baseadas em sensores fotoeletroquímicos para o monitoramento de contaminantes fenólicos. 

Os conhecidos semicondutores TiO2 e ZnO foram utilizados para a construção de novas 

configurações para análise nM de compostos fenólicos na água. O TiO2 comercial foi 
previamente calcinado para aumentar o tamanho de seus poros. As configurações empregando 

fotossensores baseados em TiO2 foram integradas em uma célula de fluxo fotoeletroquímico. 

O sistema em fluxo favoreceu uma maior sensibilidade do método através de sequências 

periódicas de lavagem do eletrodo, reduzindo significativamente o envenenamento do eletrodo. 
Primeiramente, foi desenvolvido um método simples baseado na imobilização do TiO2 em 

eletrodos de grafite impressos em tela. Sob luz UV, o fotossensor desenvolvido apresentou um 

alto desempenho para a detecção de 4-aminofenol. Um segundo estudo foi desenvolvido através 
da impregnação de nanopartículas de ouro na estrutura de TiO2. A incorporação de 

nanopartículas de ouro pode ampliar a região de absorção de luz de TiO2 e melhorar sua 

atividade fotocatalítica para a detecção de hidroquinona sob luz visível. Em ambos os sistemas, 

a detecção foi possível devido à presença de espécies reativas de oxigênio na superfície do TiO2 
sobre a luz, que participam do processo de oxidação do analito. Ao aplicar um potencial redutor, 

a forma oxidada do analito é reduzida e é registrada uma resposta amperométrica mensurável 
proporcional à concentração inicial do analito. A terceira configuração proposta é um 

fotossensor baseado em ZnO para a quantificação de 4-nitrofenol sob luz UV-A. O ZnO 
nanoestruturado foi sintetizado eletroquimicamente sobre o substrato de vidro FTO, sem o uso 

de catalisadores ou camada semente. Um tratamento de recozimento pós-crescimento melhorou 

significativamente as propriedades físico-químicas dos nanobastões de ZnO. A modificação 
posterior dos nanobastões de ZnO com um fotossensibilizador (ácido perileno) aumentou a 

resposta de fotocorrente e a sensibilidade. Neste sistema, o mecanismo de detecção é baseado 

na diminuição da resposta de fotocorrente na presença de uma molécula coletora de elétrons, 

como o 4-nitrofenol. A diminuição da fotocorrente é proporcional ao aumento da concentração 
de 4-nitrofenol na solução. A aplicabilidade das configurações fotoeletroquímicas de 

sensoriamento baseadas em semicondutores foi verificada para análise de compostos fenólicos 

em amostras de água natural e de abastecimento. As abordagens robustas e sensíveis propostas 
foram projetadas para o monitoramento in loco de compostos fenólicos. Os resultados 

encorajadores confirmam o potencial desses fotossensores como ferramentas promissoras para 

fins de sensoriamento a nível de traços. 

 
Palavras-chave: Sensores baseados em semicondutores. Estratégias de sensoriamento 

fotoeletroquímico. Dióxido de titânio. Análise de injeção de fluxo (FIA). Óxido de zinco. 

Fotossensibilizador. Compostos fenólicos.  



ABSTRACT 

A wide variety of organic and inorganic compounds have been frequently released into the 

environment without control by industries and agricultural activities. This has caused 

significant impact on the development and health of living organisms, and biodiversity. 

Therefore, the challenge of monitoring and/or remediation of these contaminants remains. This 

thesis presents the development of three sensing strategies based on photoelectrochemical 

sensors to monitor phenolic contaminants. The well-known semiconductors TiO2 and ZnO were 

used for building novel setups for nM analysis of phenolic compounds in water. Commercial 

TiO2 was previously calcined to enlarge its pore size. The setups employing TiO2-based 

photosensors were integrated into a photoelectrochemical flow cell. The flow system favored 

higher sensitivity of the method by periodic wash sequences of the electrode, significantly 

reducing the electrode fouling. Firstly, a straightforward method was developed based on the 

immobilization of TiO2 on screen printed graphite electrodes. Under UV light, the developed 

photosensor presented high performance for the detection of 4-aminophenol. A second study 

was developed by impregnating gold nanoparticles into TiO2 structure. The incorporation of 

gold nanoparticles can broaden the light absorption region of TiO2 and improve its 

photocatalytic activity for the detection of hydroquinone under visible light. In both systems, 

the detection was possible due to the presence of reactive oxygen species at the surface of TiO2 

upon light, which participate in the oxidation process of the analyte. By applying a reductive 

potential, the oxidized form of the analyte gets reduced and a measurable amperometric 

response proportional to the initial analyte concentration is recorded. The third proposed setup 

is a ZnO-based photosensor for the quantification of 4-nitrophenol under UV-A light. 

Nanostructured ZnO was electrochemically synthesized on FTO glass without the use of 

catalysts or seed layer. A post-growth annealing treatment significantly improved ZnO 

nanorods physicochemical properties. Subsequent modification of ZnO nanorods with a 

photosensitizer (perylene acid) increased the photocurrent response and the sensitivity. In this 

system, the detection mechanism is based on the decrease of the photocurrent response at the 

presence of an electron harvesting molecule, such as 4-nitrophenol. The decrease in 

photocurrent is proportional to the increase of 4-nitrophenol concentration in the solution. The 

applicability of the photoelectrochemical semiconductor-based sensing setups was verified to 

analyze phenolic compounds in natural and supply water samples. The proposed robust and 

sensitive approaches were designed for the on-site monitoring of phenolic compounds. The 

encouraging results confirm the potential of these photosensors as promising tools for trace-

level sensing purposes. 

Keywords: Semiconductor-based sensors. Photoelectrochemical sensing strategies. Titanium 

dioxide. Flow injection analysis (FIA). Zinc oxide. Photosensitizer. Phenolic compounds. 



SAMENVATTING 

Een grote variëteit aan organische en anorganische stoffen wordt vaak zonder controle 
uitgestoten in het milieu zowel door de industrie als door landbouwactiviteiten. Dit heeft 

aanzienlijke gevolgen voor de ontwikkeling en de gezondheid van levende organismen en voor 

de biodiversiteit. Daarom blijft het een uitdaging om deze verontreinigende stoffen te monitoren 
en/of te saneren. Dit proefschrift presenteert de ontwikkeling van drie detectiestrategieën 

gebaseerd op foto-elektrochemische sensoren om fenolische verontreinigingen te monitoren. 

De bekende halfgeleiders TiO2 en ZnO werden gebruikt voor het bouwen van nieuwe 

opstellingen voor de nM analyse van fenolische stoffen in water. Commercieel TiO2 werd 
vooraf gecalcineerd om de poriegrootte te vergroten. De opstellingen met TiO2 gebaseerde 

fotosensoren werden geïntegreerd in een foto-elektrochemische doorstroomcel. Het 

stromingssysteem bevoordeelde een hogere gevoeligheid van de methode door periodieke 

wasbeurten van de elektrode, waardoor de elektrodevervuiling aanzienlijk werd verminderd. 
Eerst werd een eenvoudige methode ontwikkeld op basis van de immobilisatie van TiO2 op 

gezeefdrukte grafietelektroden. Onder UV-licht vertoonde de ontwikkelde fotosensor een hoge 

prestatie voor de detectie van 4-aminophenol. Een tweede studie werd ontwikkeld door 
goudnanopartikels in de TiO2-structuur te impregneren. De integratie van gouden nanodeeltjes 

kan het lichtabsorptiegebied van TiO2 verbreden en de fotokatalytische activiteit verbeteren 

voor de detectie van hydrochinon onder zichtbaar licht. In beide systemen was de detectie 

mogelijk door de aanwezigheid van reactieve zuurstofdeeltjes aan het oppervlak van TiO2 bij 
licht, die deelnemen aan het oxidatieproces van het analiet. Door aanleggen van een reductieve 

potentiaal wordt de geoxideerde vorm van het analiet gereduceerd en wordt een meetbare 

amperometrische respons geregistreerd die proportioneel is met de oorspronkelijke 
analietconcentratie. De derde voorgestelde opstelling is een op ZnO gebaseerde fotosensor voor 

de kwantificering van 4-nitrofenol onder UV-A licht. Nanogestructureerd ZnO werd 

elektrochemisch gesynthetiseerd op FTO glas zonder gebruik van katalysatoren. Een 

gloeibehandeling na de groei verbeterde de fysisch-chemische eigenschappen van ZnO 
nanorods aanzienlijk. De daaropvolgende modificatie van ZnO nanorods met een 

fotosensibilisator (peryleenzuur) verhoogde de fotostroomrespons en de gevoeligheid. In dit 

systeem is het detectiemechanisme gebaseerd op de afname van de fotostroomrespons bij 
aanwezigheid van een molecuul dat elektronen opvangt, zoals 4-nitrofenol. De afname van de 

fotostroom is proportioneel met de toename van de 4-nitrofenolconcentratie in de oplossing. De 

toepasbaarheid van de foto-elektrochemische halfgeleider-gebaseerde detectieopstellingen 

werd geverifieerd voor de analyse van fenolische verbindingen in natuurlijke- en kraanwater 
stalen. De voorgestelde robuuste en gevoelige benaderingen werden ontworpen voor de on-site 

monitoring van fenolische stoffen. De bemoedigende resultaten bevestigen het potentieel van 

deze fotosensoren als veelbelovende instrumenten voor detectie op sporenniveau. 

Trefwoorden: Halfgeleider-gebaseerde sensoren. Foto-elektrochemische detectie strategieën. 
Titaniumdioxide. Stroominjectie analyse (FIA). Zinkoxide. Fotosensibilisator. 

Fenolverbindingen.  
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CHAPTER 1  
1.1 THESIS OVERVIEW 

The increasing and often uncontrolled disposal of phenolic compounds into the 

environment by industrial, agricultural, and domestic activities has become a public health 

problem. Being aware of the toxicity of these compounds and the various harmful side effects 

to humans, aquatic organisms, and the environment, the development of strategies for accurate, 

rapid, and effective monitoring of the quality of natural and supply waters becomes necessary. 

Currently, the most common techniques used by control agencies to monitor phenols in aquatic 

environments are expensive and time-consuming analysis. Therefore, the objective of this thesis 

is to present novel semiconductor-based photoelectrochemical (PEC) platforms for the 

amperometric detection in the nM range of phenolic compounds usually found in aquatic 

matrices. The proposed setups were developed with high sensitivity, accuracy, and 

reproducibility for the detection of phenols, based on costless and environmental friendly 

materials, commercial pristine (TiO2 P25) or synthesized in laboratory (AuNPs and ZnO 

nanorods). The challenging part of this thesis is the development of robust and reliable PEC 

setups for in situ monitoring of this group of hazardous compounds. 

The thesis consists of a collection of articles and is divided into five chapters. Chapter 

1 provides a general introduction to the PEC sensing technique based on semiconductor 

materials and a comprehensive review of the major strategies recently developed for the 

accurate monitoring of concerned pollutants. This chapter also lists the general objective of the 

thesis, as well as the specific objectives of each developed PEC strategy used in this thesis.  

Chapter 2 discusses the development of a flow injection-based amperometric 

photosensor for the quantification of 4-aminophenol (4-AP) under UV-light by using graphite 

screen printed electrodes (SPE) modified with commercial TiO2. The flow injection analysis 

(FIA) system was used to improve the sensitivity of the method by periodic wash sequences of 

the electrode surface, preventing its poisoning. The optimization of experimental and 

operational parameters related to the developed analytical sensing configuration is described in 

detail. The introduction of the PEC detection based on the generation of reactive oxygen species 

(ROS) is also addressed. 

Chapter 3 presents the study of impregnating size-controlled gold nanoparticles 

(AuNPs) into the structure of commercial TiO2 by photo-assisted synthesis for the 

quantification of hydroquinone (HQ) under visible light illumination and integrated into a FIA 
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setup. The boosting of the PEC signal of TiO2 and the enhancement of its light absorption ability 

ascribed to the surface plasmon resonance (SPR) effect and to the charge transfer property of 

AuNPs. As described in Chapter 2, in this chapter the detection of HQ is also based on the 

generation of ROS on the surface of the plasmonic sensor under visible light illumination. 

Chapter 4 is devoted to the synthesis and characterization of well-aligned ZnO 

nanorods electrodeposited on fluorine-doped tin oxide (FTO) coated glass substrate and to the 

study of the post-growth annealing effect on their crystallinity. The strong influence of the post-

growth annealing treatment on the physicochemical properties of the synthesized ZnO nanorods 

is dully presented through results obtained by morphological, optical, and electrochemical 

characterization techniques. ZnO nanorods with enhanced photocatalytic activity can be as a 

promising material for PEC sensing applications.  

 Chapter 5 focuses on the application of nano-sized ZnO, after surface annealing 

treatment, for the amperometric detection of 4-nitrophenol (4-NP) under UV-light in natural 

and supply water samples. After synthesis optimization and annealing study (Chapter 4), the 

ZnO nanorods were modified with the photosensitizer 3,4,9,10-tetracarboxylic perylene acid 

(PTCA) for further enhancement of their photocatalytic properties. Under optimized 

experimental and operational conditions, the FTO-ZnO350 °C|PTCA photosensor was produced. 

To evaluate the electrochemical developed sensor, the performance was compared to 

chromatography (HPLC) for detection of 4-NP in real samples. 

 

At last, the Conclusions and outlook chapter covers an overview of the remarkable 

points of the development of each proposed PEC sensing strategy for phenolic compounds 

discussed throughout chapters 2 to 5. Furthermore, the challenges regarding the future 

possibilities of designing such PEC sensing platforms for real monitoring applications are also 

discussed in this section. 

CHAPTER 1
• Thesis overview

• Introduction
• Objective

CHAPTER 4
FTO-ZnO

characterization

CHAPTER 2
SPE|TiO2 for 

4-AP detection

Photoelectrochemical 
sensing strategies

CHAPTER 3
SPE|AuNPs@TiO2
for HQ detection

CHAPTER 5
FTO-ZnO350 °C|PTCA 
for 4-NP detection
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The articles (Chapters 2 and 4) used to compose this thesis are of my authorship 

published in peer-reviewed journals, as shown in the Annex I and II. Chapters 4 and 5 are in 

the publishing process. 

1.2 INTRODUCTION 

1.2.1 Phenolic compounds  

 The pollution of water sources by industrial, agricultural, and domestic effluents has 

been discussed for years and the challenge of monitoring and/or remediation of organic and 

inorganic contaminants remains. A wide variety of contaminant compounds are frequently 

released without control into the environment and have been caused a significant impact on 

living organisms and biodiversity. The continued discharge of these contaminants without 

appropriate treatment into the environment can generate irreversible harmful effects to aquatic 

organisms and may pose a serious long-term risk to human health.1 In addition, the conventional 

water and wastewater treatment methods used are not effective in completely removing these 

compounds.2   

Among the organic contaminants commonly found in the environment are phenolic 

compounds, which are a class of compounds consisting of one or more benzene rings and 

hydroxyl groups (Fig. 1.1). Phenolic compounds are widely employed in industrial activities, 

such as in the production and processing stages of chemicals, due to their antioxidant, 

antibacterial, anti-inflammatory, and antimicrobial properties.3 In a recent review on strategies 

for removing phenolic compounds from wastewater, Said et al. (2021) discussed the main 

industrial effluents containing phenol and their derivatives frequently detected in water (Fig. 

1.2).1 The major industries cited include petroleum refining4, coal refining5, pharmaceutical6, 

petrochemical7, and tannery8 industries. Their presence in the environment originating from 

agricultural activities is due to the degradation of pesticides and insecticides and subsequent 

generation of phenolic sub-products, for instance, the generation of 4-nitrophenol (4-NP) from 

the hydrolysis reaction of the organophosphorus pesticides methyl-parathion and fenitrothion.9, 

10 Some pharmaceuticals and personal care products are manufactured using phenolic 

compounds, such as 4-aminophenol (4-AP) and hydroquinone (HQ).11, 12  

 

 

 



18 
 

Figure 1.1 - Core chemical structure of phenolic compounds. 

 

Source: Own authorship. 

Figure 1.2 - Example of phenol effluents produced by major industries. 

 

 Source: Said et al., 2021. 

 Phenolic compounds are included in the list of priority pollutants designated by the 

European Union (EU) and by the United States Environmental Protection Agency (USEPA), 

due to their high toxicity and low degradability characteristics, posing a danger to aquatic life 

and human health even at small concentrations.3 Moreover, they can also reach the drinking 

water source, through direct contamination or by dragging, washed from the ground or the air 

by rainwater, and generate a considerable risk for the population.13 In this sense, the USEPA 

has defined the maximum permissible concentration of phenol and its derivatives as ranging 

from 60-400 mg L-1 concerning their respective toxicities.14 

 Due to their mobility, solubility in water, and bioaccumulation potential in organisms, 

phenolic compounds are a threat to human health, as exposure to small amounts of these 

compounds can cause instant poisoning and lead to death.13, 15 Phenolic compounds are volatile 

and may generate toxic vapors.13 When inhaled, they irritate the respiratory tract, leading to 

respiratory insufficiency.13, 16 Phenolic vapors can also cause eye irritation, leading to serious 

damage to the visual system and possibly blindness.13 Excessive exposure to phenol and its 

derivatives can lead to disruption of the central nervous system, causing muscle spasms, 

OH
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tremors, convulsions, and paralysis.1, 16 The monitoring of phenolic compounds has been a 

major concern worldwide given the critical risks that these compounds can generate to the 

ecosystem. As a consequence, the development of reliable, reproducible, sensitive, rapid, and 

low-cost analytical sensing methodologies for the comprehensive and on-site monitoring of 

phenolic compounds in the natural environment is both necessary and of great interest. 

Many efforts have been made to develop efficient methods for detecting trace levels of 

phenolic compounds in natural water. Currently, the most frequently used detection techniques 

for this purpose are the conventional chromatographic and spectrophotometric techniques, such 

as high-performance liquid chromatography17 and gas chromatography18, fluorescence 

spectroscopy19, infrared spectroscopy20, and mass spectroscopy.21 These techniques have been 

widely used due to their accuracy and sensitivity. Nevertheless, it is a known fact that these 

conventional techniques have limitations including complex methods with extensive sample 

pre-treatment, need for laboratories with infrastructure and equipped with expensive 

instruments, besides qualified personnel.22 In addition, the use of these techniques for routine 

and real-time applications becomes unfeasible. Therefore, this is the starting point for 

developing reliable electrochemical sensing strategies for phenolic compounds using 

inexpensive equipment and easy-to-use methods with the possibility of portability for on-site 

and real-time analysis.  

1.2.2 Electrochemical methods for phenolic compounds detection 

 The development of electrochemical sensors and biosensors has been proposed as a 

promising alternative for monitoring phenolic compounds in natural water.23 When associated 

with the electrochemical processes (oxidation/reduction), as well as with the use of novel 

nanomaterials3, for instance, carbon nanotubes24, graphene25, molecularly imprinted 

polymers26, and quantum dots27, these devices became as sensitive and reliable as 

chromatographic ones, but with advantages of portability and easy-to-use, allowing in situ and 

real-time analysis.  

Li et al. (2017) developed a novel composite based on cyclodextrin and chitosan-

functionalized reduced graphene oxide on glassy carbon electrode (RGO-CD-CS/GCE) for 

simultaneous determination of 4-NP and 2-NP in water samples.28 The enhancement of the 

signal detection and consequently an improved sensitivity were achieved due to the host-guest 

recognition sites on cyclodextrin. A second-order derivative deferential pulse voltammetry (2D-

DPV) was performed, and the detection was possible based on the nitroaromatic/hydroxylamine 
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redox reactions of 4-NP and 2-NP at RGO-CD-CS/GCE, reaching detection limits of 0.016 and 

0.018 µM, respectively. Chen and co-workers (2019) developed another successful 

electrochemical strategy based on modified GCE with copper oxide-histidine functionalized 

graphene quantum dots (CuO-His-GQD) for the amperometric detection of HQ by using 

DPV.27 In this study a limit of detection of 0.31 nM was achieved and the applicability of the 

proposed sensor was studied for the determination of HQ in natural water samples. Recently, 

Guo et al. (2019) designed an electrochemical sensor based on modified GCE with zeolitic 

imidazolate framework-67 and multiwalled carbon nanotubes (ZIF-67/MWCNTs-

COOH/Nafion) composite for the simultaneous determination of Acetaminophen (AC) and 4-

AP.29 Limits of detection of 0.01 and 0.07 µM were obtained for 4-AP and AC, respectively. 

The recovery study was performed to demonstrate the successful applicability of the 

electrochemical composite sensor for AC detection in river water samples. Therefore, these are 

some examples that prove considerable efforts have been made to develop new and innovative 

electrochemical strategies based on the synthesis and integration of advanced and sustainable 

nanomaterials to improve the analytical signal for the quantification in the µM and nM range 

of phenolic compounds. 

 One of the most investigated electrochemical sensors for the analysis of phenols and 

their derivatives are enzyme-based biosensors.30 Phenol oxidases such as laccase, tyrosinase, 

and horseradish peroxidase are a group of enzymes that have recently been widely used to 

design biosensors due to their ability to oxidize phenolic compounds in the presence of 

oxygen.31 Thereby, studies have reported the successful use of these enzyme-based biosensors 

for the detection of phenolic compounds.  

Fartas et al. (2017), developed an electrochemical biosensor based on the 

immobilization of tyrosinase on graphene-decorated gold nanoparticles/chitosan 

nanocomposite (Gr-AuNPs-Chit-Tyr-SPE) for amperometric detection of phenolic 

compounds.32 Limits of detection of 0.016, 0.02, 0.031, 0.024, 0.041 µM were calculated for 

phenol (Ph), catechol (CT), 4-NP, 4-chlorophenol (4-ClP) and 2,4-dichlorophenol (2,4-DCP), 

respectively, and sensitivity ranging from 0.213 to 0.624 µA µM-1. The proposed biosensor 

showed a decrease of 15% in its original amperometric response after one month of storage at 

4 °C. Another study based on an amperometric biosensor using horseradish peroxidase was 

developed by Zhang and co-workers (2012) for the detection of Ph and 4-ClP.33 The proposed 

biosensor is based on the modification of glassy carbon electrode by horseradish peroxidase 

immobilized on partially reduced graphene oxide (HRP-partially rGO/GCE). They attributed 
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the improved electrochemical properties of the biosensor to the partially rGO which promotes 

the electron transfer between the enzyme HRP and the GCE. Limits of detection of 4.4 and 15.2 

µM were achieved for Ph and 4-ClP, respectively. The stability and reusability of the biosensor 

were investigated after 7 days of storage at 4 °C and a decrease by 7.0% and 7.3% in the current 

response of Ph and 4-ClP were observed. Recently, a biosensor based on a polyaniline/magnetic 

graphene composite mediated by laccase (PANI/MG-Lac-GCE) was proposed by Lou and 

coauthors (2020) for the amperometric detection of HQ.34 By using the biosensor, they achieved 

a limit of detection of 2.94 µM and sensitivity of 0.0364 µA µM-1 cm-2. The authors also 

reported a decrease by 3.3% in the amperometric response of HQ after 2 weeks of storage at 4 

°C. Although there are a large number of studies in this field reporting good results in terms of 

sensitivity and limits of detection in the µM range, there are always some disadvantages with 

electrochemical based biosensors. Interference from enzyme inhibitors or electroactive species 

in the electrochemical detection by the transducer, as well as enzyme denaturation and 

limitations related to stability and high cost may limit the feasibility of disposable enzyme-

based biosensors for large-scale production and real monitoring application.30 

 Another issue commonly reported in the use of the (bio)sensors associated with 

conventional electrochemical techniques, such as cyclic voltammetry (CV), square wave 

voltammetry (SWV), differential pulse voltammetry (DPV), and linear sweep voltammetry 

(LSV) for analytical detection, is the instability of background current (Fig. 1.3), partly from 

the double-layer charging, which can influence the sensitivity of the method.35 In this case, one 

of the possible solutions to overcome this problem is to resort to baseline correction. Although 

this is not always a reliable option. 

Figure 1.3 – (a) DPVs of HRP/CRG24H/GC electrode in phosphate buffer acquired during 
the successive addition of p-chlorophenol (b) DPVs of HRP/CRG24H/GC 
electrode in phosphate buffer acquired during the successive addition of phenol. 

 
 Source: Adapted from Zhang et al., 2012.  
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While much work is still needed to overcome the disadvantages of using 

electrochemical (bio)sensors, this can still be considered a preferred option for monitoring 

phenolic compounds in terms of portability, fast screening results, and the possibility of 

development of eco-friendly platforms by using sustainable and biodegradable materials 

reducing the environmental impact.36 

1.2.3 PEC sensors 

The development of photoelectrochemistry has started in 1839 by Edmond Becquerel 

with the study of the conversion of electromagnetic radiation into electrical energy, resulting in 

the discovery of the photovoltaic effect.37 Later, in the 1960s, Heinz Gerischer studied in detail 

the physicochemical interaction between the light source and the electrochemical processes on 

the surface of semiconductors, becoming one of the pioneers in the development of applied 

photoelectrochemistry.38 Since then, the interest in the study of photoelectrochemistry has 

grown substantially, focusing primarily on the development of renewable energy conversion 

and storage. In this regard, photo-driven processes have been widely explored for photovoltaics, 

photocatalysis, and photosynthesis applications.39 In parallel, the oxidation and reduction 

reactions that take place at the semiconductor/electrolyte interface have also gained attention 

over the years and the study of photoelectrochemistry for sensing applications has been widely 

developed.37, 40 

Recently, the PEC sensing technique emerged as an attractive alternative for analytical 

chemistry which has been developed and applied for monitoring organic and inorganic 

pollutants. The interest in PEC sensing has increased exponentially over the years due to its 

superior properties for real application.40 In this technique, a photoactive material, such as TiO2 

and ZnO, is used to collect the photon energy from a UV or visible light source and transform 

it into electron/hole (e-/h+) pairs. In a typical n-type semiconductor, the photogenerated hole 

may oxidize available molecules, while the photogenerated electron are promoted to the 

conduction band and generate a measurable anodic photocurrent. Alternatively, the cathodic 

photocurrent (or a reduction on anodic photocurrent) is expected when the photogenerated 

electron are transferred to available molecules (e- acceptors) in the solution and at the same 

time undergo recombination with the photogenerated h+ in the valence band.41 In parallel, 

reactive oxygen species (ROS) like hydroxyl radicals (•OH) and superoxide (•O2
−) are also 

generated at the surface of the semiconductor.42 The generated photocurrent is recorded by a 

potentiostat and its magnitude depends on the electron flow in the semiconductor. The energy 
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difference between the valence and conduction bands of semiconductor and insulator materials 

is called band gap, on the order of magnitude of electron volts (eV). Therefore, the band gap is 

the energy required to promote an electron from the valence band to the conduction band, where 

it can move freely through the crystal lattice and serve as a charge carrier for energy 

conduction.43, 44 The electron promotion becomes possible due to a thermal excitation or 

through the incidence of light, as shown in Figure 1.4. 

Figure 1.4 – Energy diagram for an n-type semiconductor under the 
incidence of a light source, resulting in the e- promotion 
from the valence band (VB) to the conduction band (CB). 

 

 Source: Own authorship. 

PEC sensing platforms contain three key components: light source, photoactive 

material, and signal recording setup. Specifically, photocurrent generation is only possible by 

a combination of factors, mainly the intensity and wavelength of the light source, the 

composition of the electrolyte solution, and the characteristics of the photoactive material, such 

as the type, size, and shape.41 The generation of photocurrent signal involves foremost the 

photon absorption, charge generation, charge promotion/recombination, and charge destination 

that may directly assist the redox reactions in the electrode/electrolyte interface.40 This new 

analytical approach has significant advantages compared to conventional electrochemical 

methods.45 For instance, the complete separation between the electron excitation source and the 

analytical signal greatly reduces the background noise achieving higher sensitivity. Another 

notable advantage is that the PEC technique works without the dependence on an applied 

potential, considered one of the fundamental parameters used in conventional electrochemical 

methods (amperometric). These unique features are the main reasons why PEC sensing devices 

have become in recent years widely spread and studied in the scientific context.40, 45, 46 
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In PEC systems, the performance of the photoactive material and the efficiency of the 

photoconversion depends mainly on the strategies adopted for surface and/or structural 

modifications of these materials, hence improving their basic photocatalytic properties. In this 

regard, the photoactive material plays an important role in PEC sensing systems, since it acts 

as a transducer converting the electronic signal into a measurable photocurrent response.47 

Furthermore, an efficient signal transduction mechanism using suitable chemical or biological 

composites to achieve the improved design of the functional photoactive material with tailored 

characteristics enables its application in the most diverse PEC areas, as well as for the various 

sensing purpose.46 

1.2.3.1 PEC-based sensing strategies 

Currently, there are few studies dedicated to improve the physicochemical properties of 

photoactive materials, including organic polymers, metal oxides, and transition metal 

chalcogenides.40, 41 Strategies to make a versatile and effective transducer for signal 

amplification always involve challenging tasks and therefore such studies have been seen as an 

innovative research topic.  

Metal oxide photoactive materials 

 Among the different photoactive materials, metal oxides have attracted great interest in 

the construction of PEC sensors due to their functional properties, excellent biocompatibility, 

easy synthesis, eco-friendly, controllable size, and high crystallinity.45 For instance, classical 

semiconductors ZnO and TiO2 are considered promising photocatalysts and in recent years have 

been studied as catalyst support due to their stability and electron transfer ability.42, 48 Even 

though these bare photoactive materials have great application in the PEC field, they have a fast 

electron/hole (e-/h+) recombination rate, large band gap, low absorption of the photons, and they 

are suitable only at the wavelength range of UV light.49 Therefore, these characteristics limit 

the application of such materials for sensing purposes. To address the drawbacks of using the 

mentioned bare photoactive materials, different strategies such as doping and heterojunctions 

with equivalent or different bandgap materials, including dye sensitization and metal 

deposition, have been developed to improve optoelectronic conversion efficiency and to extend 

their application range.45 
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Heterojunctions 

Since fast photogenerated charge recombination is a major problem of some photoactive 

materials and the separation/transfer of these charges is highly desired, heterojunctions are the 

most effective ways to suppress this drawback and influence the analytical performance of a 

photosensor. The separation of the photogenerated charges can happen more efficiently at the 

interface of different composites.40 Heterojunctions are typically grouped as follow: 

semiconductor-semiconductor (S-S) heterojunction, semiconductor-carbon (S-C) 

heterojunction, semiconductor-metal (S-M) heterojunction, and multicomponent (MC) 

heterojunction.40, 50 

In an S-S heterojunction, a specific semiconductor with a higher energy level injects 

photogenerated electron into the conduction band of a second semiconductor, increasing 

electron flow and consequently enhanced photocurrent response.45 In addition, the spatial 

separation between semiconductors hinders the recombination of the photogenerated charges.51 

The junction between a p-type semiconductor and an n-type semiconductor is a well-established 

example of an S-S heterojunction, for instance, the heterojunction of the CuO/ZnO composite.52 

S-C heterojunction comprises carbon-based materials including single- and multi-walled 

carbon nanotubes, graphene (GR), and its derivatives, graphene oxide (GO) and reduced 

graphene oxide (rGO).45 The intrinsic electronic properties of carbon-based materials, their high 

specific surface area, and superior flexibility ensure efficient charge separation and address the 

aggregation problems commonly observed in some semiconductors, as well as improve their 

photocatalytic activity.53, 54 An rGO/ZnO/indium tin oxide coated glass (ITO)-based glucose 

photosensor developed by Zhou et al. (2020) is an example of S-C heterojunction.55 The authors 

have found that the incorporation of rGO facilitates electron transfer between ZnO and ITO 

electrode, achieving an enhancement in sensor sensitivity by about 1.6-fold and decrease in the 

detection limit by 2.3-fold. S-M heterojunction involves the surface plasmon resonance (SPR) 

effect where metal nanostructures, for instance, Au, Pt, and Ag, improve light harvesting and 

photo-energy conversion ability of semiconductors.40 Mendonça and coworkers (2021) have 

reported that the photocatalytic activity and light absorption of anatase-TiO2 was greatly 

improved by the impregnation of size-controlled AuNPs for nM detection of HQ under visible 

light illumination.56 On the other hand, MC heterojunction concerns the spatial integration of 

two or more photoactive materials to achieve both efficient electron photoconversion, and 

efficient photogenerated charge transfer.50 In a typical MC heterojunction the photoactive 

material placed between two semiconductors acts as a charge recombination and electron 
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storage center. For instance CdS/Au/TiO2, the role of the metal is to contribute to the 

simultaneous interfacial vectorial electron  transfer (CdS  Au  TiO2) and effective charge 

separation in the respective semiconductors.50, 57 The schematic illustration of the photocurrent 

generation and an overview of different examples of heterojunctions for a semiconductor 

material are displayed in Figure 1.5.45 

Figure 1.5 - (a) Schematic illustration of semiconductor-based photocurrent 
generation: (I) the formation of charge carriers under illumination; (II) 
the trapping of a CB electron and the formation of cathodic 
photocurrent; (III) the trapping of a VB hole and the formation of 
anodic photocurrent. (b) Doped semiconductor. (c) S-S heterojunction. 
(d) S-C heterojunction. (e) S-M heterojunction. (f) MC heterojunction. 

 

 Source: Shi et al., 2019. 

 Moreover, element doping and surface sensitization have also been considered 

promising strategies for the development of photoactive materials with enhanced photocatalytic 

properties and improved visible light absorption.40 For example, the synthesis of nitrogen-

doped nanocrystalline TiO2 (N-doped TiO2) and the PEC device based on surface sensitization 

of TiO2 using perylene-3,4,9,10-tetracarboxylic acid, showed high photocatalytic activity under 

visible light irradiation.58, 59 

Photoelectroanalytical methods 

 PEC has become one of the most studied research topics in the analytical context owed 

to its authentic characteristics.40 Associated to nanomaterials and/or integrated to other 

analytical techniques, PEC has been successfully applied for trace level detection of organic 
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and inorganic pollutants in different matrices.51 To improve the photocatalytic activity of 

photoactive materials, the fabrication of photosensors using novel materials and advanced 

architectures with unique characteristics has been reported in the literature. Therefore, given 

the fact that improved photocatalytic activity leads to increased sensitivity, the development of 

well-established photosensors opens up new opportunities for a wide range of analytical sensing 

domains. 

 Yan and coworkers (2018) developed an S-S heterojunctions PEC sensing platform 

based on carbon nitride and bismuth oxyhalide (CN/BiOBr) composite for the detection of an 

antibiotic drug, tetracycline (TC).60 The intentional matching of the energy bands of the 

respective semiconductors (p-n heterojunction) reduced photogenerated charge recombination 

rates, leading to enhanced photocatalytic activity of BiOBr. Under visible light, the 

performance of the flower-like composite is drastically improved allowing the sensitive 

detection of TC and reaching a limit of detection of 8.5 nM. Another example of a p-n 

heterojunction PEC sensor was fabricated by Prado et al. (2020) based on the copper oxide-

modified bismuth vanadate (BiVO4/CuO) composite for naproxen (NPX) detection in sewage.61 

The authors found that the synergism between BiVO4 and CuO prevented the charge 

recombination and the photocurrent generated was derived from the electrooxidation of NPX 

at the anodic bias of 0.9 V (vs Ag/AgCl). After optimization of experimental conditions the 

FTO/BiVO4/CuO photosensor was able to detect NPX with a limit of detection of 4.9 nM. The 

real application was performed in sewage samples achieving a recovery percentage above 95%. 

Prado et al. (2019) also reported the determination of dopamine (DA) by using the same BiVO4 

photoactive material modified with graphene quantum dots (GQDs).62 Under visible light 

irradiation, the efficiency of the charge transfer mechanism of FTO/BiVO4/GQDs was 

confirmed enabling the oxidation of DA by using an applied positive potential (+0.4 V). The 

limit of detection for this method was estimated as 8.2 nM. 

Wang et al. (2014) proposed a new PEC sensing mechanism for DA.63 Interesting, the 

amperometric detection was based on the decreased photocurrent response. A photosensor 

based on ITO modified with CdS QDs was able to quantify the oxidized form of DA, i.e. 

benzoquinone (BQ), in the nM range reaching the limit of detection of 8.0 nM. The authors 

have found that BQ can act as an electron acceptor of the CdS QDs, blocking the electron 

transfer from the conduction band of CdS QDs to the ITO electrode. Also, another recent work 

investigated the decrease in photocurrent response of the photosensor for the sensitive 

determination of a known antibiotic, ciprofloxacin (CIP).64 In this work, AuNPs of 
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approximately 15 nm diameter were used to modify an ITO electrode acquiring the ITO/AuNPs 

photoelectrode. Increasing the concentration of CIP in solution resulted in a decrease in 

photocurrent intensity. According to the authors, the detection mechanism was based on the 

absorption of the CIP on the Au surface leading to a reduction of the electron transfer between 

AuNPs and ITO. A good linear correlation was observed and the limit of detection of 0.08 nM 

was achieved. A further example of a PEC sensing strategy based on decreasing of photocurrent 

response has been described by Sousa et al. (2020). Based on the principle of MC 

heterojunction, the photosensor was constructed by modifying the FTO substrate with the CdS 

and TiO2 composite sensitized with chloroprotoporphyrin IX iron(III) (CPPI). In addition to 

overcoming the charge recombination issues, the incorporation of the photosensitizer extended 

the response of TiO2 into the visible range. The CPPI-TiO2/CdS/FTO sensor was used to 

determine the flavanone naringin at zero bias potential. The authors achieved a limit of 

detection of 0.03 µM for naringin. 

Photobioelectroanalytical methods 

 The introduction of bioinspired transducers in the PEC devices has been also widely 

reported as a novel strategy for sensing purposes. Interactions between semiconductor and 

analyte (targets) can be mediated by a biorecognition element such as enzymes65, 66, aptamers67, 

68, and molecular imprinted polymers (MIP)69, 70. For instance, a successful PEC sensor based 

on the MIP-modified branched TiO2 nanorods (B-TiO2 NRs) was described by Sun and 

coauthors (2017) for the detection of the pesticide chlorpyrifos (CPF).71 The MIP film was 

prepared by electro-polymerization of p-aminothiophenol (ATP) and CPF on the surface of the 

B-TiO2 NRs. The interaction between MIP film and semiconductors was through hydrogen 

bonding. The MIP acts as an insulating layer hindering the harvesting photons and blocking the 

electron transfer. Therefore, the gradual decrease of photocurrent response was observed with 

increasing CPF concentration after removing the MIP template. The proposed photosensor 

showed excellent recognition capability specifically for the CPF molecule reaching a limit of 

detection of 21 pM. 

 A hybrid photolectrochemical biosensor based on the loading acetylcholinesterase 

(AChE) biomolecules onto 3D crossed bismuth oxyiodide nanoflake (BiOINFs) has been 

developed for the selective detection of organophosphate pesticides (OPs).72 The hybrid sensing 

device provided greater mass transport and a higher visible light harvesting effect attributed to 

BiOI. Pesticide methyl parathion (MP) was used as a model molecule for experimental 
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conditions optimization. Based on the enzyme-inhibition strategy, the AChE-BiOINFs/ITO was 

able to determine MP achieving a limit of detection of 0.15 nM. The applicability of the 

biosensor was evaluated in vegetable samples reaching recovery percentages above 96%. 

Shang et al. (2019) proposed the construction of a high-performance aptamer-based 

photosensor with fast charge transport and efficient visible light absorption for the detection of 

the antibiotic tobramycin (TOB). The amorphous MoSx (a-MoSx) was electrodeposited on the 

surface of ZnO nanorods (ZnO NR) previously synthesized on ITO substrate for the 

enhancement of photocatalytic activity. A tobramycin-binding aptamer was employed as a 

recognition element. The detection mechanism was based on the capture of the TOB molecule 

by the aptamer resulting in decreased photocurrent response due to the suppression of interfacial 

charge transfer. Thereby, the bioinspired ITO/a-MoSx@ZnO NR arrays/Apt photosensor was 

able to quantitatively determine TOB accomplishing a limit of detection of 12.2 pM. 

A recent study was developed by employing light-responsive DNA probes for PEC 

detection of the DNA labeled chromophores erythrosine (DNA-EryB) and chlorin e6 (DNA-

ChlE6) in the pM range.73 Shanmugan et al. (2022) investigated the behavior of DNA probes 

linked photosensitizers responsible for singlet oxygen (1O2) generation upon visible light 

illumination. Using HQ as a redox reporter, the authors found the use of type II photosensitizers 

resulted in considerable photocurrent ranging 1-4 nA. In this study, the detectability of the 

chromophores-labeled DNA sequence was evaluated based on three different strategies. 

Capture of chromophores-linked DNA by hybridization to complementary DNA probes 

attached to the surface of magnetic beads was the selected strategy. Accordingly, the 

proportional increase of photocurrent with the concentration of labeled DNA was observed and 

the limits of detection were estimated as 10 pM and 17 pM and sensitivity of 213 A M-1 cm-2 

and 116 A M-1 cm-2 for DNA-EryB and DNA-ChlE6, respectively. 

 Since chemical instability of biomolecules may be a disadvantage in bio-

electrochemical systems, a similar situation may occur in bioinspired PEC systems, depending 

on the analytical conditions. On the other hand, a well-established methodology combined with 

optimized bioinspired photoactive materials has a significant gain in terms of sensitivity and 

selectivity owed to the specificity of the incorporated biorecognition materials. 

1.2.4 New prospects: PEC sensing for phenolic compounds  

Relevant studies on PEC sensors for the detection of phenolic compounds have been 

reported in the last few years. These works have been dedicated to the design of smart devices 
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based on different electrochemical detection mechanisms. Herein, some examples will be 

further discussed. 

A PEC sensing platform was developed based on the synthesis of vertically aligned TiO2 

nanorodarrays (NRAs) on the surface of FTO substrate and subsequently photosensitized with 

zinc phthalocyanine (ZnPc).74 Surface sensitization of the NRAs allowed the amplification of 

TiO2 light absorption in the visible region range. Furthermore, the efficient electron transfer 

from the excited state of ZnPc to the conduction band of TiO2 occurs due to a longer lifetime 

of the dye in the excited state. The proposed ZnPc/TiO2 NRAs/FTO sensor was used to quantify 

bisphenol A (BPA) through its oxidation by photogenerated hole (h+) and consequent linear 

increase of the photocurrent response that was proportional to increasing concentration of the 

analyte in the solution. The limit of detection was estimated as 8.6 nM and the sensitivity of the 

method as 0.5764 μA L μM−1. 

In 2019 Yan et al. designed a novel heterojunction-based photosensor of bismuth-

system oxides for 4-ClP assay.75 The authors studied the construction of a binary heterojunction 

at the interface between the BiPO4 nanocrystal and BiOCl nanosheets, allowing the 

amplification of the photoabsorption region of these semiconductors and the effective 

separation of the photogenerated charges to improve the performance of the PEC system. In 

this proposed PEC, 4-ClP was photoelectrochemically oxidized by photogenerated h+ at the 

surface of the BiPO4/BiOCl nanocomposite-modified ITO electrode allowing sensitive 

detection of 4-ClP. The limit of detection for this PEC system was calculated as 52.7 nM. 

Based on another PEC detection mechanism, recent works have exploited the use of 

singlet oxygen as an intermediate to obtain oxidized phenolic compounds and subsequently 

generate a quantifiable amperometric photocurrent. Trashin et al. (2017) developed a 

biomimetic sensing strategy for amoxicillin by impregnating the photosensitizer perfluorinated 

ZnO phthalocyanine into TiO2 (TiO2-F64PcZn).76 Under visible light, the photosensitizer 

generates aerobically singlet-oxygen which is the responsible for the oxidation of analytes in 

solution, leading to electrochemically detectable products. The remarkable strategy resulted in 

improved sensitivity and a limit of detection of 20 nM for amoxicillin. Based on the same 

principle, Neven et al. (2019) studied the effects of varying electrochemical parameters, mainly 

pH and applied potential on the photocurrent cathodic response of cefadroxil (CFD), 4-AP, and 

doxycycline (DXC) by using the TiO2-F64PcZn under red-light for singlet oxygen generation.77 

Limits of detection of 20 nM, 0.2 µM, and 7 nM were calculated for CFD, DXC, and 4-AP, 

respectively. 
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Another PEC sensing proposal based on the generation and accumulation of ROS at the 

surface of HRP-impregnated TiO2 under daylight, was described by Rahemi et al. (2020).78 

Photogenerated ROS potentiate the catalytic activity of the HRP enzyme toward phenols 

allowing the amperometric quantification of these compounds. The implementation of an FIA 

system to the PEC platform ensured good sensitivity (0.51 A M-1 cm-2) and a limit of detection 

of 26 nM for 4-AP. In the same year, Mendonça et al. (2020) also reported the amperometric 

detection of 4-AP based on ROS generation at the surface of a commercial TiO2 sensor 

integrated into an FIA system under UV light .79 After an optimization study of the analytical 

parameters, the authors achieved a low limit of detection (18 nM) and sensitivity of 0.6 A M-1 

cm-2. 

Using a molecularly imprinted polypyrrole (MIP), Wang and coauthors (2014) 

developed a bioinspired PEC sensor based on GR-modified CdS QD at the surface of the FTO 

electrode for the detection of 4-AP.80 The authors found that a small amount of GR could 

facilitate the electron transfer of CdS, improving its PEC response under visible light 

illumination. MIP of 4-AP was electropolymerized on the surface of CdS GR by cyclic 

voltammetry. The specified binding of MIP from the assigned MIP/CdS-GR/FTO sensor was 

responsible for the selective detection of 4-AP with a limit of detection of 0.23 nM. Similarly, 

based on MIP as a recognition element, Yan et al. (2017) produce a self-powered sensing PEC 

platform, for the detection of 4-NP.81 The proposed photosensor was designed based on the 

principles of the photocatalytic fuel cell, designating a PbS QDs-modified GCE as the cathode 

where 4-NP reduction takes place and a GR-modified GCE as the anode where acid ascorbic 

oxidation occurs. The oxidation of acid ascorbic at the photoanode provides the required power 

output for the system to achieve the self-powered sensing mechanism. The MIP was used as a 

recognition element to specifically bind 4-NP in the photocathode. The estimated limit of 

detection was 0.031 µM.  

Many attempts have been made to make the PEC-based sensing even more well-

structured and recognized as an analytical technique. Indeed, the PEC sensing technique is 

under constant development and advanced materials with significant results have been reported 

in the literature.41, 45, 51, 82 Besides the efforts to transform PEC systems into a sustainable 

portable platform, improving the analytical performance, in terms of sensitivity, the limit of 

detection and selectivity, has been the main goal of PEC-based analytical methodologies, 

playing an important role in the prospects of environmental monitoring of organic pollutants. 
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1.3 LINK BETWEEN ARTICLES PRESENT IN THE BODY OF THE THESIS AND 

THE PhD PROJECT 

The development of a nanometric photosensor for the quantification of 4-NP in supply 

water is the subject of the initial PhD research project. The results of the initial PhD project are 

presented in the chapters 4 and 5 of this thesis (data not yet published). To further explore the 

advantages of the PEC technique, as well as to develop other novel sensitive and efficient 

analytical strategies for the detection of phenolic compounds, the initial PhD project was 

extended giving rise to two more works (chapter 2 and 3 – published data). These works were 

developed in collaboration with the A-Sense Lab in Antwerp, Belgium, during the internship 

abroad. Therefore, the two self-authored published articles used to compose this thesis have a 

direct relation with the PhD project, since they present the development of PEC methodologies, 

using different photocatalyst materials, for the monitoring of the phenolic compounds in water 

samples. 

1.4 OBJECTIVES 

The overall objective of this thesis is to develop different photoelectroanalytical 

approaches for the effective detection of phenolic compounds (HQ, 4-AP, and 4-NP) in natural 

and supply water samples by using amperometric photosensors based on TiO2 and ZnO 

semiconductors. Each chapter presents the development of a particular PEC sensing strategy 

and therefore has its respective specific objectives, as detailed below:  

 Chapter 2:  

 Immobilization of commercial TiO2 on graphite SPE to obtain the SPE|TiO2 

photosensor and integrate it into a PEC flow cell; 

 Optimize the experimental and operational conditions, such as flow rate, working 

potential, and pH, using HQ as a model molecule; 

 Apply the SPE|TiO2 photosensor integrated into a FIA setup for the detection of HQ and 

4-AP under UV illumination and estimate the LODs and sensitivities, as well as the 

repeatability, reproducibility, and stability of the SPE|TiO2 amperometric sensor;   

 Evaluate the amperometric response of 4-AP in the presence of other phenolic 

compounds for the interference study; 
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 Use the proposed PEC setup for the detection of HQ and 4-AP in tap and river water 

samples to perform the recovery test. 

 Chapter 3: 

 Synthesize AuNPs to prepare the plasmonic catalyst (AuNPs@TiO2) by impregnation 

into commercial TiO2 via photo-assisted synthesis; 

 Characterize the plasmonic catalyst by XRD, Raman, UV-vis spectroscopy, SEM-EDX, 

TEM, and LSV measurements; 

 Modify graphite SPE with AuNPs@TiO2 to obtain the SPE|AuNPs@TiO2 photosensor 

and integrate it into a PEC flow cell; 

 Study the effect of the amount of AuNPs loaded on TiO2 on the PEC responses of HQ 

quantification under visible light (green laser source); 

 Analyze the influence of flow rate, working potential, and pH on the photocurrent 

response in the presence of HQ at SPE|AuNPs@TiO2; 

 Evaluate the photocatalytic performance of SPE|AuNPs@TiO2 integrated into a FIA 

setup for HQ and 4-AP sensing under the green laser illumination and the calculation of 

the LOD, sensitivity, repeatability, reproducibility, and stability of the proposed 

photosensor; 

 Perform the interference study for HQ detection in the presence of other phenolic 

compounds; 

 Apply the optimized AuNPs@TiO2-based PEC sensing material for the detection of HQ 

and 4-AP in an effluent water sample to perform the recovery test. 

 Chapter 4: 

 Synthesize well-aligned ZnO nanorods to the FTO substrate by using a low-temperature 

electrodeposition method without the need to use a catalyst or seed layer; 

 Study the effect of post-growth surface annealing treatment, in the range of 200 to 500 

°C, on the crystallinity of ZnO nanorods, by morphological, electrochemical, and optical 

characterization; 

 Evaluate the crystallographic planes for the synthesized ZnO nanorods and calculate the 

crystalline size for the nanorods as grown and annealed at 200 to 500 °C by using the 

XRD results; 
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 Investigate the behavior of diffraction and Raman peaks of ZnO nanorods with 

increasing temperature and evaluation of  the surface of the synthesized nanostructures 

by SEM before and after annealing treatment, as well as their morphology and crystal 

structure; 

 Verify by EDX and XPS measurements the presence of impurities in the ZnO films, 

studying the influence of the annealing treatment on the variation of the composition of 

O and C bonds present in the semiconductor material; 

 Analyze the photocurrent transient behavior of ZnO nanorod films by LSV and 

chronoamperometric measurements under UV-light and evaluate their optical response 

before and after annealing treatment by UV-vis spectroscopy to calculate the band gap 

energy. 

 Chapter 5: 

 Modify ZnO nanorods surface annealed at 350 °C with the photosensitizer PTCA (FTO-

ZnO350 °C|PTCA) for further enhancement of their photocatalytic activity; 

 Characterize the FTO-ZnO350 °C|PTCA by chronoamperometry, UV-vis spectroscopy, 

XRD, FTIR, and XPS measurements; 

 Study the electrochemical behavior of 4-NP using FTO-ZnO350 °C|PTCA under UV light 

and evaluate the effect of pH, support electrolyte, and applied potential on the 

amperometric response of 4-NP; 

 Quantify the 4-NP by using FTO-ZnO350 °C|PTCA under UV light and determine the 

figures of merit of the methodology, such as stability, repeatability, reproducibility, and 

LOD; 

 Perform the interference study on the PEC response of 4-NP; 

 Apply the FTO-ZnO350 °C|PTCA photosensor for the detection of 4-NP in the river and 

tap water samples to perform the recovery test; 

 Quantify the 4-NP by HPLC using an optimized method; 

 Perform a statistical comparison study to assess the equivalence between the analytical 

results for 4-NP detection obtained by using the PEC and chromatographic 

methodologies. 
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CHAPTER 2  
Photoelectrochemical sensing of the 4-aminophenol by using a TiO2-based amperometric 

sensor integrated to a FIA system 

 

 This chapter describes the photoelectrochemical quantification of phenolic compounds 

such as hydroquinone (HQ) and 4-aminophenol (4-AP) accomplished by integrating the 

photoelectrochemical cell into flow injection analysis (FIA) setup. It is a well-known fact that 

during the electroanalysis of phenolic compounds, the electrode surface is susceptible to 

poisoning. However, the electrode fouling can be reduced significantly by using the FIA system 

with periodic wash sequences of the electrode. Reactive oxygen species (ROS), generated on 

the surface of TiO2 under UV-light, can oxidize phenolic compounds, e.g. 4-AP. The oxidized 

form of 4-AP is reduced back at the electrode surface generating a measurable signal 

proportional to its concentration. The factors influencing the performance of the sensor such as 

flow rate, applied potential for back reduction and pH are investigated in detail. A 

straightforward analytical methodology for the on-site, highly sensitive and low-cost 

quantification of phenolic compounds is now presented based on using TiO2 in a 

photoelectrochemical flow cell.  

 

 

 

 

 

This chapter is reproduced from the article: 

Integration of a photoelectrochemical cell in a flow system for quantification of 4-aminophenol 

with titanium dioxide, authored by Camila D. Mendonça et al., published in Electrochemical 

Communications, v. 117, p. 106767, 2020. https://doi.org/10.1016/j.elecom.2020.106767
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2.1 INTRODUCTION 

Flow injection analysis (FIA) is an approach for automated chemical analysis of organic 

contaminants.83-87 This approach ensures a high mass transfer and provides clean electrode 

surfaces after periodic washing steps,88 improving the method ruggedness and allowing a fast 

analysis.89 In order to enhance the sensitivity of the detection, FIA has been combined with 

modified electrodes such as carbon nanotubes,88 molecularly imprinted polymers,90 graphene91 

and quantum dots.92 This combination provides valuable setups with sensitivity and selectivity 

competitive to their chromatographic alternatives with the advantage of being portable, easy-

to-use,93, 94 enabling “in situ” and real-time analysis. 

Another recent approach that has attracted considerable attention for the detection of 

organic compounds is photoelectrochemical analysis.63, 95-98 Among different photoactive 

materials, titanium dioxide (TiO2) is considered one of the most effective photocatalysts due to 

its high photo-activity and stability. It has been extensively used in water and wastewater 

treatment studies because it is chemically and biologically inert, cost-effective, non-toxic, and 

can promote the oxidation of organic compounds under UV illumination.99-102 The band gap 

of TiO2 is ~3.2 eV, depending on its crystalline form (anatase, rutile or brookite). Therefore, 

light with energy values greater than its band gap is required to excite electrons to the 

conduction band (CB) with the generation of holes in the valence band (VB).99 The 

photogenerated electron-hole pairs may react with adsorbed species available on the surface 

of TiO2, like OH- and H2O, producing reactive oxygen species (ROS) which may further 

oxidize phenolic compounds, allowing their quantification.103 

Inspired by the advantages of FIA and TiO2-based photoelectrochemical detections, we 

designed an analytical photosensing device for the amperometric quantification of 4-AP, an 

environmentally hazardous and toxic molecule. Commonly, 4-AP is used in the manufacture 

of pharmaceutical and cosmetic products; furthermore, it is used as plasticizer, petroleum 

additive or solvent.104, 105 When it is discarded, this molecule reaches the environment, mainly 

via aqueous systems, generating a series of problems for living organisms such as genotoxic, 

hepatotoxic and mutagenic effects.105 Therefore, the development of a sensitive, fast and 

reproducible method to quantify 4-AP is requested. 

There are different analytical methods to determine 4-AP, including high performance 

chromatography,106-108 capillary electrophoresis109 and chemiluminescence.87, 110 These 

methods are known to have a low limit of detection (LOD), high sensitivity and accuracy, but, 
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compared to electrochemical methods, they have some disadvantages such as essential sample 

pre-treatment, time-consuming, and costly.  

Although, various electrochemical sensors have been developed to detect 4-AP111-116 

but most of them have a long procedure for modification of the electrodes and they have quite 

a high LOD. In our work, commercial TiO2, illuminated with UV light, combined with a FIA 

system is used for nM-range detection of phenols with a more straightforward and low-cost 

procedure. In addition, in comparison to a steady-state batch system, the integration of flow 

systems into a photoelectrochemical cell provides high sensitivity and, consequently low LOD 

and high reproducibility, due to periodic wash sequences preventing the electrode surface from 

poisoning. 

2.2 EXPERIMENTAL 

2.2.1 Materials 

Nafion® 117 (5% in a mixture of lower aliphatic alcohols and water), potassium chloride 

(KCl), 2-aminophenol (2-AP), 3-aminophenol (3-AP), 4-aminophenol (4-AP), bisphenol A 

(BPA), 2-chlorophenol (2-ClP), 3-nitrophenol (3-NP), phenol, and potassium phosphate 

monobasic (KH2PO4) were purchased from Sigma-Aldrich. Hydroquinone (HQ) was obtained 

from Acros, TiO2 (Millennium PC500, mesoporous) from Crystal Global (prior to use, the TiO2 

was calcined to 450 °C to enlarge its pore size) and 2-[4-(2-hydroxyethyl)-piperazinyl] ethane 

sulfonic acid (HEPES) was purchased from VWR®. The graphite screen printed electrode DS 

110 was obtained from Metrohm DropSens. 10 mM KH2PO4 phosphate buffer and 0.1 M KCl 

solution (pH 7.0) was used as supporting electrolyte. The phosphate buffer solution was set to 

pH 7.0 using a NaOH solution. All reagents were used without further purification and all 

solutions were prepared with deionized water.  

2.2.2 Apparatus 

A homemade flow cell, made of poly(methyl methacrylate) (PMMA) with dimensions 

22.75 x 8 mm (internal) and 36.75 x 25.55 mm (external) and with an internal volume of 0.15 

mL, was used for the amperometric measurements of 4-AP and HQ (Fig. S2.1). A peristaltic 

pump (Perkin-Elmer, France) propelled the buffer into the flow line with a flow rate of 1 

mL/min using Tygon tubing and omnifit labware (Diba). A manual sample injection valve was 

used to inject 50 µL of the sample solution into the carrier stream. Electrochemical 
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measurements were carried out using a PalmSens (Utrecht, The Netherlands) controlled by 

PSTrace software (version 5.6). 

A UV LED (blue light, λpeak = 400 nm, 10 mW) was used for the excitation of the titania 

material (purchased from Kingbright, Germany). The distance between the LED and the surface 

of the electrode in the flow cell was 1.2 cm.  

2.2.3 Electrode modification 

The screen-printed graphite electrode (SPE) was modified with 10 g L-1 of TiO2 

dispersed in a solution of Nafion® (76:24, v/v HEPES 25 mM and Nafion®). Nafion® as an 

adhesive binder was used in order to provide better stability to TiO2 at the surface of the 

electrode. A volume of 5 µL of the suspension was dropped on the surface of the electrode and 

dried at room temperature in the dark for approximately 2 h, obtaining the modified electrode 

described as SPE|TiO2.  

2.2.4 Analytical procedure 

The flow rate, working potential, and pH were optimized in order to improve the 

amperometric response. All the electrochemical measurements were conducted using 

chronoamperometry and four measurements were performed per each experiment (n = 4), for 

the deviation studies.  

The proposed photosensor and the optimized setup were used to detect HQ as a model 

molecule and 4-AP. The photocatalytic mechanism of 4-AP oxidation is expected to be the 

same as for HQ. Therefore, HQ was selected as a model molecule to optimize the experimental 

conditions. The LOD was calculated by the equation: LOD = 3sb/a, where sb is the standard 

deviation of the blank and a is the slope of the calibration curve. 

The river water was collected from Scheldt river at Lillo, Antwerp district, Belgium 

(Coordinates: 51° 18’ 8.0676”N 4° 17’ 11.3604”E). The river water sample was previously 

filtered using 0.2 µm polyethersulfone (PES) purchased from VWR®. The two stream flow 

tubes were separated and one of the tubes was used for Milli-Q water as a carrier solution of 

the sample and the other one was used for twice concentrated buffer solution (20 mM KH2PO4 

containing 0.2 M KCl). Subsequently, the double concentrated buffer will get mix with MQ 

water (line E, Fig. S2.1) and the final concentration of buffer will be 10 mM KH2PO4 containing 

0.1 M KCl. 
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2.3 RESULTS AND DISCUSSIONS 

2.3.1 Electrochemical behavior of HQ at SPE|TiO2 under UV illumination 

The photocatalytic efficiency of TiO2 under UV illumination in the presence of HQ 

using the FIA system is studied. Photocatalyzed reactions are facilitated through the presence 

of ROS on the surface of TiO2.78, 117 Authors in their previous publication78 by using EPR 

method showed that TiO2 can generate ROS under light illumination. These species with a free 

unpaired electron, are formed upon reaction of photo-generated electron-hole pairs with an 

adsorbed molecule (such as O2 or H2O) on the surface of TiO2. The produced ROS may further 

oxidize phenolic compounds such as HQ. When a negative potential is applied the oxidized 

form of HQ, benzoquinone (BQ), reduces back to its original form and the reduction current is 

recorded. The SPE|TiO2 electrode showed intense responses to HQ in the range of 0.0125 – 2.5 

µM (Fig. 2.1, Fig. S2.2). 

Figure 2.1 - Calibration curve for 0.0125-25 µM HQ at SPE|TiO2 under UV 
illumination in 10 mM KH2PO4 containing 0.1 M KCl (pH 7.0), 
applied potential -0.14 V vs Ag pseudo reference electrode (n = 4). 
Flow rate: 1 mL/min. Inset: Linear curve 0.0125 – 2.5 µM HQ under 
UV illumination (black) and in the absence of a light source (red). 

 

 Source: Mendonça et al., 2020. 

As can be seen in the calibration curve (Fig. 2.1 inset red), the responses at SPE|TiO2 in 

the dark are very low upon the addition of HQ (Fig. S2.3). A similar behaviour was observed 

when the bare graphite electrode was used instead of TiO2 (Fig. S2.4). Indeed, in the absence 

of light source (Fig. 2.1 inset) and in the absence of TiO2 (Fig. S2.4), ROS formation is not 

expected, meaning that the detection of HQ is only possible when TiO2 is illuminated with UV.  
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The LOD and the sensitivity obtained for HQ on SPE|TiO2 under UV light were 31.2 

nM and 0.2 A M-1 cm-2, respectively, with a repeatability of 4.5% RSD (n = 10 per electrode 

for five different electrodes in the presence of 2.5 µM HQ). The reproducibility was 8.5% RSD 

which is calculated from the sensitivity of an electrode during inter-days measurements (n = 5) 

in the concentration range of 0.0125 – 2.5 µM HQ (Fig. S2.5). The stability was evaluated by 

following the changes in the photocurrent of 2.5 µM HQ after 50 injections during 100 min of 

uninterrupted measurement. A decrease of only 5.4% in the amperometric response was 

observed. This exceptional stability can be explained by the chemical stability of TiO2 and the 

properties of a typical FIA setup that allows accurate results even after a considerable measuring 

time.118-120 

2.3.2 Effect of flow rate  

One of the main advantages of FIA, improving the LOD, is higher mass transport to the 

working electrode surface in comparison to the stagnant electrochemical cell. This 

characteristic can be affected by the flow rate.121 The latter is a crucial parameter to be 

optimized in FIA because it defines the contact time of the sample with the surface of the 

electrode. The flow rate optimization was conducted in a range between 0.25 – 1.5 mL min-1 

(Fig. S2.6) by measuring the photocurrents of 2.5 µM HQ. According to the obtained 

photocurrents, there is no significant difference between different flow rates. Therefore, the 

flow of 1.0 mL min-1 was selected as it ensures a fast analysis and prevents wasting a large 

amount of buffer solution. 

2.3.3 Effect of working potential and pH on the photocurrent of HQ 

As the sensitivity of the electrode is influenced by the applied working potential, the 

effect of the working potential is investigated over a potential range from 0.1 to -0.3 V in a 

solution containing 2.5 µM HQ. The photocurrent and the background current (baseline) 

increase as the applied potential shifts towards more negative values (Fig. 2.2, Fig. S2.7), due 

to the presence of other reactions, such as the reduction of oxygen.78, 122 To prevent the influence 

of other possible reactions and also to achieve a low background current, -0.14 V vs Ag pseudo 

reference electrode of the SPE was chosen as optimal working potential. 
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Figure 2.2 - Effect of working potential on the amperometric response of 2.5 μM 
HQ in 10 mM KH2PO4 containing 0.1 M KCl (pH 7.0) (n = 4). Flow 
rate: 1 mL/min. Inset: Changes in the background current upon 
applying different potentials. 

 

Source: Mendonça et al., 2020. 

The performance of SPE|TiO2 in the presence of 2.5 µM HQ was evaluated in the pH 

range of 5.0 – 8.0 (Fig. 2.3). It is noticeable that the photocurrent increases with an increase in 

pH value until it reaches pH 7.0 and at pH > 7.0 the photocurrent response decreases. This trend 

is due to the fact that protons participate in the electrochemical reaction of HQ.123 

Figure 2.3 - Effect of pH on the amperometric response of 2.5 μM HQ in 10 mM 
KH2PO4 containing 0.1 M KCl, applied potential -0.14 V vs Ag 
pseudo reference electrode (n = 4). Flow rate: 1 mL/min. 

 

Source: Mendonça et al., 2020. 

At a low pH range (pH < 7.0), the hydroxyl group in the HQ structure can be protonated 

to R-OH2
+.124 While the pH is increasing from pH 5.1 until 7.0, the gradual deprotonation occurs 
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and non-protonated hydroxyl groups at pH 7.0 contribute to the photocurrent response. HQ is 

a protic aromatic molecule and can easily get deprotonated at higher pH.125 The shortage of 

protons at high pH (pH > 7.0) can be one of the reasons leading to a decrease in the photocurrent 

response.123 Additionally, the isoelectric point of TiO2 batch is ~6.8 and the surface of TiO2 

will be negative at basic pH. Therefore, the electrostatic repulsion between HQ and TiO2 surface 

enhances with an increase of pH, which leads to lower photocurrents. In this sense, the reaction 

rate is favored at neutral pH. Thus, pH 7.0 was selected as an optimum pH for further 

experiments. 

2.3.4 Photoelectrochemical response of the sensor for 4-AP 

To explore the applicability of the electrode, 4-AP was measured at SPE|TiO2 under UV 

light illumination. The calibration plot exhibits a typical current response of the electrode with 

increasing 4-AP concentrations (Fig. 2.4). The reduction peaks of 4-AP (Fig. S2.8) increased 

linearly with its concentration in the range from 0.0125 – 1.0 µM. The LOD and the sensitivity 

calculated for 4-AP were 18 nM and 0.6 A M-1 cm-2, respectively. 

Figure 2.4 - Calibration curve for 4-AP at SPE|TiO2 under UV illumination in 10 

mM KH2PO4 containing 0.1 M KCl (pH 7.0), applied potential -0.14 V 

vs Ag pseudo reference electrode (n = 4). Flow rate: 1 mL/min. Inset: 

Calibration curve for lower 4-AP concentration range 0.0125 – 1.0 µM. 

 

Source: Mendonça et al., 2020. 

The LOD for 4-AP in this work is at least five times lower than the reported LOD values 

in literature (Table 2.1) which demonstrates the favorable analytical performances of the 

proposed photosensor.  
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Table 2.1 - Comparison of the limit of detection for 4-aminophenol using flow injection analysis. 

Method Limit of detection (µM) Reference 
FIA combined with a glucose 
oxidase-mutarotase reactor 

0.1 ± 0.01 83 

FIA 0.39 84 

FIA combined with MIP column 0.21 90 

FIA with spectrophotometric 
detection 

10.0 126 

FIA with chemiluminescence 
detection 

17.6 127 

HPLC 3.00 106 
FIA with PEC 0.018 This work 

Key: FIA, flow injection analysis; PEC, photoelectrochemical; HPLC, high performance liquid chromatography. 
Source: Mendonça et al., 2020. 

The interference study is in the supplementary information and the results in Figure S2.9 

show that there is no significant interference from other common phenolic compounds in the 

quantification of 4-AP. 

2.3.5 Real sample analysis 

The proposed setup was applied for the determination of HQ and 4-AP in tap water and 

river water. Standard addition was performed in three different fortification levels of HQ (0.75, 

1.5 and 2.0 µM) and 4-AP (0.1, 0.4 and 0.74 µM) and the results were evaluated by the 

percentage of recovery as shown in Table S2.1. The average recovery values were found in a 

range of 90% to 108.9% for HQ and 93.5% to 106.9% for 4-AP, confirming the potential of the 

sensor for the determination of HQ and 4-AP in complex samples such as river water.  

2.4 CONCLUSIONS 

For the first time, we show that commercial TiO2 without any modification under UV 

light illumination in combination with a flow system can be used to detect phenolic compounds 

at nM-level. The nanomolar detection capability of this sensor was illustrated by monitoring 

HQ and 4-AP in river water. The detection mechanism is related to the generation of ROS on 

TiO2 under UV light illumination, evidenced by the control experiment in the dark. Overall, the 

results obtained with this photosensor confirm its usefulness and represents a valuable starting 

point to monitor the quality of water in situ and in real-time. 
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CHAPTER 3  
Photoelectrochemical monitoring of the hydroquinone by using an AuNPs@TiO2-based 

amperometric sensor integrated to a FIA system 

 
In this chapter, the impregnation of size-controlled gold nanoparticles (AuNPs) on an 

anatase TiO2 structure (AuNPs@TiO2) was studied for the photoelectrochemical detection of 

hydroquinone (HQ) under visible light illumination integrated into a flow injection analysis 

(FIA) setup. The crystalline form of TiO2 was preserved during synthesis and the homogeneous 

distribution of AuNPs over the TiO2 structure was confirmed. Its photoelectrocatalytic activity 

was improved due to the presence of AuNPs, preventing charge recombination in TiO2 and 

improving its light absorption ability by the surface plasmon resonance effect (SPR). The FIA 

system was used in order to significantly reduce the electrode fouling during electroanalysis 

through periodic washing steps of the electrode surface. During the amperometric detection 

process, reactive oxygen species (ROS), generated by visible light illumination of 

AuNPs@TiO2, participate in the oxidation process of HQ. The reduction of the oxidized form 

of HQ, i.e. benzoquinone (BQ) occurs by applying a negative potential and the measurable 

amperometric response will be proportional to the initial HQ concentration. The influencing 

parameters on the response of the amperometric photocurrent such as applied potential, flow 

rate and pH were investigated. The linear correlation between the amperometric response and 

the concentration of HQ was recorded (range 0.0125 – 1.0 µM) with a limit of detection (LOD) 

of 33.8 nM and sensitivity of 0.22 A M-1 cm-2. In this study, we illustrated for the first time that 

the impregnation of AuNPs in TiO2 allows the sensitive detection of phenolic substances under 

green laser illumination by using a photoelectrochemical flow system. 

 

 

This chapter is reproduced from the article: 

Surface plasmon resonance-induced visible light photocatalytic TiO2 modified with AuNPs for 

the quantification of hydroquinone, authored by Camila D. Mendonça et al., published in the 

Electrochimica Acta, v. 389, p. 138734, 2021. https://doi.org/10.1016/j.electacta.2021.138734   



46 
 

3.1 INTRODUCTION 

Semiconductors-based photocatalysts have been widely used over the years in the fields 

of environmental applications and energy production.101, 128, 129 Among a diversity of 

photocatalysts, titanium dioxide (TiO2) is one of the best known and applied in several studies, 

such as in water and wastewater treatment, mainly due to its stability and cost effectiveness.101, 

130, 131 Furthermore, the numerous advantages of TiO2 make it an attractive material for 

photocatalytic studies. Indeed, the material is biologically and chemically inert, non-toxic and 

commercially available, and it has excellent optical properties and efficient photocatalytic 

activity, being able to easily promote the oxidation of organic molecules.99-101, 132, 133 However, 

the band gap of TiO2 is approximately 3.2 eV (anatase, rutile or brookite crystalline form), 

allowing it to only absorb about 3 to 5% of the solar spectrum radiation on earth.134 Therefore, 

in order to promote electrons from the valency band of TiO2 to its conduction band and, 

consequently, generating holes in the valence band, it is required to employ a light source with 

an energy potential superior to TiO2 band gap (i.e. λ ≤ 387 nm).99  

Photocatalyst-based photoelectrochemical platforms are promising sensing devices, 

because of their low cost, easy-to-use, portability potential, with low background signal, high 

sensitivity and stability.133, 135 One of the most striking advantages of the photoelectrochemical 

analysis technique is related to the separation of excitation and detection sources, leading to a 

reduced background signal with a potentially greater sensitivity in comparison to the traditional 

electrochemical techniques.40, 82, 136 However, the semiconductors-based photocatalysts, such 

as TiO2, are affected by the high electrons/holes recombination rate, which may result in a low 

photocatalytic yield.137, 138 Concerning about this, in an attempt to build an efficient, stable and 

powerful photocatalytic material, modifying the semiconductor-based photocatalyst with an 

appropriate material can be an effective way to overcome the above mentioned disadvantage. 

Over recent years, numerous studies have been carried out in order to enhance the 

photocatalytic activity of TiO2 under the visible light spectrum by using various strategies such 

as surface modification with adsorbates139, 140, semiconductor-metal heterojunction141, 142, non-

metal elements doping143 and metal doping.144, 145 Among those strategies, incorporation of 

plasmonic metal nanoparticles into TiO2 nanostructures is a promising way because a specific 

light wavelength can excite plasmons in the metal nanoparticles. These plasmons give rise to 

energetic hot electrons that enhance the photocatalytic process.146 When nanoparticles of noble 

metals, such as Au or Ag are incorporated into the TiO2 matrix, the metal-semiconductor 

Schottky barrier facilitates the transfer of these hot electrons from the conduction band of metal 
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nanoparticle to conduction band of TiO2, through the interface.145, 147 Furthermore, the 

plasmonic nanoparticles also concentrate light in their vicinity i.e. near-field, working as light 

harvesters enabling higher visible light absorption by TiO2.148 Therefore, TiO2 photocatalytic 

activity and the sensitivity of the method can be significantly improved.137, 149-153 

Among different plasmonic materials, Au nanoparticles (AuNPs) have the advantage of 

high stability, plasmonic activity and straightforward protocols for synthesis and impregnation 

into TiO2.137, 154 AuNPs-loaded TiO2 (AuNPs@TiO2) has been used in several fields, such as 

the photooxidation of organic molecules155, 156, water and wastewater treatment157, 158, 

photoelectrochemical cells159 and dye-sensitized solar cells.160 Since the plasmonic activity of 

AuNPs is size-dependent, the loading amount as well as the particle size of AuNPs play a crucial 

role in the improvement of the photocatalytic activity of TiO2.159, 161 The Au nanoparticles in 

TiO2 facilitate absorption of visible light by the plasmonic excitation eventually resulting in hot 

electron injection and near-field enhancement.148 According to an alternative hypothesis, the 

plasmonic Au nanoparticles can also be acting as an electron sink capturing the excited 

electrons from TiO2 and reducing the electron-hole recombination.137, 162 Thus, plasmonic Au 

nanoparticles can  impart visible light activity to TiO2 for numerous applications, including 

photoelectrochemical sensing.163   

Photoelectrochemical TiO2-based sensors have been widely explored for the 

quantification of organic compounds.97, 135, 164, 165 Various studies have reported the application 

of photosensors for HQ detection, but most of them use UV as the light source79, 166, 167 and/or 

have a high limit of detection (LOD).166-168 Hence, in order to utilize visible light for the 

generation of photoelectrons and enhance the sensitivity of the photoelectrochemical sensing, 

the TiO2 modified with AuNPs (AuNPs@TiO2) was successfully integrated into a flow 

injection analysis (FIA) system for the nM-range detection of HQ in sewage samples. The 

AuNPs were impregnated into TiO2 via a facile photo-assisted synthesis. The quantification 

mechanism is based on the production of reactive oxygen species (ROS) which can oxidize the 

target analyte. By applying a negative potential, the oxidized analyte is reduced back to its 

original form, generating a measurable photocurrent response proportional to its concentration 

in solution. The sensing platform was also used to detect 4-AP in the same matrix sample. 

According to the obtained results, the proposed photoelectrochemical sensor integrated into a 

FIA system represents a new perspective on the use of a portable and accurate setup for 

monitoring water quality. 
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3.2 EXPERIMENTAL 

3.2.1 Materials 

4-aminophenol (4-AP), 3-aminophenol (3-AP), 2-aminophenol (2-AP), bisphenol A 

(BPA), 4-nitrophenol (4-NP), 3-nitrophenol (3-NP), phenol (Ph), Nafion® 117 (5% in a mixture 

of water and lower aliphatic alcohols), gold (III) chloride trihydrate (HAuCl4.3H2O), potassium 

phosphate monobasic (KH2PO4) and potassium chloride (KCl) were purchased from Sigma-

Aldrich. Mesoporous TiO2 (Millennium PC500) was obtained from Crystal Global (previously 

calcined to 450 °C to enlarge its pore size), 2-[4-(2-hydroxyethyl)-piperazinyl] ethane sulfonic 

acid (HEPES) was purchased from VWR® and hydroquinone (HQ) from Acros. The graphite 

screen-printed electrode (SPE, DS 110) was purchased from Metrohm DropSens. A phosphate 

buffer solution (PBS) of 10 mM KH2PO4 containing 0.1 M KCl was used as the supporting 

electrolyte. A NaOH solution was used to set the pH of the buffer solution to pH 7.0. The 

deionized water was used to prepare all solutions and all reagents were used without 

purification. 

3.2.2 Apparatus 

Photoelectrochemical measurements were performed using a PalmSens4 potentiostat 

(Utrecht, The Netherlands) with PSTrace software (version 5.8). A photoelectrochemical flow 

cell made of poly(methyl methacrylate) (PMMA) with an internal volume of 0.15 mL and 

dimensions of 22.75 x 8 mm (internal) and 36.75 x 25.55 mm (external) was used during the 

amperometric analysis. A peristaltic pump (Perkin-Elmer, France) equipped with omnifit 

labware (Diba) and Tygon tubing was used to propel the buffer into the flow line system, at an 

optimized flow rate (1 mL/min) (Fig. S3.1). The flow system was equipped with a manual 

sample injection valve (volume of 50 µL).  

A laser source (green laser, λ = 532 nm, 10 mW), model MGL-III-532 coupled to a 

power supply model PSU-III-LED, (purchased from Roithner LaserTechnik GmbH, Austria) 

was used for the initiation of the photocatalytic reaction. A distance of 1.2 cm was set between 

the surface of the electrode and the green laser.   

3.2.3 Synthesis of AuNPS@TiO2 and electrode modification 

Prior to the preparation of the plasmonic catalyst (AuNPs@TiO2), the AuNPs were 

synthesized using a modified Turkevich method.169-172 Briefly, 1 mL of 0.01 M HAuCl4.3H2O 
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precursor solution was added in 98 mL of Milli-Q water (total concentration 0.1 mM) in a two-

neck round-bottom flask and further heated up to 100 ºC. Under vigorous stirring, 1 mL of 

freshly prepared 1 wt.% sodium citrate solution was added and the reaction mixture was left at 

the boiling temperature for 30 min and cooled down to room temperature then stored in the 

refrigerator for further use. The colloidal AuNPs solution was stored in the refrigerator in order 

to avoid their aggregation at ambient conditions and preserve the long-term stability of 

nanoparticles. This phenomenon affects the photocatalytic properties of AuNPs.173 

For the preparation of plasmonic catalyst, 10 mg of TiO2 (Degussa P25) was photo-

impregnated174, with 10 mL of colloidal AuNPs solution (2.0 wt.%) under vigorous stirring and 

UVA irradiation (Philips Cleo UVA, 20 W, 365 nm) for 2 hours. The resulting solution was 

centrifuged and dried at room temperature. The procedure was repeated for higher amounts of 

Au loading on TiO2 (15, 20 and 25 mL, means 3.0, 3.9 and 4.9 wt.%, respectively).  

The SPE|AuNPs@TiO2 sensor was obtained using the same modification procedure of 

graphite electrode described in our previous work.79 Briefly, a suspension of 10 g L-1 

AuNPs@TiO2 dispersed in a solution of Nafion® containing 25 mM HEPES solution (76:24, 

v/v) was prepared and a volume of 5 µL from this suspension was used to modify the SPE 

graphite electrode. Subsequently, the electrode was dried in the dark at room temperature for 

approximately 2 h. Nafion® acts as an adhesive binder and ion conductor which ensures greater 

stability to the AuNPs@TiO2 photocatalyst on the surface of the graphite electrode.  

3.2.4 Characterization 

The photometrics analyzes were performed to quantitatively determine the 

concentration of AuNPs loaded on TiO2, by using a Spectroquant® photometer (NOVA 60 A) 

and a gold test kit purchased from MERCK. 

The synthesized AuNPs@TiO2 was characterized by scanning electron microscopy 

(SEM, model Zeiss EVO LS15) equipped with an energy dispersive X-ray detector (EDX, 

purchased from Bruker) to determine the elemental composition of nanoparticles. Data 

collection/processing was carried out using the AZtecEnergy software system, v. 2.1 (Oxford 

Instruments). The transmission electron microscopy (TEM) images were acquired by JEOL 

JEM-2100Plus operated at 200 kV.  

In order to analyze the crystal structure of the AuNPs@TiO2, X-ray diffraction (XRD) 

measurement was performed (Bruker, model D8 Advance). Raman studies were performed to 

evaluate the phases of AuNPs@TiO2 sample, using Renishaw InVIA confocal scanning 
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spectrometer, fitted with a 514 nm excitation source. The absorbance of AuNPs@TiO2 was 

verified and its band gap energy was calculated from the results obtained by diffuse reflectance 

analysis, using a UV-DRS spectrophotometer (model V-630, Jasco). 

The linear sweep voltammetry (LSV) was performed by a PalmSens4 potentiostat 

(Utrecht, The Netherlands) and PSTrace software (version 5.8) for the photocurrent transient 

study, using a step potential of 0.5 mV and scan rate of 0.25 mVs-1, in the potential range 

between 0.4 V to -0.2 V. 

3.2.5 Analytical procedure 

The experimental and operational parameters referring to the proposed setup, such as 

the working potential, pH and flow rate were optimized in order to improve the photocurrent 

response. Chronoamperometry was used for all the electrochemical measurements. Deviation 

studies were performed based on three measurements made per each experiment (n = 3). The 

LOD was calculated by the equation LOD = 3sb/a (sb = standard deviation of the blank and a = 

slope from calibration curve). 

The applicability of the proposed sensor was investigated by analyzing effluent water 

samples collected from the sewage treatment station Aquafin RWZI at Antwerpen-Noord, 

Belgium. The effluent water sample was filtered using a polyethersulfone membrane (PES) 

with a pore size of 0.2 µm, obtained from VWR®. The FIA system was equipped with two 

stream flow tubes and for the sample analysis one of the tubes was used for 20 mM PBS 

containing 0.2 M KCl and the other one for the carrier solution of the sample (Milli-Q water) 

(line A, Fig. S3.1). Thereafter, the buffer solution will be diluted by the carrier solution of the 

sample (E, Fig. S3.1), in order to obtain a final concentration of electrolyte of 10 mM PBS 

containing 0.1 M KCl (pH 7.0). 

3.3 RESULTS AND DISCUSSIONS 

3.3.1 Morphological study 

The XRD diffraction pattern of synthesized AuNPs@TiO2 is shown in Figure 3.1a. The 

results indicate that the AuNPs@TiO2 sample is composed of an anatase (86%) and a rutile 

(14%) phase, which is in accordance with the reference patterns of JCPDS card number 83-

2243 and 21-1276, respectively, depicted in Figure 3.1a. The diffraction peaks at 2θ values of 

25.26°, 37.81°, 47.87°, 53.8°, 54.98°, 62.67° and 75° correspond to the crystallographic planes 
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of (101), (004), (200), (105), (211), (213) and (215), respectively, related to anatase phase. 

Whereas, the peaks at 2θ values of 27.39°, 41.22°, 54.27°, 56.62° and 68.85° correspond to the 

rutile phase, and the crystallographic planes are (110), (111), (220), (002) and (301), 

respectively. The crystallographic peaks of metallic Au (JCPDS 04-0784) are not 

distinguishable in the diffraction pattern of AuNPs@TiO2 sample due to its low concentration 

on the TiO2 structure and a potential overlap between crystallographic peaks assigned to Au 

and anatase phase of TiO2.160, 175 The average crystallite size of AuNPs@TiO2 was estimated 

from the average of full width at half-maximum (FWHM) at 25.26°, 47.87° and 62.67° 

corresponding to (101), (200) and (213) diffraction peaks of anatase phase, respectively, by 

using the Scherrer equation.176 The calculated average crystallite size is 18.23 nm for 

AuNPs@TiO2 sample. Figure 3.1b shows the Raman spectrum, in the range of 100-900 cm-1. 

The Raman bands at 149.7, 195.4, 393.7, 511.1 and 634.4 cm-1 are related to the anatase phase. 

Increased intensity and a small shift of the Raman bands are observed. The red shift of the 

Raman band observed from 141.6 cm-1 to 150.1 cm-1 can be related to the surface enhancement 

by the impregnation of AuNPs, confirming the interaction between AuNPs and TiO2 which 

implies an increasing of crystalline defects into TiO2.160, 175, 177 The crystalline defects can act 

as trapping sites for photogenerated electrons and then deliver them to a collecting electrode 

for the photocurrent generation.175 The presence of metallic Au nanoparticles could not be 

distinguished in the Raman bands of AuNPs@TiO2 because of the low concentration loaded 

into TiO2 structure and the weak Raman sensitivity, as well as reported from XRD results.  

Figure 3.1 - (a) XRD pattern of AuNPs@TiO2 sample, anatase, rutile and Au 
references, (b) Raman spectra of AuNPs@TiO2 sample and TiO2 
anatase reference. The AuNPs@TiO2 sample is 3.0 wt.% of AuNPs 
loaded on TiO2. 

 
 Source: Mendonça et al., 2021. 
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The morphology of AuNPs@TiO2 (3.0 wt.% AuNPs loaded on TiO2) and synthesized 

AuNPs is depicted in Figure 3.2. During the impregnation process, AuNPs and TiO2 were 

assisted by UV irradiation in order to promote their interaction, through the use of 

photogenerated electrons from the TiO2 surface reducing the Au source.174 Figure 3.2a shows 

the SEM image of AuNPs@TiO2 and Figure 3.2b highlights the EDX results, confirming the 

presence of metallic Au in the sample. The TEM images of AuNPs and AuNPs@TiO2 are 

shown in Figure 3.2c and 3.2d, respectively. The average size of synthesized AuNPs is 

estimated to be around 18.7 ± 3.8 nm (Fig. 3.2c). The TEM analysis also illustrates that the 

AuNPs are loaded on TiO2 and the structural features did not change during the photo-

impregnation of AuNPs on TiO2. 

Figure 3.2 - (a) SEM image of AuNPs@TiO2; (b) EDX patterns of AuNPs@TiO2; 
TEM images of (c) AuNPs and (d) AuNPs@TiO2. 

 
 Source: Mendonça et al., 2021. 

Since the amount of AuNPs loaded on TiO2 might affect the photo-electrochemical 

responses, suspensions of AuNPs@TiO2 with different concentrations of AuNPs were prepared 
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(2.0, 3.0, 3.9 and 4.9 wt.%) and their corresponding photocurrent responses towards 

benzoquinone (BQ) reduction recorded (Fig. S3.2). The highest response for the reduction of 

BQ to HQ (6.0 µM) was obtained for a 3.0 wt.% of AuNPs loaded on TiO2. Therefore, 3.0 wt.% 

of AuNPs-loaded TiO2 was selected as an optimal ratio to be used for the photosensor 

construction. The optimum amount of AuNPs loaded on TiO2 (3.0 wt.%) was also quantitatively 

determined by using a Spectroquant® test kit for Au and the average of all measurements were 

found to be 2.98 ± 0.13 wt.% (n = 4).  

Several parameters and phenomena are taking place, and will contribute to the final 

response. Firstly, by loading adequate amounts of AuNPs, a Schottky barrier is formed at the 

interface of Au and TiO2
147, which significantly enhances the charge separation of holes and 

electrons and, thus, resulting in an increase of the photocurrent responses.160, 174 On the other 

hand, by loading more AuNPs, they will occupy more active sites and extinguish a larger 

fraction of incoming light, inducing to a light screening effect. As a consequence, the light 

cannot reach the photocatalyst surface for efficient photogeneration of holes and electrons.178 

The photooxidation of Au by the photogenerated holes and OH radicals from the TiO2 surface 

can also take place.179 

UV-Vis absorbance spectra of AuNPs, TiO2 and AuNPs@TiO2 are shown in Figure 

3.3a. The AuNPs and TiO2 absorbance spectra exhibit a λmax at 521 nm and 310 nm, 

respectively. The maximum absorption band for AuNPs@TiO2 is at λmax 554 nm, revealing the 

plasmonic resonance effect from AuNPs, indicating that metallic Au is presented in the sample, 

as already confirmed by the results of EDX and TEM analysis. The broad AuNPs@TiO2 

absorption response is related to the visible light absorption of AuNPs in the sample, which can 

be associated at least in part to its wide size distribution.180 The band gap energy of 

AuNPs@TiO2 was calculated using the Kubelka-Munk function (Fig. 3.3b).181 The plot (αhv)1/2 

vs hv is used to determine the Eg by extrapolating the linear region of the curve to the point of 

intersection with the x axis, where the energy absorption of AuNPs@TiO2 is observed. The 

band gap value was determined as 3.17 eV, which is very close to the theoretical band gap of 

3.2 eV for anatase phase of TiO2. This result demonstrates that the photocatalytic ability of 

TiO2 can be significantly improved by incorporating gold nanoparticles on its structure.137, 148, 

149 In addition, the SPR properties of AuNPs in the visible range provide a broad spectrum of 

absorption for TiO2.182, 183 The UV-Vis absorbance spectra of colloidal AuNPs solution, 

AuNPs@TiO2 suspension after impregnation and the supernatant of AuNPs@TiO2 after 

centrifugation are presented in Figure S3.3. As expected, the absorbance spectrum of 
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AuNPs@TiO2 suspension just after impregnation did not show the absorbance peak due to the 

light scattering by TiO2 in solution. The results from Figure S3.3 confirm that there are no traces 

of AuNPs in the supernatant and corroborate to prove that AuNPs were successfully 

impregnated on TiO2. 

Figure 3.3 - (a) UV-Vis absorbance spectra of AuNPs, TiO2 and AuNPs@TiO2, 
(b) Tauc plot for the band gap energy determination of AuNPs@TiO2 
sample. 

 
 Source: Mendonça et al., 2021. 

Linear sweep voltammetry (LSV) was used to study the photocatalytic behavior of the 

material for HQ quantification. The linear sweep voltammograms of AuNPs@TiO2 in the 

presence and absence of 1.0 µM HQ under chopped light illumination are shown in Figure 3.4. 

Reduction photocurrents are distinguishable in the presence of HQ. The recorded responses in 

the negative potential range are related to the reduction of BQ to its original form, i.e. 

hydroquinone (HQ), which was previously oxidized by ROS generated on AuNPs@TiO2 

surface under green laser illumination.  
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Figure 3.4 - Linear sweep voltammogram for AuNPs@TiO2 electrode under 
chopped light illumination, in presence (red) and absence (black) of 
1.0 µM HQ in 10 mM PBS containing 0.1 M KCl (pH 7.0), using a 
step potential of 0.5 mV, scan rate of 0.25 mVs-1 and potential range 
of 0.4 V to -0.2 V. 

 
 Source: Mendonça et al., 2021. 

3.3.2 Photocatalytic performance of SPE|AuNPs@TiO2 for HQ sensing 

The photoelectrochemical behavior of HQ at the SPE|AuNPs@TiO2 under green laser 

source and using a FIA system was evaluated. Typically, the band edges of a n-type 

semiconductor e.g. TiO2, are affected by varying the applied potential.184 At potentials more 

negative than the flat band potential of TiO2, there is an excess of the majority charge carrier 

(electrons).112 The cathodic current existent is potential-dependent because it corresponds to 

the flow of electrons from the conduction band (CB) of TiO2 to the vacant states of the redox 

species in the electrolyte.185 Because of the Schottky barrier on AuNPs/TiO2 interface, the Au 

incorporated to TiO2 acts as a co-catalyst and the photogenerated electrons induced by green 

light migrate from CB of AuNPs to TiO2 CB, enabling the sequential oxidation of species on 

their surface.147, 174, 186 Then the photoinduced electrons and holes in both TiO2 and Au react 

with the molecules available at the surface to generate ROS (e.g.·O2
- and ·OH).78 Later, the 

generated ROS oxidize HQ in the electrolyte.79 Thereby, the reduction of the oxidized form of 

HQ, i.e. benzoquinone (BQ) occurs by applying a negative potential and the measurable 

photocurrent response is proportional to the initial HQ concentration (Fig. 3.5). 
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Figure 3.5 - Expected photocatalytic reactions on AuNPs@TiO2 surface under 
visible light (λ = 532 nm, green laser) and the photocurrent generation mechanism. 

 
Source: Mendonça et al., 2021. 

By analyzing the photocurrent response of the SPE|AuNPs@TiO2 upon successive 

addition of different concentrations of HQ (Fig. 3.6A), a good linear correlation was recorded 

in the range of 0.0125 – 1.0 µM of HQ by applying a negative potential of -0.14 V versus Ag 

quasi-reference electrode (Fig. 3.6B).    

Figure 3.6 - (A) Amperometric response for SPE|AuNPs@TiO2 in the presence of HQ 
(a) 0.0125, (b) 0.025, (c) 0.05, (d) 0.15, (e) 0.25, (f) 0.5, (g) 1.0, (h) 2.5, 
(i) 5.0, (j) 10 and (k) 25 µM, in 10 mM PBS containing 0.1 M KCl (pH 
7.0) and applied potential of -0.14 V vs Ag quasi-reference electrode (n 
= 3). (B) Corresponding calibration curve (inset: linear curve in the 
concentration range from 0.0125 to 1.0 µM at SPE|AuNPs@TiO2 
(black) and at SPE|TiO2 (red) under green light illumination). 

 
Source: Mendonça et al., 2021. 
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In order to confirm the AuNPs@TiO2 photocatalytic activity under green light 

illumination for quantification of HQ, several control experiments were performed. The inset 

of Figure 3.6B shows a comparison between the photocatalytic activity of AuNPs@TiO2 and 

TiO2 under green light illumination. The photocurrent response using SPE|TiO2 compared to 

SPE|AuNPs@TiO2 for 1 µM HQ is about 14 times lower because TiO2 has a very low 

photocatalytic activity under visible light illumination. Indeed, the impregnation of AuNPs can 

increase TiO2 photocatalytic activity under visible light illumination (green laser, λmax 532 nm). 

The current responses for HQ detection were recorded using SPE|AuNPs@TiO2 

electrode in the absence of a light source. As it is shown in Figure S3.4, the amperometric 

responses at SPE|AuNPs@TiO2 without the light illumination are very low. In the dark, the 

production of ROS is not expected or not sufficient to efficiently oxidize HQ in the electrolyte 

solution. The same happens when a bare graphite electrode is used under green laser 

illumination and by applying negative potential (Fig. S3.5). Switching the light source to UV 

LED, a low generation of ROS is observed and the photocatalytic activity of AuNPs@TiO2 

achieved is not optimal (Fig. S3.6).  

The linear correlation between the amperometric response of SPE|AuNPs@TiO2 under 

green laser illumination and the concentration of HQ was recorded with LOD of 33.8 nM and 

sensitivity of 0.22 A M-1 cm-2. The repeatability study of the electrodes showed a variation of 

7.7% RSD in the amperometric response of 1.0 µM HQ (n = 10 per electrode for five different 

electrodes). Reproducibility was achieved as 18.8% RSD, in the concentration range of 0.0125 

– 1.0 µM HQ, confirmed by the sensitivities obtained during inter-days measurements (5 days) 

using the same electrode (Fig. S3.7). A decrease of 9.3% in the amperometric response of 1.0 

µM HQ was observed, after 50 injections (approximately 100 min of measurement), using a 

single sensor. 

The proposed photosensor presented a good performance and the analytical comparison 

with various previously reported sensors is shown in the Table S3.1. The LOD calculated for 

HQ using SPE|AuNPs@TiO2 electrode is at least three times better or comparable to that 

reported in literature. In our previous work79, we have demonstrated a successful integration of 

the TiO2 sensor into a photoelectrochemical flow cell for HQ detection by using a UV (blue 

light) as illumination source, providing low LOD. In the present work, the improvement of the 

visible-light photocatalytic activity of commercial TiO2 by the impregnation of AuNPs into its 

structure, as well as the integration of the photosensor into a FIA system, even allowed the nM-

range detection of HQ. The impregnation of AuNPs into TiO2 increased its photocatalytic 
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power and in addition increased feasibility to work under visible light illumination (green laser), 

which composes approximately half of the solar spectrum.148 In addition, the use of visible light 

illumination is less dangerous to human health than the UV187 which makes it a safer system to 

the user.  

3.3.3 Flow rate optimization 

In electroanalysis, mass transport is one of the advantages of FIA systems as it improves 

the sensitivity of the method, although it can be affected by the flow rate.121 Therefore, the flow 

rate was studied in a range from 0.25 to 1.5 mL/min by analyzing the photocurrent of 0.15 µM 

HQ (Fig. S3.8). The amperometric responses remained almost constant, with no significant 

difference between different values of flow rate. Thereby, to prevent wasting a large amount of 

sample and to secure a fast analysis time, a value of 1.0 mL min-1 was selected as the optimum 

flow rate. 

3.3.4 Working potential and pH optimization 

The influence of the working potential on the photocurrent response of a buffer solution 

containing 0.15 µM HQ was carried out in a potential range from 0.3 to -0.3 V (Fig. 3.7). 

Applying positive potentials, the observed photocurrent response is minimal when compared to 

the responses obtained for negative potentials. Another important observation is that the 

photocurrent and the baseline (background current), as well as the standard deviation of the 

responses increase when the working applied potential shifts in the cathodic direction (< -0.2 

V) due to the influencing of competing reactions (e.g. oxygen reduction).78, 122 Therefore, an 

optimal amperometric response, which combines a greater photocurrent response for HQ 

detection with low standard deviation, was obtained when a negative potential of -0.14 V vs Ag 

quasi-reference electrode of the SPE was applied. This potential was chosen as an optimal 

working potential. 
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Figure 3.7 - Influence of the working potential on the photocurrent response of 
0.15 µM HQ at SPE|AuNPs@TiO2 in 10 mM PBS containing 0.1 M 
KCl (pH 7.0) (n = 3), using a flow rate of 1 mL/min. 

 
Source: Mendonça et al., 2021. 

The influence of pH on the amperometric response of 1.0 µM HQ at SPE|AuNPs@TiO2 

was studied in the pH range of 5.0 – 8.0 (Fig. 3.8). The increase in the photocurrent response is 

observed by increasing the pH value until it reaches neutral pH and then the photocurrent 

response decreases, at pH 8.0. This behavior is expected due to the protonation of HQ at a more 

acid pH range (pH < 7.0) and the gradual deprotonation while the pH is increasing from pH 5.1 

until 7.1, where it reaches the maximum value of photocurrent response.123, 124 At higher pH, 

there is a partial reduction of protons participation in the electrochemical reaction and then a 

reduction on amperometric response is observed.123 Therefore, pH 7.0 was chosen as the 

optimal pH for further measurements. 

Figure 3.8 - Influence of pH on the photocurrent response of 0.15 μM HQ at SPE|AuNPs@TiO2 
in 10 mM PBS containing 0.1 M KCl, using a working potential of -0.14 V vs 
Ag quasi-reference electrode (n = 3) and flow rate of 1 mL/min. 

 
Source: Mendonça et al., 2021. 
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3.3.5 Applicability of SPE|AuNPs@TiO2 modified electrode 

The applicability of the SPE|AuNPs@TiO2 sensor under green laser illumination was 

evaluated for the quantification of 4-AP. The calibration curve from Figure 3.9 displays a 

characteristic behavior of photocurrent response with increasing 4-AP concentrations. The 

linear correlation between amperometric response and different concentrations of 4-AP in the 

range from 0.0125 – 0.5 µM is shown (Fig. 3.9 inset). The LOD calculated was 17 nM, 

confirming the applicability of the sensor for the detection of 4-AP. 

Figure 3.9 - Calibration plot for 4-AP in 10 mM PBS containing 0.1 M KCl (pH 
7.0), using SPE|AuNPs@TiO2 under green light illumination and 
applied potential of -0.14 V vs Ag quasi-reference electrode (n = 3). 
Inset: Linear curve in the concentration range from 0.0125 to 0.5 µM. 

 
Source: Mendonça et al., 2021. 
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HQ molecule, meaning higher interacting power with the electrode surface.189 Therefore, the 

amperometric responses of 10-fold concentrations of the measured phenolic compounds 

showed no significant influence on the detection of 1.0 µM HQ, confirming the selectivity of 

the sensor for detecting HQ in the presence of such phenolic molecules. 

3.3.7 Real sample analysis 

The optimized photosensor was applied for the detection of HQ and 4-AP in an effluent 

water sample. The water sample from Aquafin RWZI was analyzed. The accuracy of the 

proposed method was reported as the percentage of recovery of a given known value of 

concentration added to the real sample to be analyzed (Table 3.1). In detail, standard additions 

to the water sample were performed in three different levels of fortifications (low, mid and 

high) for HQ (0.01, 0.08 and 0.12 µM) and 4-AP (0.1, 0.2 and 0.35 µM), each replicated 3 times 

(means n = 9 each organic molecule) and, subsequently, analyzing them by using the 

AuNPs@TiO2-based photoelectrochemical sensing platform. The average recovery 

percentages were obtained in a range of 91.4% to 102.5% for 4-AP and 90.0% to 105.6% for 

HQ. The recovery acceptance criteria was set as 70 - 110%.190, 191 Therefore, the results confirm 

the ability of the proposed sensor for the determination of such phenolic molecules in complex 

samples. 

Table 3.1 - Recovery results of HQ and 4-AP quantification in effluent sample 

Sample 

HQ 4-AP 

Spiked 
(µM) 

Detected  
(µM ± SD*) 

Recovered 
(%) 

Spiked 
(µM) 

Detected  
(µM ± SD*) 

Recovered 
(%) 

Effluent 

0.01 0.009 ± 0.002 90.0 0.10 0.091 ± 0.012 91.4 

0.08 0.084 ± 0.003 105.6 0.20 0.189 ± 0.024  94.5 

0.12 0.109 ± 0.015 91.2 0.35 0.359 ± 0.026 102.5 

* Triplicate determination per each concentration, n = 3.  
Source: Mendonça et al., 2021. 

3.4 CONCLUSIONS 

A novel photoelectrochemical sensing approach was successfully applied for the 

sensitive detection of HQ and 4-AP under visible light illumination based on the impregnation 

of size-controlled AuNPs on an anatase TiO2 structure (AuNPs@TiO2). The setup is integrated 

in a flow injection system to avoid the electrode poisoning during electroanalysis by means of 

periodic washing steps of the electrode surface. The AuNPs@TiO2 photocatalyst was 
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successfully obtained by a photo-assisted synthesis and later characterized by using XRD, 

Raman spectroscopy, SEM, EDX, TEM, UV-DR, EIS and LSV analysis. The homogeneous 

distribution of AuNPs over the TiO2 structure was confirmed by the morphological 

characterization. An enhancement in the photocatalytic activity of TiO2 was verified by using 

an AuNPs loading of 3.0 wt.%. The improved photocatalytic activity is ascribed to the SPR 

effect and charge transfer property of AuNPs. The FIA system played an important role on the 

sensitivity of the method to detect HQ and 4-AP at nM-level within minutes. In addition, the 

good repeatability and precision of the sensor is ascribed to the stability of the plasmonic 

catalyst (AuNPs@TiO2) on the graphite SPE electrode surface. The efficiency and accuracy of 

the proposed photosensor were demonstrated by sensing HQ and 4-AP in effluent water 

collected from sewage treatment plant, suggesting a great potential of the 

photoelectrochemical-based flow injection strategy for monitoring water quality. Moreover, the 

application of the plasmonic photocatalyst can also be extended for photodegradation studies 

of organic molecules in several environmental remediation strategies. 
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CHAPTER 4  
Influence of annealing treatment on the properties of electrochemically synthesized ZnO 

nanorods 

  

In this chapter, the effect of the annealing temperature on the crystallinity of ZnO 

nanorods was investigated. Vertically aligned ZnO nanorods were successfully 

electrochemically synthesized on the fluorine-doped tin oxide (FTO) substrate without the 

presence of the seed layer. The post-growth surface annealing process of ZnO nanorods was 

performed at atmospheric pressure in the temperature range of 200 to 500 °C. The ZnO 

nanorods were characterized by UV-DR spectroscopy, X-ray diffraction (XRD), scanning 

electron microscope (SEM), X-ray photoelectron spectroscopy (XPS), Raman spectroscopy and 

electrochemical techniques (chronoamperometry and linear sweep voltammetry). In agreement 

with Raman and XPS results, the XRD data showed that by increasing the annealing 

temperature up to 350 ºC an increase in crystallite size and, consequently, in greater 

crystallinity, is observed. Increasing the annealing temperature up to 350 ºC resulted in a 

decrease of the band gap energy, showing excellent optical properties. The corresponding effect 

of the annealing temperature on the amperometric response of ZnO nanorods was also 

investigated. The strong influence of post-growth annealing treatment on the morphological, 

structural and optical properties of ZnO nanorods is duly shown. According to the presented 

results, the nano-sized ZnO showed suitable performance for future photovoltaic cells and PEC 

sensing applications.  

 

 

 

 

This chapter is adapted from the article: 

Study of the annealing effect on the crystallinity of ZnO nanorods synthesized by a 

straightforward electrodeposition method. Submitted. 



64 
 

4.1 INTRODUCTION 

Semiconductor nanomaterials have attracted interest of the scientific community due to 

their properties and characteristics that allow the application of these materials in several fields. 

One of the most studied semiconductors is zinc oxide (ZnO) which is a promising candidate for 

the construction of accurate devices to quantify organic molecules192-194 and for photocatalysis 

purposes.195-197 Additionally, it is employed for the development of optoelectronics devices198, 

199, supercapacitors200, 201 and photovoltaic cells.202, 203 The wide application of ZnO 

photocatalysts is associated with its chemical and thermal stability, optical, electronic, magnetic 

and piezoelectric properties, as it is non-toxic, biocompatible, easily synthesized and cost-

effective.42, 204 

ZnO is an n-type semiconductor with a wide direct band gap energy (3.37 eV) and high 

exciton binding energy.42 Depending on the method of synthesis used, it is possible to obtain 

crystalline ZnO structures with unique size-related optical, electrical and magnetic 

properties.205 Several ZnO structures have been reported in the literature, such as 

nanohelices206, spherical207, lamellar208, nanorods209-211, nanowires212, 213 and nanobelts.214 The 

structure mainly depends on the synthesis protocol: sol-gel method209, 215, 216, hydrothermal 

deposition217-219, spray-pyrolysis220 or electrodeposition.221, 222 Among them, electrodeposition 

is one of the most attractive methods since it is a low cost, fast and efficient synthesis protocol 

operational at low temperature, ensuring an uniform deposition.220, 222, 223 It is a known fact that 

the presence of oxygen vacancy defects in the ZnO structure are responsible for significantly 

improving its optical absorption and photogenerated charge separation, as well as reducing its 

band-gap.204 This characteristic can be achieved by varying the electrodeposition synthesis 

parameters, such as precursor and its concentration, pH, electrodeposition time and applied 

potential.205 

Several strategies have been developed to enhance the optical-electronic and conductive 

properties of these ZnO structures, associated to the changes originating from physical-

chemical processes, such as annealing treatment of the ZnO surface204, 220, 224, 225 and by doping 

or modification.226, 227 Indeed, the temperature variation during annealing treatments can 

influence the presence of oxygen vacancies commonly found in ZnO structures and therefore 

its crystallinity, allowing their improved performances in many applications.204 

In this work, the successful growth of ZnO nanorods vertically aligned to the fluorine-

doped tin oxide (FTO) coated glass substrate was achieved by using a straightforward 

electrodeposition method at low temperature and without the use of catalysts or seed layer. The 
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study of the annealing effect on the crystallinity and on photocatalytic activity of the 

synthesized ZnO nanorods, using the temperature range of 200 to 500 ºC, is also detailed. The 

synthesis combined with the optimized growth conditions, as well as the surface annealing 

procedure were fundamental steps to achieve better photocatalytic properties of the size-

controlled ZnO nanostructures. The obtained ZnO nanorods presented good stability, as well as 

excellent physicochemical properties and characteristics, suggesting a promising candidate for 

sensing or photocatalysis applications. 

4.2 EXPERIMENTAL 

4.2.1 Materials 

Zinc nitrate hexahydrate (Zn(NO3)2•6H2O), potassium dihydrogen phosphate (KH2PO4) 

and potassium chloride (KCl) were obtained from Sigma-Aldrich. Hydrogen peroxide (H2O2), 

potassium permanganate (KMnO4) and ammonium hydroxide (NH4OH) were purchased from 

Synth. Acetone was obtained from Panreac and isopropyl alcohol from Qhemis. A phosphate 

buffer solution (PBS) prepared using 10 mM KH2PO4 containing 0.1 M KCl was used as the 

supporting electrolyte for amperometric measurements. Concentrated NaOH solution was used 

to adjust the pH of the buffer solution to 7.0. The deionized water with resistivity of 18.2 MΩ 

cm2, purified by Barnstead Nanopure System (Thermo Scientific, USA), was used to prepare 

the solutions. FTO glass with 0.5 cm2 of geometric area and surface resistivity of 7 Ω/sq, was 

purchased from Sigma-Aldrich®. All analytical grade reagents were used without further 

purification. 

4.2.2 Apparatus 

The electrodeposition and amperometric measurements were carried out using a 

Potentiostat/Galvanostat Autolab®/PGSTAT128N, controlled by NOVA software (version 

2.1.4). A home-made thermostatic electrochemical cell with a volume of 10 mL and cover made 

of polytetrafluoroethylene (PTFE) was used for the ZnO electrodeposition (Fig. S4.1). During 

the synthesis step, the electrodes of Ag/AgCl (3 M KCl), platinum wire and FTO substrate were 

used as the reference, counter and working electrodes, respectively. A thermostatic bath 

controlled by a microprocessor (model MPC-208B) purchased from Huber was used to keep 

the temperature solution at 80 ºC during the ZnO synthesis. 

PEC measurements were carried out using a home-made quartz window electrochemical 

cell with a single compartment with capacity of 7.0 mL and three electrodes inputs (Fig. S4.1). 
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A black UV light (λ ≤ 400 nm) with 20 W of power was used as a source of electron generation 

from ZnO. The synthesis and all electrochemical measurements were performed in a Faraday 

cage. 

4.2.3 Synthesis of ZnO on FTO glass  

The FTO glass was previously subjected to a cleaning step to remove organic impurities 

and possible metallic contaminants coming from its industrial synthesis, as follow228: the plates 

were rinsed with water and then taken to an ultrasonic bath first using water, followed by 

ethanol, acetone and then isopropyl alcohol, for 5 min in each solvent. After that, the plates 

were immersed in a solution containing 0.5 M KMnO4 for 1 h and, then, washed with H2O2 

(v/v, 30%) and deionized water. In order to ensure the adhesion of ZnO nanorods film to FTO 

surface, a hydrophilization treatment was carried out by immersing the FTO plates in a solution 

containing H2O2:NH4OH:H2O (ratio 1:1:5) during 1 hour, at 70 ºC. Finally, they were rinsed 

with deionized water and dried under the N2 stream. The cleaned and hydrophilized FTO plates 

were ready for the ZnO synthesis step. 

The electrodeposition synthesis of ZnO nanorods on FTO substrate was carried out 

using a solution of 0.0025 M Zn(NO3)2•6H2O, at 80 ºC and applying a cathodic potential of -

1.0 V (vs Ag/AgCl) for 30 minutes, using the chronoamperometric technique.229 After obtaining 

a homogeneous and uniform film of ZnO nanorods, its surface received the annealing treatment 

at temperatures of 200 ºC, 250 ºC, 300 ºC, 350 ºC, 400 ºC and 500 ºC for 1 h in an oven and at 

atmospheric pressure, in order to study the effect of annealing treatment on the crystallinity of 

ZnO nanostructures. 

4.2.4 Characterization 

The surface morphology of ZnO nanorods electrodeposited on FTO were characterized 

by scanning electron microscopy (SEM, model LEO-440 - Leica-Zeiss) equipped with an 

energy-dispersive X-ray spectroscopy (EDX, model 7060 - OXFORD). In order to analyze the 

crystallinity of ZnO nanorods, X-ray diffraction (XRD) measurements were performed using a 

X-ray diffractometer purchased from Bruker (model D8 Advance), with Cu Kα radiation source 

(λ = 1.5418 Å). Raman measurements were performed using Renishaw InVIA confocal 

scanning spectrometer and LabRam HR UV-Visible-NIR (200-2100 nm). Raman spectra were 

acquired during 15 seconds and with 2 accumulations, in the range of 50 to 1400 wavenumbers 

(cm-1) and using an excitation source of 532 nm.  
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The band gap energy of ZnO was calculated from the results obtained by diffuse 

reflectance analysis and its optical absorbance was verified, using a UV-DRS 

spectrophotometer (model V-630, Jasco). Chronoamperometric and linear sweep voltammetry 

(LSV) measurements, with a potential step of  0.5 mV, scan rate of 5 mVs-1 and a potential 

range from 0.6 to -0.4 V, were performed in order to evaluate the photocurrent transient 

behavior. 

In order to quantitatively identify the chemical composition of the ZnO nanostructures, 

the film electrodeposited on FTO surface were analyzed by X-ray photoelectron spectroscopy 

(XPS) using a spectrophotometer Scientia Omicron ESCA+ equipped with monochromatic Al 

Kα X-ray source (hv = 1486.6 eV). 

4.3 RESULTS AND DISCUSSIONS 

4.3.1 Morphological characterization 

The effect of annealing treatment on the crystallinity of ZnO nanorods was studied in 

order to investigate the structural, morphological, optical and electrical behavior of the 

synthesized material. The annealing treatment was carried out at 200 ºC, 300 ºC, 350 ºC, 400 

ºC and 500 ºC, for 1 hour in an oven at atmospheric pressure, later the nanorod films were 

analyzed by XRD and Raman (Fig. 4.1 and Fig. 4.2). 

Figure 4.1 - XRD patterns of ZnO nanorods as grown and annealed at 200 ºC, 300 
ºC, 350 ºC, 400 ºC and 500 ºC plotted in the range of 2θ (a) from 15º 
to 75º and (b) from 30º to 37º (normalized according to the 
crystallographic plane (100)). 

  
Source: Own authorship. 
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The XRD patterns from Figure 4.1a show characteristic diffraction peaks of ZnO, which 

correspond to its standard crystallographic primer (JCPDS Card nº 067454). The 

crystallographic planes of ZnO and their respective positions are detailed in Table S4.1. The 

remaining peaks are assigned to the FTO substrate. The prominent peaks at 31.66, 34.28 and 

36.13 assigned to the crystallographic planes (100), (002) and (101), respectively, are attributed 

to the hexagonal wurtzite structure of ZnO crystals (Fig. 4.1b). The crystallographic plane (002) 

is characteristic of nanorods growth preferably along the c-axis orientation perpendicular to the 

substrate. The increase in the intensity of the diffraction peak with the increasing temperature 

for the crystallographic plane (002) is remarkable until reaching the annealed temperature at 

350 ºC. This characteristic also leads to an increase of crystallite size and hence an increase of 

crystallinity.230  

The crystallite size was calculated from the full width at half maximum (FWHM) of the 

most intense plane corresponding to ZnO from each diffractogram by using the Scherrer 

equation.231 Therefore, the (002) plane was selected to calculate the structural parameters of the 

ZnO annealed at different temperatures and the results are shown in Table 4.1. The crystallite 

size ranged from 28.34 to 32.76 nm and the ZnO annealed at 350 ºC showed lower FMHM and 

larger crystallite size indicating, in this sense, greater crystallinity. The values of the lattice 

parameters remained constant and are in good agreement with the JCPDS data for the wurtzite 

structure. 

Table 4.1 - Effect of annealing treatment on the structural parameters of ZnO 

Annealing 
temperature (ºC) 

FWHM (º) 
Peak 

intensity 
(a.u) 

2θ 
Crystallite 
size (nm) 

Lattice 
parameters 

a (Å) c (Å) 

as grown 0.31 370.37 34.29 30.09 3.02 5.23 

200 0.30 368.17 34.28 30.69 3.02 5.23 

300 0.29 386.80 34.31 31.21 3.02 5.22 

350 0.28 513.48 34.32 32.76 3.01 5.22 

400 0.32 348.36 34.34 28.78 3.01 5.22 

500 0.33 288.92 34.31 28.34 3.02 5.22 

Source: Own authorship. 

Figure 4.2 shows the Raman spectra of ZnO nanorod films before and after annealing 

treatment at different temperatures and the FTO spectrum as a reference. The broad spectrum 

peaks present in all samples at 120, 242, 295, 556, 631 and 1097 cm-1 refer to the FTO substrate 
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(Fig. 4.2a). The dominant peaks at 99 cm-1 (low-E2) and 434 cm-1 (high-E2) are assigned to the 

ZnO wurtzite structures (Fig. 4.2b), which is also confirmed by XRD results. As observed for 

the ZnO diffraction peaks from the XRD patterns (Fig. 4.1b), the intensity of the E2 (high) peak 

from the normalized Raman spectra of ZnO significantly increases with the increasing of the 

annealing temperature (Fig. 4.2b), which again indicates that the crystallinity is improved with 

annealing temperature until it reaches 350 ºC. XRD and Raman plots are represented using the 

same criteria (Fig. 4.1b and Fig. 4.2b). Since the ZnO annealed at 350 ºC demonstrated higher 

crystallinity, only the mentioned film and the ZnO as grown were conducted to the subsequent 

surface characterization analyses. 

Figure 4.2 - (a) Raman spectra of FTO substrate, ZnO as grown and annealed at 
200 ºC, 300 ºC, 350 ºC, 400 ºC and 500 ºC; (b) prominent Raman 
peaks (low-E2 and high-E2) magnified (normalized according to the 
band at 295 cm-1). 

  
Source: Own authorship. 

Figure 4.3 presents the SEM micrographs of ZnO as grown and annealed at 350 ºC. The 

formation of nanometric structures is observed and the typical morphology suggests these 

structures with a hexagonal shape are preferably perpendicular to the substrate (Fig. 4.3a). After 

being exposed to an annealing treatment at 350 ºC, the ZnO nanostructures were preserved, 

although the crystallite size increased (Fig. 4.3b).232 Excellent coverage and adhesion to the 

FTO substrate by the ZnO nanostructures can also be verified from the corresponding 

micrographs. 
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Figure 4.3 - SEM images of ZnO nanorods (a) as grown and (b) annealed at 350 
ºC. SEM magnification: 50,000x. 

 
Source: Own authorship. 

In order to semi-quantitatively characterize the nanostructures, EDX analyses of the top 

surface of ZnO were performed. Figure S4.2 shows the EDX spectrum of ZnO as grown and 

the peaks of Zn and O are distinguishable, as well as the Sn and Si signal from the FTO 

substrate. The analysis of the top surface of ZnO electrodeposited on the FTO substrate showed 

an average atomic percentage of 51% of Zn and 49% of O (analyzed area: 0.26 mm2), 

suggesting an approximate 1:1 stoichiometric ratio between atoms. 

The chemical state of the elements and the presence of possible impurities in the ZnO 

nanorods as grown and annealed at 350 ºC films were verified by XPS measurements. From the 

XPS survey spectra (Fig. 4.4), the presence of Zn (Zn 3d at 9.3 eV; Zn 3p at 87.4 eV; Zn 3s at 

138.6 eV and Zn 2p at 1020.5 and 1043.4 eV), C (C 1s at 283.2 eV) and O (O 1s at 530.3 eV) 

elements is confirmed in both ZnO nanorod films. The appearance of the C element-related 

signal originates from a small contribution of atmospheric CO2 (C adventium), which usually 

occurs in samples when exposed to the air.213, 233 The presence of oxygen corresponds mainly 

to the signal coming from ZnO and a minor part coming from atmospheric oxygen.234 

Therefore, no impurities were found in the ZnO nanorod films as grown and annealed at 350 

ºC. 
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Figure 4.4 - XPS spectra of ZnO as grown and annealed at 350 ºC, synthesized on 
FTO substrate. 

 
Source: Own authorship. 

The XPS technique was also used in order to evaluate the variation in the composition 

of O (O 1s) bonds present in the ZnO nanorod films before (as grown) and after annealing 

treatment at 350 ºC (Fig. 4.5). The O 1s peaks (in red) shown in Figure 4.5a,b were separated 

into Gaussian components that represent the presence of three different oxygen states, namely: 

oxygen attributed to -O-Zn bonds (in blue); oxygen associated to O2- (-O-deficient) ions in the 

oxygen vacancy regions of the ZnO crystal structure (in green); and chemically adsorbed 

oxygen or hydroxyl groups present on the surface of ZnO (-O-surface) (in violet).235 After 

annealing treatment, a significant decrease in the proportion of -O-Zn groups and an increase 

of -O-deficient and -O-surface groups is observed (Fig. 4.5b). An increase of oxygen vacancies 

(-O-deficient groups) promotes an increase in the concentration of electron carriers and a 

consequent decrease in the Fermi level of the ZnO towards its valence band.234 As a result, the 

electrical properties of ZnO can be greatly improved225, which will be discussed in the 

electrochemical characterization section. The percentage variation composition of oxygen for 

both films can be checked in Figure 4.5c. 
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Figure 4.5 - O 1s XPS spectra of (a) ZnO as grown, (b) ZnO annealed at 350 ºC 
(peak finding method: local maximum) and (c) percentual area of the 
groups -O-Zn, -O-deficient and -O-surface at the related temperatures. 

 
Source: Own authorship. 

4.3.2 Electrochemical characterization 

The photocurrent transient behavior of ZnO nanorod films as grown and annealed over 

the temperature range of 200 to 500 ºC was evaluated by linear sweep voltammetry (LSV) and 

chronoamperometric measurements under chopped-light illumination (Fig. 4.6). Linear sweep 

voltammograms were collected over a potential range from 0.6 to -0.4 V in a PBS buffer 

solution. The photocurrent response for each ZnO nanorod film varied with respect to the 

annealing temperature and the applied potential. When the applied potential moves towards 

more negative values, the photocurrent response decreases dramatically (Fig. 4.6a). Minimal or 

no photocurrent response is observed at potentials below -0.2 V. At more positive potentials, 

the contribution from water-splitting in the photocurrent response of ZnO is observed, 
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suggesting the potential use of the synthesized material as a photoanode in PEC applications.236 

Additionally, the ZnO nanorod film annealed at 350 ºC exhibited high photocurrent response 

and outperformed the other films.  

Figure 4.6 - a) Linear sweep voltammograms and (b) chronoamperometric 
responses for ZnO nanorod films as grown and annealed at 200 ºC, 
300 ºC, 350 ºC, 400 ºC and 500 ºC, applied potential of 0.2 V under 
chopped light illumination in 0.01 M PBS (pH 7.0). 

  
Note: The light incidence and non-incidence interval was 60 s and the applied potential of 0.2 V was 
used during the chronoamperometric measurements. Source: Own authorship. 

  Similarly as observed from the LSV results, there is a significant variation on the 

amperometric response with increasing annealing temperature performed on the films and a 

short stabilization time of the photocurrent is verified. This phenomenon is due to the fact that 

the electron-hole recombination is suppressed in the dark and under the incidence of light, 

demonstrating the good electronic performance of the synthesized film.43, 237 The average 

amperometric response and the standard deviation results for each film are shown in Table S4.2. 

A 94-fold increase in the average photocurrent intensity (67  10-6 A cm-2) is observed for the 

ZnO nanorod film that received the annealing treatment at 350 ºC compared to the as grown 

film, which had the lowest average photocurrent response recorded (0.71  10-6 A cm-2). From 

350 °C to 500 ºC the photocurrent response begins to decrease, and for the ZnO nanorod film 

annealed at 400 °C it decreases to approximately half of the value (Fig. 4.6b). The expressive 

variation on the photocurrent response with increasing annealing temperature is associated with 

the structural modifications occurring in the crystal of ZnO nanorods, which significantly 

change the optical and electronic properties of the film as a result.224 Hence, the photocurrent 

results are consistent with the morphological characterization results obtained by DRX and 

Raman, confirming that, besides presenting greater crystallinity, the ZnO nanorod film 
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annealed at 350 ºC also exhibits the highest amperometric performance compared to the other 

films studied. 

4.3.3 Optical characterization 

The improvement of optical properties of the ZnO nanorod film annealed at 350 ºC was 

verified by UV-VIS spectroscopy and compared to the optical response of the ZnO nanorod 

film as grown. The absorbance spectra and the plot obtained from the diffuse reflectance results 

are shown in Figgure 4.7. The absorbance of ZnO was slightly shifted to a higher wavelength 

region after annealing treatment (Fig. 4.7a). The band gap energy (Eg) of the films before and 

after annealing treatment was estimated using the Kubelka-Munk function and the Tauc plot.238, 

239 By extrapolating the linear portion of the curve from the (αhʋ)2 vs hʋ plot to the point of 

intersection with the x-axis, where the energy absorption of ZnO is observed, the Eg was 

determined (Fig. 4.7b). The values of the obtained band gap energy was found to be 3.23 eV 

and 2.96 eV for the ZnO nanorod films as grown and annealed at 350 ºC, respectively. 

Therefore, the annealing treatment of the ZnO nanorods also provided a decrease in the band 

gap energy, which is associated with improved crystallinity and increased crystallite size, that 

result in a reduction of crystalline defects.240 A lower Eg gives the material a rapid decrease in 

reflectance, since ZnO quickly absorbs energy if the incident photon has equal or higher energy 

than its Eg. As a result, an electron-hole pair is readily generated and a superior ZnO 

performance can be observed.241  

Figure 4.7 - a) UV-Vis absorbance spectra of the bare FTO substrate; of ZnO as 
grown and annealed at 350 ºC, both electrodeposited on the FTO 
substrate. b) Tauc plot for the band gap energy determination of ZnO 
nanorod films as grown and annealed at 350 ºC. 

 
Source: Own authorship. 
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4.4 CONCLUSIONS 

Well-aligned ZnO nanorods were successfully synthesized on the FTO substrate by 

using a facile electrodeposition method and without the need of the seed layer. The effect of the 

annealing treatment at 200 ºC, 300 ºC, 350 ºC, 400 ºC and 500 ºC on the crystallinity of the 

ZnO nanorods were investigated. The morphological, electrochemical and optical properties of 

the synthesized ZnO varied with increasing annealing temperature. The XRD spectra showed 

that the ZnO nanorods have hexagonal wurtzite structure and the film annealed at 350 ºC 

presented a maximum increase on its crystallinity, as well as a larger crystallite size. The 

enhanced crystallinity of the synthesized ZnO nanorods annealed at 350 ºC was also confirmed 

by the Raman spectra. The increase in the percentage of oxygen vacancies was verified from 

the XPS spectra that can be indirectly linked to the improved electrical properties of ZnO 

nanorod film annealed at 350 ºC. The improvement of electrical properties was confirmed later 

by amperometric measurements through the significant 94-fold increase in its average 

photocurrent response. The study of the optical characteristics of the ZnO nanorod films as 

grown and annealed at 350 ºC was carried out and a reduction from 3.23 eV to 2.96 eV on the 

band gap energy was observed. Therefore, 350 ºC was found to be the optimal annealing 

temperature due to better performance of ZnO. The synthesis of a homogeneous, uniform and 

nano-sized film combined to the annealing step proved to be a new insight for the improvement 

of the physicochemical properties of ZnO, which makes its use even more attractive in future 

applications, such as photovoltaic cells and PEC sensors.  
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CHAPTER 5  
Photoelectrochemical monitoring of the 4-nitrophenol by using the amperometric sensor of 

ZnO nanorods electrodeposited on FTO substrate  

 

 

This chapter describes the amperometric quantification of 4-nitrophenol (4-NP) by 

using nanostructured zinc oxide (ZnO) photosensor sensitized by perylene-3,4,9,10-

tetracarboxylic acid (PTCA), under UV-A light illumination. The synthesized and annealed 

ZnO350 °C nanorods from the previous chapter are modified with the photosensitizer PTCA. The 

PTCA is synthesized by hydrolysis/neutralization steps and is drop-casted onto ZnO350 °C 

nanorods surface. The surface of ZnO350°C modified with PTCA (ZnO350 °C|PTCA) by Fourier 

transform infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS), and UV-vis 

spectroscopy techniques are characterized to evaluate the interaction between the 

photosensitizer and the surface of the semiconductor-based material. The effect of the working 

potential, pH, and supporting electrolyte on the photocurrent response of the FTO-ZnO350 

°C|PTCA photosensor in the presence of 4-NP is investigated. Under optimum conditions, the 

photosensor was used to quantify 4-NP, achieving a good linear correlation (0.993), with a 

detection limit of 0.09 nM and sensitivity of 0.51 A M-1 cm-2. To validate the novel sensitive 

and low-cost photosensor for the detection of phenolic compounds, the traditional 

chromatographic detection of 4-NP is also performed in our study. 

  

 

 

 

 

 

 

This chapter is adapted from: 

Photoelectrochemical sensing of 4-NP based on nanostructured ZnO sensitized by 

carboxylated perylene. In preparation. 
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5.1 INTRODUCTION 

The monitoring of toxic organic compounds in the environment is the main objective of 

many works that involve the development of analytical detection devices.242, 243 The search for 

materials and methods that combine high selectivity and sensitivity, low cost, and portability, 

allowing in situ and real-time analysis is in constant development.242, 244, 245 The development 

of semiconductors-based nanomaterials such as zinc oxide (ZnO) has been reported and has 

shown promising results as a photosensor.193, 194, 246 

Several methods have been described in the literature for the synthesis of ZnO 

nanostructures.215, 217, 220, 221 One of the most widely used methods is electrodeposition, which 

has a simple and fast synthesis protocol and provides a thin and uniform film.229 The reactions 

that take place during obtaining nanostructured ZnO using electrodeposition synthesis and 

Zn(NO3)2 as a precursor are explained by the chemical equations below247: 

𝑍𝑛(𝑁𝑂 ) →  𝑍𝑛 + 2𝑁𝑂                                                              (1) 

𝑁𝑂 +  𝐻 𝑂 + 2𝑒 →  𝑁𝑂 + 2𝑂𝐻                                                (2) 

𝑍𝑛 +  2𝑂𝐻 →  𝑍𝑛(𝑂𝐻)                                                                 (3) 

𝑍𝑛(𝑂𝐻) → 𝑍𝑛𝑂 + 𝐻 𝑂                                                                     (4) 

In an aqueous solution, the Zn(NO3)2 dissociates and generates Zn2+ and NO-3 ions 

(Reaction 1). Under negative potential, the nitrate ions are reduced generating nitrite and 

hydroxide ions (Reaction 2). Subsequently, Zn2+ ions react with the available hydroxide ions, 

generating Zn(OH)2 (Reaction 3). Finally, the ZnO is precipitated at the surface of a substrate 

(Reaction 4). 

The wide band gap of ZnO limits its absorption in the UV region and consequently 

influences its photoelectronic response. The low conductivity observed for the semiconductors 

also influences the low electronic transfer. To overcome these disadvantages and to enlarge its 

photoabsorption in the near-visible range, some strategies have been studied aiming to improve 

the optical and electronic properties of ZnO, such as the use of photosensitizers.248-251 

Photosensitizers act as an electron injector into the conduction band of the semiconductor-based 

material, contributing to its photoelectronic response. Under illumination, the photosensitizer 

absorbs enough energy to promote electrons from its high-occupied molecular orbital (HOMO) 

to the lowest unoccupied molecular orbital (LUMO). Subsequently, these electrons are readily 

transferred to the conduction band of the semiconductor.59, 252 One of the known 

photosensitizers is 3,4,9,10-perylenetetracarboxylic acid (PTCA, Fig. 5.1). PTCA is a 
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carboxylated organic molecule with a conjugated polyaromatic nucleus. Heterojunction of this 

molecule with the semiconductor-based material surface occurs by hydrogen bonds through 

active carboxyl groups.59 PTCA can absorb over a wide range of the visible region, presenting 

advantages as a photosensitizer.253 Moreover, this organic photosensitizer has high chemical 

stability on the surface of semiconductor materials.254 

Figure 5.1 - Molecular structure of PTCA. 

 
Source: ChemSpider.255 

During the photoelectrochemical (PEC) process, the presence of organic electron 

receptor molecules can inhibit the photocurrent response. The reason is related to the 

difference in the energy level, through the transfer of electrons from the conduction band of 

the semiconductor to the LUMO orbital of the molecule. Therefore, the quantification of 

electron receptor molecules can be evaluated through the decrease of the photocurrent 

response.63, 256, 257 Reversal electron flow occurs when the organic molecule in solution, e.g. 

4-NP, has a higher energy level than the semiconductor material (Fig. 5.2) 258, 259. 

Figure 5.2 - Graphical representation of the theoretical energy level diagram 
of PTCA, ZnO, FTO, and 4-NP. 

 
Source: Own authorship. 
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 The compound 4-nitrophenol (4-NP), which is a phenolic compound widely used to 

manufacture dyes, drugs, and insecticides, has been analyzed via PEC processes.260 4-NP is the 

main degradation product of pesticides ethyl and methyl-parathion, being also classified as a 

toxic compound according to U.S. Environmental Protection Agency (U.S. EPA).9 Based on 

the hazardous nature of 4-NP, public health concerns require accurate, real-time knowledge of 

4-NP level in waters, soil, and food. One of the most widely used techniques to control and 

monitor toxic organic compounds is chromatographic technique. These techniques have high 

sensitivity, selectivity, and accuracy.261 

In this chapter, a validation methodology is proposed to identify the influence of 

possible systematic and random errors assigned to the detection system.262-264 According to 

Miller and Miller (2005), this comparison can be adequately conducted by plotting a graph 

where the detection results by a method to be validated, e.g. PEC, are set in the y-axis and the 

results obtained by the standard detection method of the compound analyzed, e.g. liquid 

chromatography, are added to the x-axis.262 The product–moment correlation coefficient (R), 

the slope (b), and the intercept (a) of the regression line should be close to the ideal (a = 0, b = 

R2 = 1) so that the obtained detection results by the two methods are considered analogous.262 

The paired t-test can also be used as a complementary tool to this comparative study and define 

whether the difference between the detection results is small enough to be explained by random 

errors or whether the values are completely different.262, 265, 266 The calculated result is then 

compared to the critical t value, at 95% of confidence interval and (n  ̶ 1) degrees of freedom, 

according to the number of concentrations (n) analyzed by each technique and for each 

sample.262  

In this work, a novel photosensor is proposed based on the surface modification of the 

synthesized and annealed ZnO350 °C nanorods with the photosensitizer PTCA (FTO-ZnO350 

°C|PTCA) for the detection of 4-NP. The characterization study of the surface of ZnO350 °C|PTCA 

and the optimization of the experimental parameters, as well as the application of the proposed 

photosensor in natural and tap water are investigated. An optimized chromatographic method 

was used for the detection of 4-NP and the detection results were statistically compared with 

those obtained by PEC. Herein, the results show that the developed photosensor represents a 

breakthrough in the use of accurate PEC systems applicable to monitor 4-NP trace level in 

complex samples. 
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5.2 EXPERIMENTAL 

5.2.1 Materials  

4-nitrophenol (4-NP), zinc nitrate hexahydrate (Zn(NO3)2•6H2O), perylene-3,4,9,10- 

tetracarboxylic dianhydride (PTCDA), N,N-dimethylformamide (C3H7NO), potassium 

chloride (KCl), potassium hydroxide (KOH), and potassium dihydrogen phosphate (KH2PO4) 

were obtained from Sigma-Aldrich®. Ammonium hydroxide (NH4OH), boric acid (H3BO3), 

phosphoric acid (H3PO4), and hydrogen peroxide (H2O2) were purchased from Synth. Isopropyl 

alcohol (C3H8O) and acetic acid (CH3COOH) were obtained from Qhemis, and acetone from 

Panreac. Sodium hydroxide (NaOH) was purchased from Merck, sodium sulfate (Na2SO4) from 

J. T. Baker, and hydrochloric acid (HCl) from NEON. Deionized water with a resistivity of 18.2 

MΩ cm2 and purified by Barnstead Nanopure System (Thermo Scientific - USA) was used to 

prepare the solutions. Fluorine doped tin oxide coated glass (FTO) with surface resistivity of 7 

Ω/sq and geometric area of 0.5 cm2 was purchased from Sigma-Aldrich®. 

Three supporting electrolytes were evaluated for amperometric measurements: Na2SO4 

solution 0.2 M; phosphate buffer solution (PBS), prepared from KH2PO4 10 mM and KCl 0.1 

mol L-1; and the Britton-Robinson buffer solution (BR), prepared from the mixture of solutions 

of acetic acid, phosphoric acid and boric acid, which final concentration was 0.1 M. The pH of 

the supporting electrolyte solutions was adjusted with concentrated HCl and NaOH solutions. 

5.2.2 Apparatus 

An Autolab® (PGSTAT128N) potentiostat controlled by NOVA software (version 

2.1.4) was used for electrochemical deposition of ZnO nanorods. PEC measurements were 

carried out using a PalmSens4 potentiostat (Utrecht, The Netherlands) with PSTrace software 

(version 5.8). A jacketed electrochemical cell made of borosilicate glass with a volume of 10 

mL and with a cover made of polytetrafluoroethylene (PTFE) was used for the ZnO nanorods 

electrodeposition (Fig. S4.1a). During the synthesis, a platinum wire was used as a counter 

electrode, an Ag/AgCl (3 M KCl) electrode as a reference electrode, and the FTO substrate as 

a working electrode. A thermostatic bath purchased from Huber and controlled by a 

microprocessor (MPC-208B) was used to keep the temperature of the ZnO precursor solution 

at 80 ºC during the synthesis. 

Amperometric measurements were carried out using a single-compartment quartz 

window PEC cell with a 7.0 mL capacity and three electrodes inputs (Fig. S4.1b). An UV-A 
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light source (λ ≤ 400 nm, 20 W) was used to drive the photocatalytic reactions. All 

electrochemical measurements were performed in a dark Faraday cage. 

5.2.3 Synthesis of ZnO nanorods and sensitization by PTCA 

Before the synthesis, the FTO glass was ultrasonically cleaned with deionized water, 

followed by ethanol, acetone, and then isopropyl alcohol, for 5 min in each solvent. A 

hydrophilization treatment of the FTO surface was performed for 1 hour, at 70 ºC using a 

solution containing H2O2:NH4OH:H2O (ratio 1:1:5, v/v). Then, the FTO glass was rinsed with 

deionized water and dried under N2 gas stream. 

The synthesis of ZnO nanorods on FTO glass was performed by a direct 

electrodeposition method, using a solution of 2.5 mM Zn(NO3)2•6H2O, at 80 ºC, and applying 

a cathodic potential of -1.0 V (vs Ag/AgCl) for 30 minutes.229 The surface of homogeneous and 

uniform ZnO nanorods was subjected to an annealing treatment at 350 ºC in an oven, for 1 h, 

and at atmospheric pressure, to increase the crystallinity of the nanostructures. 

The photosensitizer was prepared by dissolving perylene-3,4,9,10-tetracarboxylic 

dianhydride in an aqueous solution at 5% KOH, under stirring at 65 ºC. After cooling to room 

temperature, a solution of 0.1 M HCl was added drop by drop until pH 4.8 was reached. The 

precipitate was vacuum filtered. The obtaining red powder was named perylene tetracarboxylic 

acid (PTCA). The ZnO350 °C|PTCA heterojunction was obtained after dropping 10 µL of a 

suspension of 4 g L-1 PTCA dispersed in N,N-dimethylformamide (DMF) (4 g L-1) onto the 

surface of ZnO nanorods and dried at room temperature. 

5.2.4 Characterization 

Diffuse reflectance and optical absorbance measurements of ZnO350 °C|PTCA were 

performed using a UV-DRS spectrophotometer (model V-630, Jasco). The diffuse reflectance 

results were used to calculate the band gap energy of ZnO350 °C|PTCA. Fourier-transform 

infrared spectroscopy (FTIR) analyses were carried out using a Bruker spectrophotometer 

(model ALPHA II). X-ray photoelectron spectroscopy (XPS) measurements were performed to 

quantitatively identify the chemical composition of the ZnO350 °C|PTCA heterojunction by using 

a Scientia Omicron ESCA+ spectrophotometer equipped with Al Kα monochromatic X-ray 

source (hv = 1486.6 eV). 
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5.2.5 Analytical procedure 

Chronoamperometric measurements and linear sweep voltammetry (LSV) with a scan 

rate of 5 mVs-1, a potential step of  0.5 mV in the range of 0.6 to -0.4 V were performed to 

evaluate the photocurrent transient behavior. The experimental parameters, such as the potential 

bias, supporting electrolyte, and pH, were optimized to improve the analytical response. All 

PEC measurements for quantification of 4-NP were conducted using the chronoamperometric 

technique, applying a working potential of 0.2 V (vs Ag/AgCl). Standard deviation studies were 

performed based on three measurements carried out for each experiment (n = 3).  

The method developed by the United States Environmental Protection Agency (Method 

555 U.S. EPA)267 was adapted and used for the chromatographic detection of 4-NP. A 

Shimadzu HPLC-DAD (LC-10AD) with manual injector and UV detector (model SPD - 10 

AV) was used. LabSolutions software (version 5.6) was used to process the results. A C18 

reverse-phase column (25 cm x 4.6 mm ID x 5 µm particle) and a C18 pre-column (2 cm x 4 

mm ID x 5 µm particle) both purchased from Sigma/Aldrich (Ascentis® Supelco) were used 

for the chromatographic separation of 4-NP. The following chromatographic parameters were 

used for analysis: injection volume of 20 µL, mobile phase composed of acetonitrile (A) and 

phosphoric acid (0.025 M) (B) in isocratic mode (60% A), run time of 7.5 min, flow rate of 1.0 

mL/min and wavelength of 315 nm. The chromatographic analytical curve was obtained in the 

working range from 5.0 to 50 nM. 

The LOD and the sensitivity for the PEC results were calculated from the equations: 

LOD = 3sb/a and S = a/A, respectively (where sb is the standard deviation of the blank; a is the 

slope from the calibration curve and A is the geometric area of the electrode). The LOD for the 

chromatographic results was estimated to be three times the average noise height of the blank.  

The natural water samples were collected at the water treatment plant (WTP) of the 

Serviço Autônomo de Água e Esgoto (SAAE) originates from the Monjolinho River in São 

Carlos, São Paulo (Coordinates: 21º 59' 13.4''S 47º 52' 32.2''W). The natural water was cleaned 

up before chromatographic analysis. First filtered two or three times with qualitative filter 

paper, followed by filtration with a reconstituted cellulose filter membrane (0.45 µm porosity) 

and finally filtered with disposable syringe filters (0.20 µm porosity). For the PEC analysis, the 

natural water was subjected only to a qualitative filtering procedure to remove solid particles 

present in the sample. 

The supply water was collected from a residence located in the city of São Carlos, São 

Paulo (Coordinates: 22º 01' 51.6''S 47º 52' 58.6''W). The tap water samples were also submitted 
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to the clean-up step, as described for the natural water, for the chromatographic analyses. There 

was no need to filter the tap water samples for the PEC analyses. 

Subsequently, the natural and tap water samples were buffered with the same salt 

composition used for the preparation of the PBS buffer solution, used in the PEC experiments. 

The samples were fortified with known amounts of 4-NP to obtain solutions in the concentration 

range from 0.5 to 50 nM, used in the PEC and chromatographic analyses. 

5.2.6 Statistical study 

The statistical comparison was performed to evaluate the performance of both 

methodologies for the detection of 4-NP in the same concentration range. The results of the 

analytical responses of water samples with known concentrations of 4-NP were statistically 

analyzed through the methodology that compares two analytical techniques, according to Miller 

and Miller.262-264 Appling the paired t-test it was also possible to determine if the results are 

statistically equivalent, by using the equation t = (dM√𝑛)/SD (where dM is the arithmetic average 

of the differences between each concentration value obtained for each methodology and each 

analyzed sample; n is the number of concentrations analyzed by each technique and SD is the 

standard deviation).262  

5.3 RESULTS AND DISCUSSIONS 

5.3.1 Influence of PTCA concentration 

The effect of PTCA concentration on the amperometric response of FTO-ZnO350 ºC in 

10 mM PBS solution and applied potential of 0.2 V (vs Ag/AgCl) is investigated over a 

concentration range from 2.3 to 37.4 mM. Figure S5.1 shows a significant increase in the 

amperometric response of the FTO-ZnO350 ºC sensor when modified with PTCA at the 

concentration from 2.3 to 9.3 mM, followed by a subsequent decay of the photocurrent response 

for the concentrations 18.7 and 37.4 mM. This behavior suggests that the amount of PTCA at 

the concentration of 2.3 mM has no significant influence on the photocurrent response of the 

semiconductor. On the other hand, when the concentration exceeds 18.7 mM, the PTCA 

immobilized at the surface of ZnO acts as a barrier, hindering the absorption of photons from 

the light for the charges generation in the semiconductor, thus reducing the photocurrent 

response. Therefore, 9.3 mM was chosen as the optimum PTCA concentration for the 

immobilization at the surface of the FTO-ZnO350 ºC sensor. 
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5.3.2 FTIR analysis 

The interaction of PTCA with the surface of ZnO350 ºC was studied by Fourier transform 

infrared spectroscopy (FTIR). Figure 5.3 shows the FTIR spectra of ZnO350 ºC|PTCA, 

unmodified ZnO350 ºC electrode, and PTCA. The spectrum obtained for ZnO350 ºC|PTCA (a) 

presents absorption bands at 425 and 544 cm-1, which are characteristic of the hexagonal 

wurtzite phase of ZnO and refer to the Zn-O bond stretching vibration, respectively.268, 269 The 

absorption bands at 1010 and 933 eV refer to the stretching vibration of the C-O bond.269 The 

bands at 808 and 740 cm-1 are related to the immobilized PTCA at the surface of ZnO and 

associated with the C-H bonds present in the PTCA molecule. The bands located from 1317 to 

1590 cm-1 belong to the single and double bonds vibrations between carbons existing in the 

aromatic ring of the PTCA molecule, as well as O-H bonds associated with the carboxylic 

groups present in the molecule.270 The bands at 1709 and 1746 cm-1 are related to the C=O 

bonds and the carboxylic groups present in the PTCA molecule. A small absorption band of O-

H bond stretching vibration is observed at 3690 cm-1. Therefore, FTIR results confirm the 

presence and interaction of the bands present in the PTCA molecule and the ZnO surface.  

Figure 5.3 - FTIR spectra for (a) ZnO350 ºC|PTCA, (b) ZnO350 ºC, and (c) PTCA. 

 
Source: Own authorship. 

5.3.3 XPS analysis 

XPS measurements were performed for the ZnO350 ºC|PTCA to verify the chemical state 

of the elements and the presence of possible impurities in the film. XPS spectrum (survey) of 

ZnO350 ºC|PTCA (Fig. 5.4) confirms the presence of zinc atoms (Zn 3d at 9.3 eV; Zn 3p at 87.4 

eV; Zn 3s at 138.6 eV and Zn 2p at 1020.5 and 1043.4 eV), carbon (C 1s at 283.2 eV) and 
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oxygen (O 1s at 530.3 eV). The signal related to the carbon atom is mostly related to PTCA, 

but there is also a small contribution of (adventitious) carbon from atmospheric CO2, which 

usually occurs in samples when they are exposed to the air.271 The presence of oxygen 

corresponds mainly to ZnO and PTCA, and a minority part comes from atmospheric oxygen.234 

Therefore, no impurities were found in the ZnO350 ºC|PTCA. 

Figure 5.4 - XPS spectrum of ZnO350 ºC|PTCA. 

 
Source: Own authorship. 

 The oxygen bond composition (O 1s) present in ZnO350 ºC|PTCA was investigated by 

XPS experiments (Fig. 5.5). The O 1s peak (in red) in Figure 5.5a was separated into 

components presenting the three different oxygen states, namely: oxygen assigned to -O-Zn 

bonds (in blue); oxygen assigned to O2- ions (-O-deficient) in the oxygen vacancy regions of 

the ZnO crystalline structure (in green); and chemically adsorbed oxygen or hydroxyl groups 

present on the ZnO surface (-O-surface) (in pink). The study of the variation in O 1s 

composition for ZnO and ZnO350 ºC was discussed in the topic 4.3.1 (chapter 4). By comparing 

the spectra of the variation in O 1s composition in ZnO350 ºC|PTCA (Fig. 5.5a) with the XPS 

results previously obtained for ZnO and ZnO350 ºC (Fig. 4.5a and 4.5b), it is possible to verify 

the increased presence of -O-deficient and -O-surface, and the decrease of -O-Zn bonds. The 

significant increase of -O-surface is attributed to the immobilization and interaction of the 

PTCA with the ZnO350 °C surface. The variation of the oxygen percentage composition for each 

film can be confirmed from Figure 5.5b. 
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Figure 5.5 - XPS O 1s spectra of (a) ZnO350 ºC|PTCA and (b) percentage area relative 
to the -O-Zn, -O-deficient, and -O-surface groups for each film. 

 
Source: Own authorship. 

 The variation in carbon bond composition (C 1s) was also investigated and the results 

are presented in Figure 5.6. Figure 5.6a presents the C 1s spectrum of the ZnO before annealing 

treatment, and the presence of C=C (283.9 eV), C-C (284.8 eV), and C-O-C (287.8 eV) carbon 

bonds were observed. After annealing treatment, the spectrum of the ZnO350 ºC presented a small 

percentage of O-C=O bonds (288.4 eV) (Fig. 5.6b). The increase of O-C=O bonds is verified 

in the C 1s spectrum for the ZnO350 ºC modified with PTCA, which may be related to the existing 

carboxylic bonds in the PTCA molecule (Fig. 5.6c). 

Figure 5.6 - XPS C 1s spectra of the films (a) ZnO, (b) ZnO350 ºC, and (c) ZnO350 

ºC|PTCA. 
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Source: Own authorship. 

5.3.4 Band gap calculation 

The annealing treatment and the surface modification with PTCA provided a 

morphological change in ZnO structure. The ZnO350 ºC|PTCA was characterized by 

spectrophotometric techniques to evaluate its optical properties. The interaction between the 

PTCA and the surface of the ZnO occurs by hydrogen bonds through the active carboxyl 

groups.59 As PTCA absorbs in a wide range of the visible region, it has advantages as a 

photosensitizer, improving the electron transfer.253 Absorbance measurements using a UV-Vis 

spectrophotometer were performed to verify the wavelengths of the PTCA, ZnO350 ºC, and 

ZnO350 ºC|PTCA (Fig. 5.7a). Therefore, the absorption band from 394 to 473 nm verified for the 

ZnO350 ºC|PTCA is associated with PTCA.272 A Kubelka-Munk graph, which relates the 

absorption coefficient ((αhv)2) and the incident photon energy (hv) obtained from the diffuse 

reflectance results of ZnO350 ºC|PTCA, is presented in the Figure 5.7b. The Eg is estimated by 

extrapolating the linear region of the curve from the graph (αhv)2 vs hv to the intersection point 

with the baseline of the spectrum, where the maximum energy absorption by ZnO is observed. 

Thus, a band gap of 2.94 eV is estimated for the ZnO350 ºC|PTCA. ZnO is a direct band gap 

semiconductor, with a theoretical band gap of approximately 3.37 eV.273 Accordingly, the 

annealing treatment and the modification of the ZnO surface causes a decrease in the band gap 

value compared to the theoretical value. This ensures a rapid decrease in reflectance because 

ZnO absorbs energy easily equal or greater than Eg and rapidly generates an electron-hole pair 

with a significant photocurrent signal.241  
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Figure 5.7 - (a) Absorbance spectra of the ZnO350 ºC|PTCA (▬), ZnO350 ºC (▬) and 
PTCA (▬); (b) Kubelka-Munk graph for ZnO350 ºC and ZnO350 

ºC|PTCA. 

 
Source: Own authorship. 

5.3.5 PEC analysis 

5.3.5.1 Dependency on FTO-ZnO350°C|PTCA and applied potentials  

 LSV measurements were performed to evaluate the FTO-ZnO350°C|PTCA behavior in 

the absence and presence of the target molecule. The study was carried out in PBS buffer 

solution (pH 7.0) containing 8.0 nM 4-NP, under chopped-light illumination (Fig. 5.8). 

Figure 5.8 - Photocurrent transients for FTO-ZnO350 ºC|PTCA in the absence (▬) 
and presence (▬) of 8 nM 4-NP in 10 mM PBS buffer (pH 7.0) under 
UV-A illumination. 

 
Source: Own authorship. 
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subsequently, the electrons from the valence band of the semiconductor are promoted to its 

conduction band. Accordingly, the electrons from the LUMO are quickly transferred to the 

conduction band of ZnO and collected by the electrochemical system registering an anodic 

photocurrent. In the presence of 4-NP, the analyte acts as an electron receptor species, due to 

its molecular energy level. Therefore, in this PEC system, the presence of 4-NP promotes the 

decay in the photocurrent response, due to the scavenger of electrons from the surface of the 

FTO-ZnO350 ºC|PTCA sensor (Fig. 5.9). 

Figure 5.9 - Proposed schematic representation for the amperometric detection of 
4-NP using the FTO-ZnO350 ºC|PTCA photosensor. 

 
Source: Own authorship.  

5.3.5.2 Working potential 

 The applied potential has fundamental importance in amperometric analyses as it 

contributes to the sensitivity of the method. Thereby, the effect of the potential on the 

photocurrent response of FTO-ZnO350 ºC|PTCA in the presence of 4-NP was investigated (Fig. 

5.10). The results show a gradual increase of the photocurrent response in the range from -0.3 

to 0.3 V (vs Ag/AgCl). However, a considerable increase of the standard deviation (SD) of the 

photocurrent responses is observed for applied potential above 0.2 V, representing instability 

of the measured photocurrent. Moreover, the increase of about 40% of the photocurrent is not 

significant because of the increase of the SD (approximately 300%). 
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Figure 5.10 - Influence of the applied potential on the PEC response of the FTO-
ZnO350 ºC|PTCA in the presence of 8.0 nM 4-NP in 10 mM PBS 
buffer (pH 7.0) under UV-A illumination. 

 
Source: Own authorship. 

5.3.5.3 pH effect and supporting electrolyte 

The effect of the pH on the amperometric response of FTO-ZnO350 ºC|PTCA in the 

presence of 8.0 nM 4-NP was studied in the range from 5.0 to 9.1 (Fig. 5.11). A significant 

increase of the photocurrent response is observed from pH 5.0 to 6.0, and then a small increase 

to pH 7.0. At pH greater than 7.0 the decrease of the photocurrent response is observed (pH 8.1 

and 9.1). A maximum value of photocurrent was obtained for pH 7.0, a value close to the pKa 

reported in the literature for 4-NP (pKa 7.1).274 Thus, the reaction rate is favored in neutral pH. 

Moreover, the chemical nature of the synthesized ZnO semiconductor film in the long term 

shows instable photocurrent in acidic pH. ZnO film is high solubel in acid medium, promoting 

its removal from the substrate surface. Therefore, pH 7.0 was selected as optimal pH for further 

experiments. 

The study of the supporting electrolyte was performed using PBS and Britton-Robinson 

(BR) buffers and sodium sulfate solution (Na2SO4) pH 7.0. The photocurrent responses are 

presented in Figure 5.12. BR buffer solution effects negligibly on the PEC responses of the 

FTO-ZnO350 ºC|PTCA in the presence of 8.0 nM 4-NP.  The photocurrent values of 7 µA cm-2 

were obtained for Na2SO4 and PBS buffer. The instability of FTO-ZnO350 ºC|PTCA photocurrent 

in Na2SO4 was evaluated using RSD. The results show an increase of about 6-fold compared to 

RSD obtained for the measurements in PBS buffer solution. Thus, the PBS buffer with the 

highest photocurrent response and a lower RSD (0.107 µA cm-2) is the ideal supporting 

electrolyte for the proposed electrochemical system. 
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Figure 5.11 - Influence of pH on the PEC response of the FTO-ZnO350 ºC|PTCA in 
the presence of 8.0 nM 4-NP, applied potential of 0.2 V (vs 
Ag/AgCl) under UV-A illumination. Inset: Graph relating pH and 
photocurrent densities with their respective SD. 

 
Source: Own authorship. 

Figure 5.12 - Influence of the supporting electrolyte (pH 7.0) on the PEC response 
of the FTO-ZnO350 ºC|PTCA in the presence of 8.0 nM 4-NP, applied 
potential 0.2 V (vs Ag/AgCl) under UV-A illumination. Inset: 
supporting electrolyte vs photocurrent densities. 

 
Source: Own authorship.  
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response ((I0 – I)/I0) with increasing analyte concentration in solution, as shown in Figure 

5.13B. 

Figure 5.13 - (A) Amperometric response for the FTO-ZnO350 ºC|PTCA in the 
absence (a) and presence of 4-NP in the concentration range from 
0.1 to 15.0 nM (b – k). (B) Calibration and linear curve. 

   
Note: I0 and I correspond to the photocurrent response of the sensor in the absence and 
presence of 4-NP, respectively. Source: Own authorship. 

 As previously discussed, in this analytical system, the 4-NP molecule acts as an electron 

receptor species and a decrease in photocurrent response with the increase of the analyte 

concentration in solution is expected. Under optimized conditions, the photosensor showed a 

good linear correlation for 4-NP detection (0.993) for concentration range from 0.1 to 15.0 nM. 

The LOD and the sensitivity calculated for 4-NP detection using the FTO-ZnO350 ºC|PTCA 

photosensor were 0.09 nM and 0.51 A M-1 cm-2, respectively. The notable analytical 

performance of the developed photosensor is compared with previously reported PEC and 

electrochemical sensors for the detection of 4-NP (Table 5.1).  

Table 5.1 - Analytical performance of the previously reported PEC and electrochemical sensors 
for 4-NP detection 

Sensor Method LOD (nM) Sensitivity (A M-1 cm-2) Reference 

CS/rGO/Pd/GCE DPV 86.0 0.07 275 
CB/β-CD/SPCE DPV 40.0 9.17 276 

Ni/Cu2O photocathode PEC 16.0 --- 277 

CMO Ns/GCE DPV 10.0 2.46 278 

NiS2-rGO/CMNPs/GCE DPV 6.90 2.43 279 
GO/AuNPs/ZnAPTPP PEC 0.04 --- 280 
FTO-ZnO350 ºC|PTCA PEC 0.09 0.51 This work 

Key: CS, chitosan; rGO, reduced graphene oxide; GCE, glassy carbon electrode; CB, carbon black; CD, 
cyclodextrin; SPCE, screen-printed carbon electrode; Ni, nickel; Cu2O, copper(I) oxide; CMO Ns, 
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CoMnO3 nanosheets; NiS2, nickel disulfide; CMNPs, curcumin nanoparticles; GO, graphene oxide; 
AuNPs, gold nanoparticles; ZnAPTPP, zinc monoamino porphyrin; PEC, photoelectrochemical. 
Source: Own authorship. 

 Control experiments were carried out to evaluate the performance of the FTO-ZnO350 

ºC|PTCA photosensor in the linear range determined for 4-NP detection (0.1 – 15.0 nM) and the 

calibration curves are presented in Figure 5.14. The results show very low photocurrent 

responses using the FTO-ZnO sensor before annealing treatment and without surface 

modification. Similar behavior is observed for ZnO modified with the PTCA (FTO-

ZnO|PTCA), but an average increase of about 11-fold in photocurrent response is observed 

compared to the FTO-ZnO sensor. A significant increase in photocurrent response for 4-NP 

detection is observed using annealed FTO-ZnO350 ºC. As discussed in chapter 4, the annealing 

treatment increases the crystallinity of the semiconductor-based material and increases 

significantly the photocurrent response. The photocurrent has increased about 20% compared 

to the FTO-ZnO350 ºC sensor after combining the annealing treatment and surface modification 

(FTO-ZnO350 ºC|PTCA). This result proves that under illumination PTCA assists in signal 

enhancement by increasing the electron transfer rate from ZnO to the system (Fig. 5.12b). The 

calibration curves obtained for the control experiments using FTO-ZnO and FTO-ZnO|PTCA 

photosensors did not show good linearity for the selected working range in comparison to FTO-

ZnO350 ºC and FTO-ZnO350 ºC|PTCA photosensors. This confirms that the annealing treatment 

and the surface modification steps contribute significantly to the sensitivity of the developed 

method for 4-NP detection. 

Figure 5.14 - (a) Calibration curves for FTO-ZnO (●), FTO-ZnO|PTCA (▲), 
FTO-ZnO350 ºC (▼) and FTO-ZnO350 ºC|PTCA (■) photosensors, 
concentration range from 0.1 to 15.0 nM 4-NP. (b) Amperometric 
responses for the photosensors in the presence of 8.0 nM 4-NP. 

  
Source: Own authorship. 
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5.3.5.5 Stability study 

 The stability of the proposed photosensor was evaluated by following the changes in the 

photocurrent during 1240 s of uninterrupted measurement. Considering 10 amperometric 

responses for the detection of 8.0 nM 4-NP in 10 mM PBS buffer (pH 7.0) (Fig. 5.15), a 

decrease of only 6.17% in the photocurrent response was observed. The stability of the 

developed sensor is related to the good adherence of the PTCA-modified ZnO film to the 

surface of the FTO substrate and due to the physic-chemical properties of the synthesized ZnO 

nanotubes. 

Figure 5.15 - Stability study of the photocurrent response using the FTO-ZnO350 

ºC|PTCA photosensor for the detection of 8.0 nM 4-NP in 10 mM PBS 
buffer (pH 7.0) and applied potential of 0.2 V (vs Ag/AgCl). 

 
Source: Own authorship. 

5.3.5.6 Repeatability and reproducibility 

 The repeatability of the proposed photosensor was verified through the variations in the 

amperometric responses recorded in the presence of 8.0 nM 4-NP in 10 mM PBS buffer (pH 

7.0), using the same sensor during 5 days (Fig. 5.16a). The repeatability plot shows the stability 

of the average photocurrent between days I and III and a significant increase in the SD is 

observed. The photocurrent response starts to decrease from day IV. A decrease of 6.9% in the 

photocurrent value is observed from day I to day V. This decrease may be related to the 

adsorption of molecules from the air on the sensor surface, thus inhibiting the photocurrent 

signal and increasing the SD over the days. 
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optimized methodology (synthesis, annealing treatment, and PTCA immobilization) used for 

the detection of 8.0 nM 4-NP (Fig. 5.16b). A low RSD (1.3%) was calculated for the 

amperometric responses of different photosensors, proving that the methodology developed for 

the preparation of the FTO-ZnO350 ºC|PTCA photosensor is reproducible. 

Figure 5.16 - (a) Repeatability and (b) reproducibility study of the FTO-ZnO350 

ºC|PTCA photosensor for the detection of 8.0 nM 4-NP in 10 mM PBS 
buffer (pH 7.0) and applied potential of 0.2 V (vs Ag/AgCl) (n = 3). 

  
Source: Own authorship. 

5.3.5.7 Interfering study 

The amperometric response of the FTO-ZnO350 ºC|PTCA photosensor for 4-NP detection 

was verified in the presence of possible interfering molecules that may coexist in the same 

matrix. As the main goal is to use the developed photosensor for the detection of 4-NP in 

complex water samples, the phenolic compounds such as hydroquinone (HQ), 3-nitrophenol 

(3-NP), phenol (Ph), 3-aminophenol (3-AP), and bisphenol-A (BPA). In addition, the 

interference of the metal cations Fe3+, Mn2+, Zn2+, Pb2+, and Cd2+ were investigated as possible 

interferents because they are routinely found in this type of matrix. The interferents were 

prepared in 10 mM PBS buffer (pH 7.0). The amperometric response was recorded for a 

solution containing 8.0 nM 4-NP and compared with the amperometric response of a solution 

containing the mixture of 4-NP: interferents, in a ratio of 1:1 for phenolic compound and 1:100 

for metallic cations (applied potential of 0.2 V (vs Ag/AgCl) and under UV-A illumination) 

(Fig. 5.17). 

 

I II III IV V
40

45

50

55

60

65

70

J 
(

A
 c

m
-2
)

Days

(a)

0

20

40

60

80

100

120

140
 E1

1760154013201100 

J 
(

A
 c

m
-2
)

(b)

 E2

220 440 660 880
Time (s)

 E3

 

 E4

 

 

   



97 
 

Figure 5.17 - Amperometric response of FTO-ZnO350 ºC|PTCA photosensor in the 
presence of 8.0 nM 4-NP and interfering molecules, in a ratio of (a) 
1:1 for HQ, 3-NP, Ph, 3-AP, and BPA, and in a ratio of (b) 1:100 for 
Fe3+, Mg2+, Zn2+, Pb2+, and Cd2+ (n = 3). 

  
Source: Own authorship. 

 The amperometric response for 4-NP showed an increase of 3.1%, 6.5%, 5.9%, and 

7.9% in the presence of HQ, 3-NP, 3-AP, and BPA, respectively, and a decrease of 6.1% in the 

presence of Ph. In the presence of the cations Fe3+, Mg2+, Zn2+, Pb2+ and Cd2+, a decrease of 

0.2%, 2.9%, 2.2%, 9.8%, and 26.1%, respectively, of the amperometric response for 4-NP was 

observed. Therefore, this study showed that there were no significant changes in the detection 

response of 4-NP in the presence of phenolic substances and metallic cations, except for Cd2+ 

which can be considered a possible interfering agent. 

5.3.5.8 Applicability of FTO-ZnO350 ºC|PTCA 

 The applicability of the photosensor was investigated for the detection of 4-NP in natural 

water and tap water samples. Water samples were buffered and fortified with known amounts 

of 4-NP and calibration curves were obtained in the concentration range from 0.5 to 15.0 nM, 

using the same optimized experimental conditions for the analytical curve of 4-NP in PBS 

buffer (pH 7.0) (Fig. 5.18). The calibration curves correlate the decrease of photocurrent 

response ((I0 – I)/I0) with increasing analyte concentration in solution. The curves obtained for 

the natural water sample (blue) and the tap water sample (red) show an increase in the response 

(I0 – I)/I0 compared to the calibration curve obtained for 4-NP in PBS buffer. This increase in 

photocurrent response may be associated to a matrix effect and/or the influence of random 

errors. 
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Figure 5.18 - Calibration curves obtained for the detection of 4-NP in the 
concentration range from 0.5 to 15.0 nM in PBS buffer (pH 7.0), 
in natural, and tap water. 

 
Note: I0 and I correspond to the photocurrent response of the sensor in the absence 
and presence of 4-NP, respectively. Source: Own authorship. 

The influence of the real sample on the detection responses was investigated. The 

recovery study was performed using the calibration curves obtained in the samples (Table S5.1). 

Three levels of 4-NP fortification were evaluated for natural water (1.5, 8.0, and 13.0 nM) and 

for tap water (0.5, 4.0, and 10.0 nM). The recovery values were found in the range of 93.7% to 

107.6 % for tap water, with RSD less than 4.5% and for natural water in the range of 94.6% to 

108.1%, with RSD less than 5.2%. These results confirm the potential of the photosensor for 

the determination of 4-NP in complex samples such as natural water. 

5.3.6 Chromatographic detection of 4-NP 

 The quantification of 4-NP was also performed by the chromatographic detection 

technique (HPLC), in order to statistically compare the detection results with those obtained by 

the PEC technique. The chromatographic parameters were optimized for the detection of 4-NP, 

based on the detection method for this class of compounds described by the U.S. EPA.267 

Experiments were carried out varying the proportion of the organic mobile phase to combine a 

well-defined chromatographic peak with a shorter retention time. The mobile phase was 

composed by ACN:phosphoric acid (0.025 M) (60:40, v/v) and isocratic mode, flow rate of 1.0 

mL/min, at λ = 315 nm and injection volume of 20 µL. The chromatographic detection response 

for 4-NP and its respective linear calibration curve is presented in Figure 5.19.  
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Figure 5.19 - (a) Chromatogram of 10.0 µM 4-NP prepared in acetonitrile (ACN) 
and (b) calibration curve for 4-NP in the concentration range from 
5.0 to 50.0 nM. 

  
Source: Own authorship. 

 Under optimized conditions, the chromatographic detection of 4-NP showed good linear 

correlation (R2 = 0.992), with a calculated LOD of 4.6 nM, repeatability of 2.6% (RSD, n = 7) 

and reproducibility of 3.7% (RSD, n = 5). 

 The natural water sample collected from a WTP and the tap water sample were also 

analyzed by HPLC for the quantification of 4-NP and the detection results are presented in 

Figure S5.2. Calibration curves were obtained for 4-NP in the concentration range from 5.0 to 

15.0 nM in pre-filtered water samples, using the standard addition method. The analytical 

calibration curves in water samples were compared to the one obtained in organic solvent 

(ACN), to verify the existence of a matrix effect (Fig. S5.2). The recovery study was also carried 

out for the chromatographic detection of 4-NP and values of recovery were obtained in the 

range from 92.5 to 105.3% for tap water, with RSD lower than 5.4% and in the range from 91.7 

to 107.4% for natural water, with RSD lower than 6.2%.  

5.3.7 Statistical study 

The comparison between methods was evaluated by the linear regression of the 

calibration curves obtained for the results of PEC detection plotted on the y-axis and the results 

obtained by the standard detection technique (HPLC) plotted on the x-axis, for each sample 

analyzed in the same concentration range of 4-NP. An excellent correlation between 

methodologies was observed for the detection of 4-NP in natural (a = 0.031, b = 0.999 and R2 

= 0.998) and tap water (a = 4.22 × 10-4, b = 0.996 and R2 = 0.999) samples, as evidenced in 

Figure 5.20. 

0 1 2 3 4 5 6 7

0

2

4

6

8

10

12
(a)

In
te

ns
ity

 (
m

A
U

)

Time (min)

10 mol L-1 4-NP
T

R
 = 3.98 min 

0 10 20 30 40 50

0.0

0.2

0.4

0.6

0.8

1.0

In
te

ns
ity

 (
m

A
U

)

[4-NP] nmol L-1

y = 3.97 x 10-6 + 21.79 x

R2 = 0.992

(b)



100 
 

Figure 5.20 - Linear regression plots of the detection values for 4-NP obtained 
by photoelectrochemical (PEC) and chromatographic (HPLC) 
techniques in (a) tap and (b) natural water samples. 

 
Source: Own authorship. 

 In order to confirm whether the two methodologies are analogous for the detection of 4-

NP in the concentration range of 5.0 to 15.0 nM (n  ̶ 1 = 5), the detection results for both samples 

were evaluated by applying the paired t-test.262 The critical value for n = 6, at 95% confidence, 

is 2.57 (DF = 5; α = 0.05).262 Values of 0.61 for the tap water sample and 0.41 for the natural 

sample were obtained. Therefore, the calculated t-test values are lower than the reference 

critical value, demonstrating that the results obtained for the detection of 4-NP in water samples 

by PEC and chromatographic techniques are considered statistically equivalent. Thus, the 

optimized PEC methodology used for 4-NP detection is analogous to the standard 

chromatographic methodology. 

5.4 CONCLUSIONS 

In this work, we presented a novel PEC sensor based on synthesized ZnO nanorods with 

advanced physic-chemical properties for the successful detection of 4-NP under UV-A 

illumination. The surface of the ZnO350 °C was modified with the photosensitizer PTCA which 

provided increased photocurrent response. The ZnO350 °C|PTCA was characterized by using 

FTIR, XPS, and UV-vis spectroscopy. An enhancement of 20% in the photocurrent response 

of ZnO was observed by immobilizing 9.3 mM PTCA on the surface. The PTCA played an 

important role by providing an increase in the electron transfer rate from ZnO to the system. 

The FTO-ZnO350 °C|PTCA sensor presented good repeatability (RSD 6.9%) and reproducibility 

(RSD 1.3%). The applicability of the proposed photosensor was evaluated by sensing 4-NP in 
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natural and tap water, attesting a great potential of the developed PEC strategy for monitoring 

water quality. Based on the optimized method, the chromatographic detection of 4-NP in real 

samples was also performed for statistical comparison of the detection results obtained by the 

PEC method. Using paired t-test, it was demonstrated that the developed PEC method can 

determine 4-NP in concentration range from 5.0 to 15.0 nM, in complex samples, with high 

accuracy like the chromatographic method. According to the results, the developed PEC sensing 

strategy emerges as a robust and promising tool for sub-nM monitoring of 4-NP in water. 

 

 

  



102 
 

 

  



103 
 

CONCLUSIONS AND OUTLOOK 

This thesis presented the development of novel PEC strategies for the detection of 

phenolic compounds in aqueous samples. The main goal of the thesis was the construction of 

high-performance photosensors and portable approaches for the on-site monitoring of phenolic 

compounds. Commercial TiO2 and synthesized ZnO were successfully used to fabricate three 

PEC sensors, namely SPE|TiO2, SPE|AuNPs@TiO2, and FTO-ZnO350 °C|PTCA. Integration of 

the TiO2-based sensors into a portable flow injection cell provided higher sensitivity and 

consequently lower detection limits. The optimized synthesis of the nano-sized ZnO combined 

with a post-growth annealing treatment and modification with the photosensitizer PTCA 

provided higher sensitivity and low limit of detection for sensors based ZnO.  

The first proposed PEC sensing strategy concerns the development of a simple and cost-

effective flow injection-based amperometric photosensor for the quantification of 4-AP 

(chapter 2). In this regard, a homemade flow cell was designed for PEC analyses using TiO2-

based photosensors. Graphite screen printed electrodes were modified with TiO2 (P25) 

suspension without any modification (SPE|TiO2). Addition of Nafion® as an adhesive binding 

material ensured the stability of TiO2 at the surface of the electrode during flow measurements. 

The sensitive detection of HQ (as a model molecule) and 4-AP was possible due to the presence 

of ROS at the surface of TiO2 under UV light. Under optimized conditions, the sensitivity and 

limit of detection for 4-AP were 0.6 A M-1 cm-2 and 18 nM, respectively.   

Taking advantage of the intrinsic features of TiO2 (P25) and the benefits of the FIA 

system demonstrated in chapter 2, another flow injection-based photosensor was developed in 

the subsequent chapter, this time by impregnating AuNPs into TiO2 structure (chapter 3). Size-

controlled AuNPs with an estimated average size of 18.7 ± 3.8 nm were successfully 

impregnated into TiO2 by photo-assisted synthesis. XRD, Raman spectroscopy, SEM, EDX, 

TEM were used to characterize the surface of the plasmonic catalytic (AuNPs@TiO2). UV-DR 

analysis was also performed to determine its band gap. Based on those characterization results, 

the presence of AuNPs significantly improved TiO2 light absorption ability by the SPR effect. 

SPE|AuNPs@TiO2 was prepared using the same modification protocol of graphite screen 

printed electrodes described in the previous chapter. ROS generated on SPE|AuNPs@TiO2 

under visible light were responsible for the quantification of HQ. The detection limit of 33.8 

nM was calculated for HQ with a sensitivity of 0.22 A M-1 cm-2. In addition, AuNPs@TiO2 can 

also be used as a photocatalyst in environmental remediation strategies for organic 

contaminants. 
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Although the synthesis of ZnO nanorods has been widely studied, the use of this 

semiconductor-based material as PEC sensors is not yet widespread. Therefore, the third 

configuration exploits the unique photocatalytic properties of ZnO nanorods in the construction 

of a high-performance photosensor. In chapter 4, well-aligned ZnO nanorods with enhanced 

optical properties were synthesized on FTO substrate by a low-temperature electrodeposition 

method in the absence of catalyst or seed layer. A post-growth annealing study was performed. 

XRD, SEM, XPS, UV-DR, Raman spectroscopy, and electrochemical techniques were used to 

characterize the nanorods. Morphological characterization confirmed the strong influence of 

the post-growth annealing temperature of ZnO on its crystallinity. At 350 °C, larger crystallite 

size and maximum crystallinity were observed for ZnO nanorods. Amperometric measurements 

confirmed the improvement in its electrical properties, with a 94-fold increase in the average 

photocurrent response after annealing treatment at 350 °C. Therefore, the improved 

photocatalytic properties of FTO-ZnO350 °C have made it more attractive for the construction of 

another PEC sensing strategy for phenols, described in the following chapter. 

Immobilization of perylene acid (PTCA) on the surface of FTO-ZnO350 ºC allowed the 

extension of the light absorption capacity of ZnO nanorods into the near visible range (chapter 

5). Also, PTCA played an important role by increasing the electron transfer rate from ZnO to 

the system. FTIR, XPS, and UV-vis spectroscopies were used to characterize the surface of 

FTO-ZnO350 ºC|PTCA. FTIR results proved hydrogen bonds through the active carboxyl groups 

in PTCA were responsible for the surface interaction with ZnO nanorods. A negligible 

background current was observed in this PEC methodology as a consequence of robust and 

controlled synthesis protocol of ZnO nanorods. The stability of FTO-ZnO350 ºC|PTCA sensor 

was confirmed by repeatability and reproducibility studies. Under optimized experimental 

conditions, the detection mechanism was based on electron harvesting by 4-NP from the ZnO 

surface upon UV-A light, leading to a reduction in electron transfer between ZnO and the 

electrode. Thus, the FTO-ZnO350 ºC|PTCA photosensor was used to quantify 4-NP by recording 

the decrease of photocurrent response that was proportional to the increasing concentration of 

the analyte in the solution. The proposed PEC strategy resulted in a good linear correlation with 

high sensitivity 0.51 A M-1 cm-2 and a limit of detection of 0.09 nM for 4-NP. A statistical study 

confirmed that the developed PEC method can determine 4-NP with high accuracy like the 

traditional chromatographic method. 

One of the significant advantages of these three PEC sensing methodologies described  

in this thesis is detection in nM range for phenols with high sensitivities. This result confirms 
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the potential of the developed sensors and the placement of PEC as a valuable and promising 

analytical technique. Moreover, the straightforward and robust manufacturing protocols used 

for each setup combined with the easily portable approaches are the attractive points of the 

developed sensing analytical strategies. Herein, the photosensors were developed for analyses 

of phenols in river water (chapter 2 and 5), effluent (chapter 3), and tap water (chapter 5). 

However, their efficiency and accuracy suggest that they can also be used in a wider range of 

sensing applications, for example, in the analysis of food and human fluids. 

Both TiO2 and ZnO are semiconductor materials with unique features and easy-access. 

They are an excellent support material for doping or heterojunctions. Many attempts have been 

made to improve their physicochemical properties and photocatalytic activity. Therefore, the 

developed sensors can be combined with other organic or inorganic materials and make 

innovative heterojunctions by taking advantage of the different possibilities to extend their light 

absorption range. Another highlight of the sensing approaches developed in this thesis is the 

use of cost effective materials and the construction of a homemade PEC flow cell with a 

capacity of 400 µL. This PEC flow cell was idealized with the goal of the lowest possible waste 

discharge during flow analyses.   

Technology transfer is always desired in the analytical community, especially for 

electrochemists. By envisioning the future possibility of bringing the photosensors developed 

from the fundamental research to the marketplace, the results of sensitivity, 

reproducibility/repeatability, and stability can ensure their reliability for commercial purposes. 

However, the challenge of manufacturing high-quality sensors at a large scale is still a step that 

needs to be particularly evaluated. Another challenge to be overcome is the demand for the 

development of sustainable analytical devices and the use of fully environmentally friendly 

materials. Many efforts are still needed to achieve these goals in PEC analytical systems. 
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APPENDIX A – SUPPLEMENTARY INFORMATION (CHAPTER 2) 

 
 
Figure S2.1 - Schematic FIA setup. (A) Buffer solution; (B) Peristaltic pump; (C) 

Sample injection; (D) Manual injection valve; (E) Mixer; (F) Waste; 
(G) Photoelectrochemical flow cell; (H) Potentiostat and (I) 
Computer. 

 
Source: Mendonça et al., 2020.  

 

Figure S2.2 – Chronoamperogram HQ in 10 mM KH2PO4 containing 0.1 M KCl 
(pH 7.0), applied potential -0.14 V vs Ag pseudo reference 
electrode. Flow rate: 1 mL/min. (a) 0.0125, (b) 0.025, (c) 0.05, (d) 
0.15, (e) 0.25, (f) 0.5, (g) 1.0, (h) 2.5, (i) 5.0, (j) 10 and (k) 25 µM, 
(n = 4). 

  
Source: Mendonça et al., 2020.  
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Figure S2.3 – Chronoamperometric curve for different concentration of HQ in 10 
mM KH2PO4 containing 0.1 M KCl (pH 7.0), applied potential -0.14 
V vs Ag pseudo reference electrode, under UV illumination (black) 
and in the absence of a light source (red). Flow rate: 1 mL/min. 
Concentration range: 0.0125 - 25 µM (n = 4). 

 
Source: Mendonça et al., 2020.  

 

 
Figure S2.4 – Calibration curve for 0.0125 – 25 µM HQ in 10 mM KH2PO4 

containing 0.1 M KCl (pH 7.0), applied potential -0.14 V vs Ag 
pseudo reference electrode and using bare graphite SPE electrode 
(n = 4). Flow rate: 1 mL/min. 

 
Source: Mendonça et al., 2020.  
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Figure S2.5 – Sensitivity variation during inter-days measurements for one 
electrode (n = 5) for 0.0125 – 2.5 µM HQ in 10 mM KH2PO4 
containing 0.1 M KCl (pH 7.0), applied potential -0.14 V vs Ag 
pseudo reference electrode. Flow rate: 1 mL/min. 

 
Source: Mendonça et al., 2020.  

 

 
Figure S2.6 – Flow rate effect on the current response in the presence of 2.5 µM 

HQ in 10 mM KH2PO4 containing 0.1 M KCl (pH 7.0), applied 
potential -0.14 V vs Ag pseudo reference electrode (n = 4). 

 
Source: Mendonça et al., 2020.  

 

 

 

 

1 2 3 4 5 6 7

0.24

0.25

0.26

0.27

0.28

0.29

0.30

0.31

0.32

S
en

si
tiv

ity
 (
A

 
m

ol
 L

-1
 c

m
-2
)

Time (days)

 

 

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75

-15

-30

-45

-60

-75

-90

I (
nA

)

Flow rate (mL min-1)

 



135 
 

Figure S2.7 – Changes in background current upon applying different potentials 
in the presence of 2.5 μM HQ in 10 mM KH2PO4 containing 0.1 M 
KCl (pH 7.0) (n = 4). Flow rate: 1 mL/min. 

 
Source: Mendonça et al., 2020.  

 

Figure S2.8 – Chronoamperogram 4-AP at SPE|TiO2 under illumination in 10 mM 
KH2PO4 containing 0.1 M KCl (pH 7.0), applied potential -0.14 V 
vs Ag pseudo reference electrode (n = 4). Flow rate: 1 mL/min. (a) 
0.0125, (b) 0.025, (c) 0.05, (d) 0.15, (e) 0.25, (f) 0.5, (g) 1.0, (h) 2.5, 
(i) 5.0, (j) 10 and (k) 25 µM. 

   
Source: Mendonça et al., 2020.  
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reactivity can be explained by the nature of the phenolic structures, the position of the 

functionalities, and the ability of the substituents to form electron-donor conjugation.188, 281 

Through these results we can conclude there are no significant changes on 4-AP photocurrent 

by the presence of these possible interfering compounds.  

Figure S2.9 – Amperometric responses of solution containing 2.5 µmol L-1 of 4-
AP and 2.5 µmol L-1

 of other phenolic compounds: BPA, 2-ClP, 3-
NP and Ph, respectively, at SPE|TiO2 under UV illumination in 10 
mM KH2PO4 containing 0.1 M KCl (pH 7.0) and applied potential -
0.14 V (n = 4).  

 
Source: Mendonça et al., 2020.  

Table S2.1 – Recovery results of HQ and 4-AP quantification in water samples. 

Sample 

HQ 4-AP 

Added 

(µM) 

Detected 

(µM) 

Recovered 

(%) 

Added 

(µM) 

Detected 

(µM) 

Recovered 

(%) 

 

Tap 

0.75 0.71 94.4 0.10 0.095 95.4 

1.50 1.63 108.9 0.40 0.37 93.5 

2.00 1.93 96.5 0.75 0.78 103.4 

 

River 

0.75 0.68 90.0 0.10 0.098 98.4 

1.50 1.37 91.5 0.40 0.39 96.9 

2.00 2.06 102.8 0.75 0.80 106.9 

Source: Mendonça et al., 2020.   
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APPENDIX B – SUPPLEMENTARY INFORMATION (CHAPTER 3) 

 

 
Figure S3.1 - Photoelectrochemical flow system. (A) buffer solution; (B) 

peristaltic pump; (C) sample; (D) manual injection valve; (E) 
mixer; (F) waste; (G) photoelectrochemical flow cell; (H) 
potentiostat and (I) data collection. 

 
Source: Mendonça et al., 2021. 

 

Figure S3.2 - Dependence of the photocurrent response on different loadings of 
AuNPs on TiO2 (2.0, 3.0, 3.9 and 4.9 wt.%). The photocurrent was 
recorded applying a potential of -0.14 V vs Ag quasi-reference 
electrode (n = 3) and in the presence of 6.0 µM HQ. 

 
Source: Mendonça et al., 2021. 
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Figure S3.3 - UV-Vis absorbance spectra of colloidal AuNPs solution (1), 
AuNPs@TiO2 suspension just after impregnation synthesis (2) and 
the supernatant of AuNPs@TiO2 after centrifugation (3). 

 
Source: Mendonça et al., 2021. 

 

 

Figure S3.4 - Calibration curves for 0.0125 – 25 µM HQ at SPE|AuNPs@TiO2 
electrode in 10 mM PBS containing 0.1 M KCl (pH 7.0), applied 
potential of -0.14 V vs Ag quasi-reference electrode (n = 3). Under 
green laser illumination (black) and in the absence of a light source 
(red). Flow rate: 1 mL/min.  

 
Source: Mendonça et al., 2021. 
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Figure S3.5 - Calibration curve for 0.0125 – 25 µM HQ at graphite electrode in 10 

mM PBS containing 0.1 M KCl (pH 7.0), applied potential of -0.14 
V vs Ag quasi-reference electrode under green laser illumination (n 
= 3). Flow rate: 1 mL/min. 

 
Source: Mendonça et al., 2021. 

 

 
Figure S3.6 - Calibration curves for 0.0125 – 25 µM HQ at SPE|AuNPs@TiO2 

electrode in 10 mM PBS containing 0.1 M KCl (pH 7.0), applied 
potential of -0.14 V vs Ag quasi-reference electrode (n = 3). Under 
green laser (black) and UV LED (red) illumination. Flow rate: 1 
mL/min. 

 
Source: Mendonça et al., 2021. 
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Figure S3.7 - Sensitivity variation during inter-days measurements for one 

electrode (n = 5) for 0.0125 – 1.0 µM HQ in 10 mM PBS 
containing 0.1 M KCl (pH 7.0), applied potential -0.14 V vs Ag 
quasi-reference electrode. Flow rate: 1 mL/min. 

 
Source: Mendonça et al., 2021. 

 

 
Figure S3.8 – Flow rate effect on the photocurrent response in the presence of 0.15 

µM HQ in 10 mM PBS containing 0.1 M KCl (pH 7.0), applied 
potential -0.14 V vs Ag quasi-reference electrode (n = 3).  

 
Source: Mendonça et al., 2021. 
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Figure S3.9 - Amperometric responses of solution containing 1.0 µM of HQ and 
10 µM of other phenolic compounds: Ph, 4-NP, BPA, 3-NP, 2-AP, 
3-AP, respectively, in 10 mM PBS containing 0.1 M KCl (pH 7.0), 
using SPE|AuNPs@TiO2 under green laser illumination and applied 
potential of -0.14 V vs Ag quasi-reference electrode (n = 3). 

 
Source: Mendonça et al., 2021. 

 

Table S3.1 – Comparison of the limits of detection of the previously reported electrochemical and 
photoelectrochemical sensors for hydroquinone. 

Working electrode Method Limit of detection (nM) Reference 

Nafion-TiO2/CuCNFs-
laccase/GCE 

Amperometry 3650 282 

AuNPs-MPS/CPE DPV 920 283 
SPE|TiO2 PEC/FIA 31.2 79 

AuNPs/ZnO-
Al2O3/GO,chit/GCE 

DPV 190 284 

AuNPs/ITO PEC 100 168 
Pine needle-like nano-

CePO4/CPE 
DPV 270 285 

Gr-SiNWs-Si/Pt PEC 300 167 
LACC/AuNPs/GNPl/SP

CE 
Amperometry 1500 286 

SPE|AuNPs@TiO2 PEC/FIA 33 This work 
Key: CNFs, carbon composite nanofibers; GCE, glassy carbon electrode; AuNPs, gold nanoparticles; MPS, mesoporous silica; 
CPE, carbon paste electrode; SPE, screen-printed electrode; GO,chit, graphene oxide and chitosan; ITO, indium tin oxide glass; 
Gr, graphene; SiNWs, silicon nanowires; LACC, laccase; GNPl, graphene nanoplatelets; SPCE, screen-printed carbon 
electrode; DPV, differential pulse voltammetry; PEC, photoelectrochemical; FIA, flow injection analysis. 

Source: Mendonça et al., 2021.  
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APPENDIX C – SUPPLEMENTARY INFORMATION (CHAPTER 4) 

 
 

Figure S4.1 - (a) Electrochemical thermostatic cell, (b) quartz window 
photoelectrochemical cell and (c) its components. 

 
 
 
 
 
 

 

 

 

 

 

Source: Own authorship. 

 

Figure S4.2 - EDX spectrum for electrodeposited ZnO on FTO substrate, 
without annealing treatment. Analyzed area: 0.26 mm2. 

 
Source: Own authorship. 
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Table S4.1 - Crystallographic planes and positions of the 
diffractogram peaks corresponding to the ZnO 

Crystallographic 

plane 

Position (2θ 

degree) 

(100) 31.66 

(002) 34.28 

(101) 36.13 

(102) 47.39 

(110) 56.53 

(013) 62.76 

(112) 67.81 

(021) 69.05 

Source: Own authorship. 

 

Table S4.2 - Average photocurrent response and the standard deviation of ZnO 
nanorod films as grown and annealed at 200 ºC, 300 ºC, 350 ºC, 400 
ºC and 500 ºC 

Film JM (µA cm-2) SD (µA cm-2) 

as grown 0.71 0.05 

200 ºC 3.35 0.27 

300 ºC 53.50 2.89 

350 ºC 67.00 2.93 

400 ºC 31.11 1.24 

500 ºC 7.14 0.20 

 

 

 

  

Note: ZnO nanorod films before and after annealing; JM: average 
photocurrent density (n = 3); SD: standard deviation. Source: Own 
authorship. 
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APPENDIX D – SUPPLEMENTARY INFORMATION (CHAPTER 5) 

 

Figure S5.1 - Effect of the PTCA concentration on the amperometric response of 
ZnO350 ºC in the concentration range from 2.3 to 37.4 mM. The 
measurements were conducted in 10 mM PBS buffer (pH 7.0) using 
an applied potential of 0.2 V (vs Ag/AgCl) and under UV-A 
illumination (n = 3). Inset: Graph that relates the PTCA concentration 
with value of photocurrent density obtained and their respective SD. 

 
Source: Own authorship. 

 
Figure S5.2 - Chromatographic calibration curves obtained for the detection of 4-

NP prepared using ACN,  natural water and tap water samples in the 
concentration range from 0.5 to 50.0 nM. Mobile phase (MP) 
ACN:phosphoric acid (0.025 M) (60:40, v/v) isocratic mode; flow 
rate: 1.0 mL/min; λ = 315 nm and injection volume: 20 µL. 

 
Source: Own authorship. 
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Table S5.1 – Recovery results for the quantification of 4-NP in water samples 
using the FTO-ZnO350 ºC|PTCA photosensor 

Sample Added (nM) Detected (nM) Recovery (%) 

Tap water 

0.5 0.54 107.6 

4.0 4.20 105.1 
10.0 9.37 93.7 

 
Natural water 

1.5 1.61 108.1 

8.0 7.43 92.8 

13.0 12.31 94.6 

Source: Own authorship. 

 

 

 

 

 

 



146 
 

ANNEX I 

 



147 
 

ANNEX II 

 



148 
 

SCIENTIFIC CONTRIBUTIONS DURING PhD 

1. Photoelectrochemical sensing of 4-NP based on nanostructured ZnO sensitized by carboxylated 

perylene. In preparation.  

2. Study of the annealing effect on the crystallinity of ZnO nanorods synthesized by a straightforward 

electrodeposition method. Submitted.  

3. GOMES, N. O.; MENDONÇA, C. D.; MACHADO, S. A. S.; OLIVEIRA JR, O. N.; RAYMUNDO-

PEREIRA, P. A. Flexible and integrated dual carbon sensor for multiplexed detection of nonylphenol 

and paroxetine in tap water samples. Microchimica Acta, 188: 359, 2021. 

4. MENDONÇA, C. D.; KHAN, S. U.; RAHEMI, V.; VERBRUGGEN, S. W.; MACHADO, S. A. S.; 

DE WAEL, K. Surface plasmon resonance-induced visible light photocatalytic TiO2 modified with 

AuNPs for the quantification of hydroquinone (in press). Electrochimica Acta, 138734, 2021.  

5. MORO, G.; BARICH, H.; DRIESEN, K.; MONTIEL, N. F.; NEVEN, L.; MENDONÇA, C. D.; 

SHANMUGAN, S. T.; DAEMS, E.; DE WAEL, K. Unlocking the full power of electrochemical 

fingerprinting for on-site sensing applications. Analytical and Bioanalytical Chemistry, v. 412, p. 5955-

5968, 2020. 

6. MENDONÇA, C. D.; RAHEMI, V.; HEREIJGERS, J.; BREUGELMANS, T.; MACHADO, S. A. 

S.; DE WAEL, K. Integration of a photoelectrochemical cell in a flow system for quantification of 4-

aminophenol with titanium dioxide. Electrochemistry Communications, v. 106767, p. 106767, 2020.  

7. CAMPOS, A. M.; RAYMUNDO-PEREIRA, P. A.; MENDONÇA, C. D.; CALEGARO, M. L.; 

MACHADO, S. A. S.; OLIVEIRA JR, O. N. Size control of carbon spherical shells for sensitive 

detection of paracetamol in sweat, saliva and urine. ACS Applied Nano Materials, v. 1, p. 654-661, 2018.  

8. MENDONÇA, C. D.; PRADO, T. M.; CINCOTTO, F. H.; VERBINNEN, R. T.; MACHADO, S. A. 

S. Methylparaben quantification via electrochemical sensor based on reduced graphene oxide decorated 

with ruthenium nanoparticles. Sensors and Actuators B-Chemical, v. 251, p. 739-745, 2017.  

9. RAYMUNDO-PEREIRA, P. A.; CAMPOS, A. M.; MENDONÇA, C. D.; CALEGARO, M. L.; 

MACHADO, S. A. S.; OLIVEIRA JR, O. N. Printex 6L carbon nanoballs used in electrochemical 

sensors for simultaneous detection of emerging pollutants hydroquinone and paracetamol. Sensors and 

Actuators B-Chemical, v. 252, p. 165-174, 2017.  

10. RAYMUNDO-PEREIRA, P. A.; CAMPOS, A. M.; VICENTINI, F. C.; JANEGITZ, B. C.; 

MENDONÇA, C. D.; FURINI, L. N.; BOAS, N. V.; CALEGARO, M. L.; CONSTANTINO, C. J. L.; 

MACHADO, S. A. S.; OLIVEIRA JR, O. N. Sensitive detection of estriol hormone in creek water using 

a sensor platform based on carbon black and silver nanoparticles. Talanta, v. 174, p. 652-659, 2017. 


