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Photoelectrochemical water splitting (PEC-WS) technique that uses solar energy and photoelectrodes 

immersed in an electrolyte has sparked an increased interest to generate chemical energy, such as H2 in one 

step. The important requirements to achieve an efficient PEC-WS system are (1) absorbing a wide 

wavelength range of solar energy; (2) excellent e−/h+ pairs separation and mobility; (3) low overpotential 

for H2 and O2 evolution reaction; (4) high stability; (5) scalable techniques and (6) low-cost materials. The 

main objective of this thesis is to present simple methods for designing efficient and stable photoanodes for 

PEC-WS that generate large amount of H2. Our approach focuses on improving the optical and electrical 

properties of some metal oxides by the deposition of appropriate quantity of metal chalcogenides (MCs) 

and plasmonic metal nanoparticles (NPs). The distinctive electrical and optical characteristics of MCs have 

made them promising choice for light absorbers. The decoration of metal oxide semiconductors with 

plasmonic metal NPs has also been reported as an auspicious approach for promoting the PEC performance 

by the transfer of plasmonic energy from the plasmonic metal NPs to the metal oxide semiconductor. 

     This thesis consists of four studies for designing and investigating photoanodes for PEC-WS; (1) 

Anodized nanoporous (ANPor) WO3 was decorated with Bi2S3 quantum dots (QDs) and investigated as a 

photoanode for PEC-WS under ultraviolet-visible (UV-Vis) illumination. The ANPor WO3 photoanode 

decorated with ten cycles of Bi2S3 QDs exhibited the highest current density of 16.28 mA cm−2 at 0.95 V 

vs. reversible hydrogen electrode (RHE), which is ~ 19 times than pure ANPor WO3 (0.85 mA cm−2). 

Furthermore, ANPor WO3/Bi2S3 QDs (10) photoanode demonstrated the highest ABPE of 4.1% at 0.66 V 

vs. RHE, while pure ANPor WO3 displayed 0.3% at 0.85 V vs. RHE. This was ascribed to the proper 

deposited quantity of Bi2S3 QDs which remarkably enhanced the Vis light absorption, and the formation of 

type-II band alignment between WO3 and Bi2S3 QDs which improved e−/h+ pairs separation and migration. 

     (2) The unique morphology of ZnO nanopagoda arrays (NPGs) was prepared using aqueous 

downward growth technique, followed by deposition of various quantities of Ag NPs. 
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The deposition of an optimal quantity of Ag NPs over ZnO NPGs demonstrated the highest photocurrent of 

2.15 mA cm−2 at 1.23 V vs RHE, meanwhile pure ZnO NRs and NPGs attained 0.90 and 1.43 mA cm−2, 

respectively. This remarkable increase in photocurrent density was extensively analyzed using various PEC 

and optical determinations as well as electromagnetic simulation. As a result, this improved PEC 

performance was ascribed to two reasons; firstly, ZnO NPGs can mitigate the charge recombination rate 

owing to the reduced structural defects and enhance the light absorption ability owing to their distinct 

superstructure properties. Secondly, the deposition of plasmonic Ag NPs can improve the interfacial charge 

transfer and raise the ability to absorp Vis light due to their LSPR effect. 

     (3) ZnO NPGs was modified with Ag and Ag2S NPs and investigated as a photoanode for the PEC system. 

The crystal structure, morphology, elemental composition, optical characteristics, and PEC performance of the 

prepared samples were studied. The results revealed that, the successful deposition of Ag and Ag2S NPs on the 

surface of ZnO NPGs not only improved the Vis light absorption but also ameliorated the e−/h+ pairs separation 

and transfer. The optimum amount of Ag-Ag2S NPs on ZnO NPGs attained the maximum photocurrent of 2.91 

mA cm−2 at 1.23 V vs. RHE, about five times than pure ZnO NPGs. It also exhibited the improved ABPE of 

0.43% at 0.6 V vs. RHE. This study presented a facile preparation process of a unique ZnO NPGs and enhanced 

PEC performance through the synergistic effect of the LSPR of Ag NPs and Vis light sensitization of Ag2S NPs. 

     (4) An effective type II heterojunction between Bi2Se3 QDs and TiO2 nanotube arrays (TNTAs) was 
formed by depositing Bi2Se3 QDs on the surface of TNTAs. The TNTAs/Bi2Se3 QDs photoanode displayed 
the highest photocurrent density of 1.75 mA cm−2, which is 3.8 times higher than pure TNTAs (0.46 mA 
cm−2) at 1.23 V vs. RHE. They also achieved a high H2 generation amount of 355.8 µmol after 5 hours, 
which is 3.3 times higher than pure TNTAs (105.3 µmol) at 1.23 V vs. RHE. TNTAs and TNTAs/Bi2Se3 
QDs photoanodes both demonstrated superb stability for over 7 hours. The TNTAs/Bi2Se3 QDs photoanode 
demonstrated higher IPCE in the UV region than pure TNTAs and extended the light response to the Vis 
region owing to its lower charge recombination rate and the Vis light absorption ability derived from Bi2Se3 
QDs. The superb PEC performance of TNTAs/Bi2Se3 QDs photoanode was also owing to its suitable 
bandgap energy, which improved the Vis light absorption, and its efficient charge transfer, that alleviated 
the e−/h+ pairs recombination. Consequently, this thesis paves the way for facile approaches to construct 
efficient photoanodes for PEC-WS and H2 generation. 
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Chapter 1. General Introduction 

1.1. Overall introduction of photoelectrochemical water splitting technology 

There is a noticeable depletion of nonrenewable energy sources, which are mainly 

composed of fossil fuels such as coal, gas, and oil, due to the increase in population and 

industrial fields [1]. Therefore, proactive incorporation of renewable energy sources is so vital 

to meet the world's energy needs. The most abundant renewable energy source is sunlight (~1.2 

× 1014 kJ arrives at the Earth’s surface per second) [2]. The transformation of sunlight into 

electricity, heat, or fuel is an important way of utilizing renewable energy [3]. Multiple 

pathways exist for converting sunlight into chemical energy, such as photocatalysis, 

photovoltaic devices, and photoelectrocatalysis [4–6]. Since the 1972 innovative study of 

Honda and Fujishima [7], photoelectrochemical water splitting (PEC-WS) using solar light for 

H2 generation has been an attractive strategy to address the world's energy crisis. During the 

PEC-WS process, TiO2 was used as a photoanode, and Pt was used as a cathode. When the 

surface of the TiO2 was exposed to ultra-violet (UV) irradiation (λ< 415 nm), electrons and 

holes were generated. These generated electrons were transferred through an external circuit 

to the Pt cathode while the anodic potential was applied. H2 and O2 were produced at the 

cathode, and photoanode respectively. In the presence of enough photon energy, 

photogenerated electrons can be transported to the conduction band (CB), forming holes in the 

valence band (VB). These electrons can reduce the protons to form H2 molecules, while holes 

can oxidize water to form O2 molecules. Since this pioneering study, many investigations of 

the WS procedure utilizing semiconductors have been published. 

The rising consumption of hydrogen and its application in the transportation fuel sector 

is driving up the demand for hydrogen as fuel on a global scale. The technologies used in the 

manufacturing, storage, and transportation of hydrogen must be improved to meet the rising 

demand. Despite of the notable advancements in hydrogen storage and delivery, the utilization 

of hydrogen energy is impeded by the absence of viable and affordable production methods 

[8]. Hydrogen can be generated utilizing many techniques classified into two groups depending 

on the raw materials used. The first category involves strategies that use fossil fuels, such as 

hydrocarbon reforming and hydrocarbon pyrolysis. The second category involves the 

technologies that utilize renewable sources such as biomass and water [9,10]. Sustainable 

hydrogen production from the WS strategy has garnered a lot of interest due to its high energy 

density and ability to be used without carbon emission [11,12]. The PEC-WS cell can transform 
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water (H2O) and sunlight directly to H2, and O2. The generated H2 from the PEC-WS process 

can mitigate the global warming issue by decreasing reliance on fossil fuels [13–18]. Oxygen 

is a vital treatment for patients in all healthcare systems [19]. The COVID-19 epidemic has 

recently resulted in a significant increase in the world's oxygen demand. The reasons behind 

the low solar conversion efficiency are as follows: (1) restricted light absorption of 

semiconductors; (2) ineffective usage of photogenerated charge carriers leading to rapid charge 

recombination; and (3) inadequate surface redox reactions [20]. To solve these issues, scientists 

have studied various semiconductor materials and developed cutting-edge solutions to these 

issues.  

1.2. Fundamentals of photoelectrochemical water splitting 

PEC solar fuel generation offers a straightforward route for renewable solar energy 

conversion to chemical energy compared with traditional photovoltaic techniques [21,22].  

This is attributed to the simplicity of the PEC cell, which consists of at least two electrodes 

(anode and cathode) and a membrane for product separation. At least, one of the electrodes 

should be a semiconductor which able to absorb photon energy that is larger than its bandgap. 

The photopotential generated by electron/hole (e−/h+) pairs separation can undergo 

electrochemical solar to fuel generation [21]. Additionally, a PEC cell can be designed in a 

tandem configuration that involves n-type photoanode and p-type photocathode 

semiconductors to enhance the light absorption capability and the system’s photopotential [23].  

Moreover, the PEC-WS technology presents some more advantages than photocatalytic (PC)-

WS (PC-WS), such as (1) the self or external bias can alleviate e−/h+ pairs recombination which 

can enhance the charge separation and transport; (2) H2 and O2 can be easily separated by 

accumulating at two distinct electrodes; (3) the application of semiconductor thin films on a 

variety of conductive substrates that makes it suitable for future industrial use; and (4) it does 

not need to be stirred; therefore, it uses less power compared to PC-WS technique which uses 

powder materials and often requires stirring [24]. In 1972, Fujishima and Honda discovered 

the PEC-WS, which used TiO2 and Pt as a photoanode and a cathode, respectively, submerged 

in an electrolyte. TiO2 photoanode absorbed photon’s energy and formed enough potential to 

split H2O into H2 and O2 [7]. Numerous researchers have explained the fundamentals of the 

PEC-WS technique [25–28], as well as various semiconductor-based photoelectrodes like 

metal oxides [29–33], and metal chalcogenides [34–38], have been studied. However, the PEC-

WS technique is still challenging as the electrodes are in direct contact with the electrolyte. As 

a result, it's necessary to increase the electrodes' stability against corrosion [39]. The most 

important prerequisites for attaining a competitive PEC-WS system are (1) capturing a large 
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scale of solar energy; (2) superior e−/h+ pairs separation and transfer; (3) low overpotential for 

H2 and O2 evolution reaction; (4) achieving a high level of stability; (5) scalable techniques and 

(6) cost-effective materials [28,40]. Photocurrent-voltage determination is substantial for 

evaluating the performance of the PEC-WS process of various photoelectrodes [40]. Despite 

metal oxide semiconductors (BiVO4, TiO2, and Fe2O3) being affordable and can demonstrate 

good stability for electrochemical processes [41–47], they manifest low efficiency for H2 

generation under sunlight irradiation due to their poor light absorption and restricted charge 

transfer mobility. Therefore, numerous strategies have been reported to overcome these issues 

and improve their PEC performance, for instance, (i) controlling morphology and size of 

studied materials, (ii) loading of cocatalysts, (iii) doping with metals and non-metals, (iv) 

heterojunction using semiconductors with narrow bandgap materials [48,49]. 

1.2.1. Fundamental processes of photoelectrochemical water splitting 

PEC-WS is a laborious process with multiple steps that need to be controlled to 

maximize the effectiveness of the apparatus. This section discusses the three basic PEC-WS 

processes as depicted in Figure 1-1a,b; (1) light absorption and charge carriers 

photogeneration, (2) charge separation and transfer, and (3) WS redox reactions. 

1.2.1.1. Light absorption and charge carriers photogeneration 

The semiconductor's electronic structure interacts with the electromagnetic wave when 

light enters the semiconductor. As a result of this interaction, some electrons are excited from 

the VB to the CB generating holes in the VB [26]. The difference in the energy between the 

CB and the VB of the semiconductor is defined as the bandgap energy. When photon energy 

surpasses a semiconductor's bandgap energy, the excited electrons transmit the extra energy to 

nearby atoms via thermal vibration, to be stabilized in CB [28]. A variety of metal oxide 

semiconductors have been examined as photoelectrodes because of their good chemical 

resistance. However, their light absorption is restricted to the UV field due to their broad 

bandgap energy. As a result, low PEC-WS efficiency has been demonstrated in under sunlight 

[50]. To overcome this issue, some research studies have concentrated on employing narrow 

bandgap semiconductors [51–53]. The heterojunction between narrow bandgap and wide 

bandgap semiconductors has demonstrated a noteworthy enhancement for both counterparts in 

terms of mitigating the drawbacks of individual semiconductors inside a composite and 

augmenting PEC-WS efficiency [54]. Figure 1-1c shows the bandgap energy and band edge 

position of some interesting metal oxides, nitrides, and chalcogenides concerning the redox 

potentials of H2O. Another strategy to extend the light absorption of the material is the 

deposition of plasmonic metal nanoparticles (NPs) which demonstrate localized surface 
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plasmon resonance (LSPR) [55–57]. The LSPR effect is the oscillation of surface electrons 

in the plasmonic metal NPs with irradiated light. The LSPR effect can boost the PEC-WS 

performance through; (1) enhancement of localized electric field, (2) improvement of light 

absorption, and (3) tranfer of hot electrons [58]. Numerous research investigations have 

studied the application of plasmonic metal NPs in the PEC-WS, where the type, shape, and 

size, of the metal, regulated the amount of light absorption in the visible (Vis) spectrum [57,59–

62]. 

1.2.1.2. Charge carriers separation and transfer 

To effectively split H2O and produce H2 and O2, the photogenerated e−/h+ pairs in the 

photoelectrode must be separated prior arriving to at the active sites to prevent their 

recombination. The recombination process happens when the excited electrons return to the 

holes in the VB after losing their energy [28]. The recombination process is the primary 

obstacle to the transfer of charge carriers to the active sites in the photoelectrode, as the high 

level of recombination makes it challenging to extract current from charge carriers [28,63,64]. 

The crystal structure, particle size, and crystallinity of the material affect the separation and 

transmission of photogenerated e−/h+ pairs. Materials that have high crystallinity and few 

defects show high PC activity as the defects work as trapping centers, speeding up the 

recombination rate of e−/h+ pairs. Nanomaterials have a short diffusion distance among charge 

carriers and active sites, lowering the possibility of recombination. As well as, they have a high 

surface-to-volume ratio, that enhances the interaction between e−/h+ pairs and active sites [63]. 

Moreover, the morphology of the deposited materials, defect structures, and the composition 

of the electrolyte affect the transmission of e−/h+ pairs [65–68].  For example, nanomaterials 

with one-dimensional (1D) structures like nanotubes can improve e−/h+ pairs transport through 

the linear transport route [66]. 

Applying an external potential or creating an internal built-in potential can enhance 

e−/h+ pairs separation and inhibit their recombination. Various approaches to generate internal 

potential include the heterojunction construction between different materials, doping of 

elements, and metal integration onto the semiconductor [69]. Some structures that can create 

built-in electric field are (1) p–n homojunction, where a semiconductor material has two 

different areas with different features (i.e., p-type and n-type silicon), (2) p–n heterojunction 

involves the combination between two different materials with different features (i.e., n-type 

WO3 and p-type silicon), (3) Schottky junction, where a semiconductor material equilibrates 

with the free electrons energy level of the metal (i.e., nickel metal and n-type silicon), (4) 

semiconductor-liquid junction, where the semiconductor material equilibrates with the 
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adsorbed ions on the surface, forming a Helmholtz double layer (i.e., n-type WO3 in a basic 

electrolyte) [28]. Heterojunction formation among two semiconductors can be considered an 

effective approach to promote e−/h+ pairs separation, and it can be classified depending on the 

energy band alignment into three sorts [70,71]; (1) Straddling-gap heterojunctions (type-I), 

where photogenerated electrons and holes are transferred from semiconductor A to 

semiconductor B (Figure 1-2a), leading to a high accumulation of e−/h+ pairs in semiconductor 

B and causing extreme charge recombination. (2) Staggered-gap heterojunctions (type-II), 

where photogenerated electrons in semiconductor B are transmitted to semiconductor A; while, 

the photogenerated holes on semiconductor A are transferred to semiconductor B, leading to 

effective e−/h+ pairs separation (Figure 1-2b), (3) Broken-gap heterojunctions (type-III), where 

there is no directional migration of photogenerated charge carriers between semiconductor A 

and semiconductor B (Figure 1-2c). 

1.2.1.3. Water splitting redox reactions 

The photogenerated e−/h+ pairs can be separated by the built-in electric field. When a 

photoanode is used, holes migrate to the photoelectrode's surface to perform the oxygen 

evolution reaction (OER), and electrons are collected through the back contact to reduce the 

protons at the counter electrode and generate H2 as depicted in Figure 1-1a. Meanwhile, a 

photocathode is used, electrons transfer to the surface to undergo the hydrogen evolution 

reaction (HER) as shown in Figure 1-1b [28,72,73]. The reaction of WS is a non-spontaneous 

reaction and it can happen when an external potential is applied among two electrodes (anode 

and cathode) immersed in an electrolyte to carry out the OER and HER. The complete WS  

reaction needs the Gibbs free energy (∆G) of 237.2 kJ/mol, which is related to a thermodynamic 

reversible potential of 1.23 V, which is a theoretical value at ionic concentration, gas pressure, 

and temperature of 1 molar, 1 atm, and 25 °C, respectively. The potential value changes with 

the pH of the electrolyte in accordance to the Nernst equation:  

ERHE = ENHE + 0.059×pH,           (Eq.1-1) 

where ERHE is the potential versus reversible hydrogen electrode, and ENHE is the 

potential versus normal hydrogen electrode. The two half-reactions for the overall WS to 

generate H2 and O2 regarding to the pH of the electrolyte are illustrated as follows [28,74]; 

In acidic conditions 

OER: 2H!O − 4e"                 O! + 4H#,      (E0 = 1.23 V vs. NHE at pH = 0),            (Eq.1-2) 

HER: 2H# +	2e"                    H!,                 (E0 = 0.00 V vs. NHE at pH = 0),            (Eq.1-3)  
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In basic conditions  

OER:	4OH"− 4e"             					O! + 	2H!O,           (E0 = 0.40 V vs. NHE at pH = 14),   (Eq.1-4) 

HER: 2H!O + 2e"              				H! + 2OH",          (E0 = −0.83 V vs. NHE at pH = 14).  (Eq.1-5) 

 

 

 

Figure 1-1. The major PEC-WS processes in a PEC cell consist of (a) n-type and (b) p-type 

semiconductor electrodes [72]. Copyright 2010, Elsevier; (c) band edge positions and bandgap 

energy of a variety of semiconductors corresponding to the vacuum and the normal hydrogen 

electrode (NHE). The green points indicate the VB, while the red points indicate the CB. Water 

redox potentials are represented by two dashed lines [75]. Copyright 2015, WILEY-VCH 

Verlag GmbH & Co. KGaA, Weinheim. 

(a) 

(c) 

(b) 
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Figure 1-2. The band alignment diagram of the three sorts of heterojunctions; (a) type-I, (b) 

type-II, and (c) type-III heterojunction [70]. @Shengnan Li. et al. (Licensed under CC BY 

4.0). 

 

1.2.2. Substance requirements 

The semiconductor substance is the most important component in all solar conversion 

systems. It is responsible for absorbing photon energy and producing excited electrons (e−) and 

holes (h+). These photogenerated e−/h+ pairs can move in opposing directions with the 

generation of photopotential, which promotes fuel production like H2 [21]. The solar-to-

hydrogen conversion (STH) efficiency of the PEC cell mostly depends on (1) light absorption, 

(2) photogeneration of e−/h+ pairs, and (3) separation and movement of  e−/h+ pairs [73]. When 

selecting a semiconductor to serve as a photoelectrode, there are several considerations should 

be followed;  

1.2.2.1.Potential requirement 

Under standard conditions, the splitting of one molecule of H2O  to H2 and ½ O2 demands 

∆G of 237.2 kJ/mol, which regards ∆E = 1.23 V per electron transported. The employed 

semiconductors should collect light radiation with photon energy larger than 1.23 eV and use 

it to split H2O. This process generates four h+ per O2 molecule (4×1.23 = 4.92 eV) or two e− 

per H2 molecule (2×1.23 = 2.46 eV) [15]. The bandgap energy of the selected semiconductor 

should be 1.23 to 2.4 eV to be able to absorb Vis light, which makes up about half of the solar 

spectrum [26]. It's also important to take into account some energy losses, such as the 

overpotential loss at the photoelectrode and the ionic conductivity loss in the electrolyte. 

consequently, 1.6-2.0 V is the necessary potential for WS [76]. 

1.2.2.2. Structure of the band edge  

The band edge position and charge carrier diffusion lengths are important factors during 

the selection of suitable material for the PEC-WS process. The CB should be more negative 

(a) (b) (c) 
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than the H2 production potential, meanwhile, the VB should be more positive than the O2 

potential potential [22,77]. 

1.2.2.3. Crystallinity and surface area 

The crystallinity and surface active sites of semiconductors are very crucial for e−/h+ 

pairs transfer and OER/HER reactions [76]. substances with high crystallinity and low defects 

can inhibit the e−/h+ pairs recombination [78]. The OER/HER reaction rate should be higher 

than the backward reaction, which mostly relies on the number of active sites [26]. Shi et al. 

showed that annealing at 540 °C improved the crystallinity of BiVO4 film, reduced e−/h+ pairs 

recombination, and boosted PEC-WS performance under light illumination [79]. Iqbal et al. 

[80] and  Kim et al. [81] showed how increasing the prepared photoanode's crystallinity 

enhanced the PEC-WS performance. 

1.2.2.4. Materials' cost and stability 

Photoelectrodes must be constructed from easily accessible and reasonably priced 

components that can achieve long-term PEC-WS performance in the presence of produced 

gases [21]. It is favored to utilize electrodes made of materials that are widely available on 

Earth. In either basic or acidic electrolytes, the employed semiconductor photoelectrodes 

should exhibit stability. Sometimes, to prolong the photoelectrodes’ lifetime, a coating layer 

that is capable of transmitting light is necessary [76]. Sun et al. illustrated that the homogenous 

coating of BiVO4 photoanode with super hydrophilic CoFe-phytic acid complex significantly 

reduced the photocorrosion and acted as an efficient cocatalyst, that promotes the water 

oxidation kinetics [82]. The formed current density as a function of time under light 

illumination can be utilized to evaluate the stability of the photoelectrode; for instance, 

Au/CdSe nanodumbbell photoanode displayed a steady photocurrent density of 1.3 mA/cm2 at 

0.4 V vs. RHE for five days due to its remarkable structure stability [83]. 

1.3. Investigated category of materials 

1.3.1. Plasmonic metal nanoparticles based photoelectrodes 

Despite the great effort of many researchers who have focused on developing efficient 

PC and PEC systems, the resultant systems suffer from low efficiency, instability, and high 

manufacturing costs. Occasionally, metal oxide semiconductors demonstrate limited light 

absorption range (owing to their low absorption coefficients and wide bandgap energy), short 

charge carrier lifetimes and diffusion lengths, and sluggish catalytic surface reactions [21]. 

Hence, the challenges facing the WS technology are fast e−/h+ pairs recombination, wide 

bandgap energy of investigated semiconductors, and reverse reactions (i.e., H2O formation 

https://www.nature.com/articles/srep02681#auth-Jae_Young-Kim
https://www.sciencedirect.com/science/article/pii/S1385894721025869?casa_token=KQs9Odi5XvoAAAAA:LFoxuDwVBFSawKEG51o2va6CeA-eWqDwRhbFrf75HINWIGTJWVlSttJk03LKvexsB3lT1lzX_Q#!
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from H2 and O2) [84]. Numerous research studies have focused on improving the optical, 

electronic, and catalytic characteristics of semiconductors [85–87]. 

One of the attractive approaches is to decorate semiconductors with plasmonic metal 

NPs [88–90]. These metal NPs can enhance the capability of the light absorption of the 

semiconductor (i.e., raise its absorption coefficients) either by scattering or concentrating the 

incident light radiation into the semiconductor [89–91]. Also, plasmonic metal NPs able to 

absorb Vis light with a wavelength longer (lower energy) than the semiconductor’s bandgap 

energy and transfer this plasmonic energy to the semiconductor in various forms like “hot 

electrons” (i.e., electrons that have energy larger than the metal’s Fermi level) [92,93] via a 

dipole-dipole interaction [94], significantly broaden the absorption range of the semiconductor 

photoelectrode. Simultaneously, the plasmonic metal NPs can dramatically improve the 

electronic characteristics [95] and catalytic activity of semiconductors [96]. Various 

semiconductor- plasmonic metal NPs composites have been investigated for solar WS 

technology [59,86,94,97–100]. 

The intriguing properties of semiconductor-plasmonic metal NPs composites involve 

the generation of the LSPR and a near-electric field at the metal and semiconductor interface 

(Schottky junction) supporting the transfer of hot-electrons in either direction [101,102]. 

Plasmonic photocatalysts can absorb light with a broad range of wavelengths as the plasmonic 

metal NPs have several oscillating electrons on their surface in resonance with the incident 

light photons and can capture these photons efficiently [103]. This effect can be defined as 

LSPR effect [104]. Additionally, the plasmonic metal NPs promote the e−/h+ pairs separation 

and transfer and diminish their recombination [105]. When plasmonic metal NPs are 

incorporated with a semiconductor, the surface plasmons can cause both radiative and 

nonradiative decay. The surface plasmonic energy can be transported from the plasmonic metal 

NPs to the semiconductor and contribute to the WS operation. The transport of plasmonic 

energy happens by four mechanisms [57,91]; light trapping mechanisms (light scattering and 

light concentration), hot electron injection (HEI), and Plasmon induced resonance energy 

transfer (PIRET). Regarding the mechanism of light scattering, the plasmonic metal NPs cause 

radiative decay and generate photons that are scattered into the semiconductor. This process 

ameliorates the semiconductor’s optical path length. Conversely, in the mechanism of light 

concentration, the plasmonic NPs serve as optical antennas that enclose the fallen 

electromagnetic field around the semiconductor, improving the photogeneration of e−/h+ pairs 

in the semiconductor. In the HEI mechanism, the hot electrons are produced by the nonradiative 

decay of the plasmonic NPs. The energy of these produced hot electrons is affected by the 
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crystallinity, surface area, shape, and particle size of the plasmonic metal NPs. In the PIRET 

mechanism, the near-field energy is nonradiatively transmitted to the semiconductor through 

dipole-dipole interaction with weak band-edge states. The effectiveness of light trapping and 

PIRET mechanisms mostly relies on the spectral overlap between the plasmonic metal NPs 

and the semiconductor; band energy alignment is not needed. 

1.3.1.1. Characteristics of plasmonic metal NPs 

plasmonic metal NPs strongly react with the incident photons which results in the LSPR 

effect. The intensity of the LSPR effect is based on the type, shape, and size, of the plasmonic 

metal NPs [106–109]. Controlling the shape and size of plasmonic metal NPs can remarkably 

influence the range of light absorption in the solar spectrum [110,111]. Under solar-light 

irradiation, e− and h+ are generated. The main obstacle at this stage is the fast e−/h+ pairs 

recombination [112,113]. Generally, charge recombination is often suppressed in substances 

with tiny particle sizes and low defects. Defects on the substance surface act as active sites to 

adsorb e−/h+ pairs and accelerate their recombination, as a result, diminishing PC and PEC 

activity. Photocatalysts with high crystallinity are preferred for WS reactions due to their few 

surface defects. Additionally, photocatalysts with a nanoscale particle size can decrease the 

diffusion distances for e− and h+ to arrive at the surface active sites, resulting in reducing the 

chance of e−/h+ pairs recombination and promoting the surface reactions owing to their large 

specific surface area [63,64]. 

1.3.1.1.1. Surface area  

Substances that have a large surface area are beneficial for WS reactions because they 

may offer plenty of active sites. As the predominant reaction in water splitting is not the 

adsorption of reactant molecules, this characteristic would have less impact than other variables 

like particle size and crystallinity [114]. DeSario et al. reported that three-dimensional (3D) 

Au–TiO2 aerogels photocatalyst significantly enhanced the PC-WS under Vis light owing to 

the preserved porous structure and specific surface area of pristine TiO2 aerogel [115]. 

Substances with large surface areas can effectively absorb light and inwardly scatter it [116], 

ameliorating the light absorption capability  [89,117–121]. 

1.3.1.1.2. Crystallinity 

High crystalline substances manifest greater WS efficiency than amorphous or low 

crystalline substances. Highly crystalline TiO2 nanotube arrays (TNTAs) showed higher 

photocurrent density compared to amorphous TNTAs [122]. Partially crystalline or amorphous 

substances facilitate the e−/h+ pairs recombination [123–125]. Hence, substances with high 

crystallinity are favored for WS reactions to suppress the recombination of e−/h+ pairs. Gong 
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et al. have observed that a multistep anodization strategy developed the crystallinity of TNTAs. 

TNTAs fabricated through three steps of electrochemical anodization demonstrated a higher 

photocurrent density, that was 2.2 times higher than that produced by TNTAs fabricated 

through one step electrochemical anodization. Moreover, it produced a higher quantity of H2 

with improved e−/h+ pairs transfer efficiency [126]. Therefore, the material's structural 

characteristics have a significant impact on photocurrent production; as crystallinity increases, 

the defects and e−/h+ pairs recombination rate decrease. 

1.3.1.1.3. Particle size 

The effectiveness of PC-WS and PEC-WS is significantly influenced by the particle 

size of plasmonic photocatalysts. The size of Au NPs affected the hot-electron migration [127]. 

Zhang et al. investigated how the particle size of Au influences the plasmonic behavior of Au 

NPs/BiVO4 photoanode for the PEC-WS process. They changed the particle size of Au from 

10 to 80 nm. The results manifested that Au NPs with a particle size of 30 nm showed the best 

enhancement for the plasmonic field concentration and PEC-WS performance due to the 

overlap of the near-electric field and the interband excitation in BiVO4. Conversely, the 

scattering effect played a vital role when Au NPs have a particle size greater than 60 nm [128]. 

The particle size of Au in Au-ZnO nanostructures remarkably affected the H2 production rate. 

The Au-ZnO flower structure with the smallest Au particle size of 5.4 nm presented the highest 

H2 production rate [129]. 

1.3.1.1.4. Shape 

The shape of the plasmonic metal NPs substantially affects the LSPR frequency, which 

promotes light absorption through the solar spectrum. It also affects the rate of e−/h+ pairs 

photogeneration [130,131]. Pu et al. studied the decoration of different shapes of Au 

nanostructures with TiO2 nanowire for PEC-WS under light irradiation (300 - 800 nm). The 

PEC performance of Au nanorods (NRs), Au NPs, and a mix of Au NRs and NPs on the TiO2 

nanowire were studied and compared with that of bare TiO2. Au NPs/TiO2 nanowire enhanced 

the PEC performance in the UV and Vis zones. Conversely, Au NRs/TiO2 nanowire boosted 

the PEC performance only in the Vis zone. The photoelectrode fabricated using a mixture of 

Au NRs and NPs/TiO2 nanowires enhanced PEC performance in all UV−Vis ranges [132]. 

Light can be absorbed more efficiently by CuO with a sheet-like structure than CuO with a 

spherical structure. The bandgap energy of CuO drops as particle size gets smaller [133]. The 

separation of charge carriers and, consequently, the PC activity of photocatalysts is 

significantly influenced by the morphology of nanostructured materials. Sampaio et al. 

clarified that Au-ZnO flower morphology demonstrated a higher H2 production rate (427 µmol 
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h−1 gcat−1) than bare ZnO, Au–ZnO needle morphology, and Au-ZnO rods morphology. This 

was attributed to the sophisticated flower morphology of Au-ZnO, which scattered the incident 

light, resulting in improving the structure’s light absorption ability and PC performance [129]. 

1.3.1.2. Semiconductor-plasmonic metal nanoparticles composites 

Composites made of semiconductor and metal or metal oxide have recently shown a 

high rate of H2 production [134]. The deposition of metal or metal oxide on the surface of the 

semiconductor works as a co-catalyst or a photosensitizer that improves the catalytic activity, 

either by suppressing the rate of e−/h+ pairs recombination through capturing the electrons 

migrated from the semiconductor or by developing the semiconductor’s light absorption 

capability. The co-catalyst has a higher work function than the semiconductor and offers more 

active sites, so, electrons flow to it more readily, increasing the rate of H2 production [135]. 

TiO2-based composites achieved good PC-WS performance due to their unique characteristics, 

involving good stability, and appropriate edge potentials of CB and VB [136,137]. Additionally, 

numerous semiconductors metal oxides, nitrides, phosphates, and sulfides have been studied 

as photocatalysts/photoelectrodes for the WS process. Doping semiconductors with transition 

metal ions such as V5+, Cr3+, and Ni2+ can enhance the WS performance through improving 

semiconductor’s ability to absorb Vis light. Loading of Co-catalysts like Pt, Au, and NiO 

suppressed the back reaction and enhanced the H2 production [114]. The doping of SrTiO3 with 

plasmonic metal NPs significantly improved its WS performance under Vis light [138,139].   

Ag and Au are predominant in photocatalysis applications because they act as 

photosensitizers due to their distinct features, like their optoelectronic characteristics 

(involving LSPR) and good chemical stability [88,89,140,141]. Noble metals NPs such as Pt, 

Ag, Rh, Au, and Ru,  have displayed high efficiency for H2 generation through the LSPR effect 

and Schottky junction [142–145]. These plasmonic noble metals can be deposited onto 

numerous semiconductors (e.g., BiVO4, ZnO, Fe2O3, WO3, TiO2, and SnO2) with various 

morphologies and applied for H2 generation. The created Schottky junction in semiconductor-

noble metal composites has a crucial role in boosting the rate of H2 generation. Noble metals 

have limited carrier lifetimes and activity due to their spontaneous aggregation propensity. 

Moreover, Their practical application is restricted by their high cost. Hence, eco-friendly and 

low-cost plasmonic metal NPs are needed for scalable applications [84]. 

Inexpensive non-noble transition metals are appealing substitutes for pricey noble 

metals in PEC-WS and PC-WS applications, owing to their high work functions and strong 

electrical conductivity. Therefore, they can ameliorate electrons transfer and trapping. Despite 

the challenging preparation conditions that restrict their practical utilization, they work as co-
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catalysts and concurrently inhibit the photocorrosion of photoelectrodes during PEC-WS 

[13,146]. The deposited Cu NPs on several semiconductors, including SrTiO3, TiO2, ZnO, and 

g-C3N4, [147–150], worked as an efficient co-catalyst by accelerating the e−/h+ pairs separation 

and transfer at the interface, resulting in improving the catalytic performance. Tian et al. 

fabricated Cu/TiO2 photocatalyst using two different techniques (wet impregnation and ion 

exchange) and investigated their PC performance. Cu captured the generated electrons in TiO2, 

so improved the electron separation and migration in the CB of TiO2. It was observed that the 

Cu/TiO2 photocatalyst synthesized by ion exchange technique was more efficient than that 

synthesized by wet impregnation, which was ascribed to the good dispersion of Cu on the 

surface of TiO2 [151]. Ni and Co both demonstrated good efficiency for H2 production [152]. 

Fe and Co NPs have also been applied for PEC-WS and PC-WS [152–154]. Al displayed a 

plasmonic effect in the UV region and it broadened to the near-infrared (NIR) region [155–

157] and has been used extensively as a photocatalyst [155,158,159]. 

1.3.2. Metal chalcogenides based photoelectrodes 

Chalcogenides compounds are composed of chalcogens (S, Se, Te) as anions and 

electropositive cations [20]. Metal chalcogenides (MCs) can be classified into three groups 

regarding their chemical composition; metal mono- (MX), di- (MX2), and tri- (MX3) 

chalcogenides. M stands for the metal element, and X for the chalcogen.  Each group has 

distinct crystal features and characteristics that can be used in various optoelectronic 

applications [160]. MCs have attracted researchers’ attention because of their remarkable light 

absorption ability and distinct energy levels. So, MCs have been investigated in numerous 

energy producing and storage applications, involving catalysis, photovoltaics, batteries, and 

artificial photosynthesis systems [161]. Compared to metal oxides, MCs have been deemed 

more promising photocatalysts because of their greater light absorption coefficient, preferred 

energy level alignment, and abundance of active sites [20,162–165].  Furthermore, transition 

MCs applied as photoanodes in the optimized PEC system can theoretically achieve the best 

solar-to-hydrogen efficiency [21]. MCs photoelectrodes have been widely applied for the PEC-

WS technique [166–168]. For instance, MoS2 is an auspicious and cheap alternative to Pt 

electrodes for H2 production from EC- and PEC-WS techniques [169]. CdS has garnered 

significant attention for PC- and PEC-WS under Vis light, due to its advantageous properties, 

including a reasonable bandgap, a suitable band position, and a high efficiency of H2 

production [170–172]. However, it suffers from fast e−/h+ pairs recombination and 

photocorrosion. Transition MCs have a lot of compositions with various lattice features and 

unique electronic structures [173]. As a result, they have been used in various energy-related 
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applications [165]. The configuration, optical characteristics of transition MCs, and their 

performance in several fields of photonics and optoelectronics were reported in many reviews 

[160,174–177]. Other reviews have concentrated on the application of transition MCs for H2 

generation using the WS technique [8,178–181].  

1.3.2.1.The role of Metal chalcogenides in adjusting the bandgap energy of hydride 

heterostructure 

MCs have generated a lot of attention in many fields, as a consequence of their unique 

optical characteristics. MCs have bandgap energy between 0.3 and 3.8 eV, based on their 

composition [75,182]. The light absorption wavelength of the substance depends on its 

bandgap energy. Substances with a wide bandgap energy can absorb a short wavelength, 

meanwhile, substances with a narrow bandgap energy can absorb the long wavelength of the 

incident light [183]. Figure 1-3 illustrates the relation between the material's bandgap energy 

and the predicted wavelength of absorbed light. The relation between bandgap energy (eV) and 

wavelength (nm) of the incident light can be illustrated as follows [40]; 

ℎu	(eV) =  $!%&.(	(+,-	./)
l	(./)

                       (Eq.1-6) 

Various types of MCs photoelectrode can exhibit great activity for H2 production owing to 

their adjustable bandgap energy [184,185]. Jiang et al. [186] explained that the bandgap energy 

and absorption edge of CdS were remarkably affected by altering the hydrothermal synthesis 

time due to changes in the crystal size. CdS which was synthesized through the hydrothermal 

time of 4 h, had the highest absorption edge of 560 nm and the smallest bandgap energy owing 

to their large particle size. The combination of wide bandgap semiconductors (WBSs) with 

narrow bandgap energy semiconductors having suitable energy band positions is an efficient 

strategy to ameliorate the light absorption, e−/h+ pairs transfer, and maximize the PEC energy 

conversion efficiency by generating type-II heterojunction [187–190]. The type-II 

heterojunction provides a long lifetime of charge carriers as the minimum CB and the 

maximum VB are present in different positions of the heterojunction [191]. 

Recently, various transition MCs quantum dots (QDs) formed nanocomposites with 

several WBSs which significantly improved the light absorption capability of  WBSs and 

facilitated e−/h+ pairs separation [161,192–194]. The deposition of layer-by-layer CdSe QDs 

on TNTAs generated type-II heterojunction between CdSe QDs and TNTAs, resulting in red-

shifted the absorption band edge, enhanced light absorption ability of TNTAs, and promotes 

the e−/h+ pairs separation and transfer [161]. The light absorption ability of the ZnO photoanode 

was considerably improved after the deposition of CdSe/ ZnSe [195], CdSe/CdS [196], and 
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CdS/CdSe nanofilm [197], with an obvious bandgap decrease and improvement in the PEC 

performance. When Bi2S3 NRs uniformly distributed over WO3 nanoplates, a type-II 

heterojunction was created, excellent light absorption and charge separation were attained 

[198]. Mollavali et al. observed that the growth of NiS, CdS, and ZnS NPs over C, N-co-doped 

-TiO2 NTAs surface notably decreased the bandgap energy and boosted the PEC-WS 

performance [187]. D. Rani et al. noted that the heterojunction between CdSe QDs and BaTiO3 

expanded the light absorption wavelength to 550 nm with a quick bandgap drop to 2.25 eV 

[199]. Wu et al. showed that the heterojunction constructed between CuSbS2 and Zn0.2Cd0.8S 

doped with Fe extended the light absorption and demonstrated excellent PEC stability after 

loading Co-Pi [200]. Shen et al. explained the effect of CdSe NPs deposition in expanding the 

light absorption of TNTAs photoelectrode from the UV to the Vis range [201]. Bare TNTAs 

had an absorption band edge of 400 nm, while after decoration with Au nanocrystals (NCs), 

the absorption peak was expanded to 520 nm owing to the LSPR effect of Au NCs. The further 

deposition of CdSe NPs displayed a remarkable red shift to 700 nm. This was ascribed to the 

superb synergy between CdSe NPs and Au NCs decorated on the TNTAs surface. Andrea et 

al. decorated TiO2 with diverse cadmium chalcogenides (CdS, CdSe, and CdTe) QDs to 

develop its light absorption ability [202]. The results showed that CdSe QDs/TiO2 

demonstrated the highest light absorption capacity (300-650 nm) compared to other single-

modified photoelectrodes. Conversely, fabricated photoelectrodes with CdS-CdSe QDs or 

CdS-CdTe QDs displayed a wider range of light absorption with suitable energy levels, 

facilitating e−/h+ pairs separation and improving PEC performance. The recent development of 

metal mono-chalcogenides, metal di-chalcogenides, and metal tri-chalcogenide based 

photoelectrodes for the PEC-WS technique are illustrated in Table 1-1, Table 1-2,  and Table 

1-3 respectively. 



 16 

 
Figure 1-3. Spectral irradiance versus wavelength of solar energy in space and at sea level. 

The top axis displays the relation with the energy of incident photons [183]. @Friedhelm 

Finger et al. (Licensed under CC BY 4.0). 

 

1.3.2.2. Drawbacks of metal chalcogenides application 

Under light irradiation, MCs alone exhibit limited photocatalytic activity because of the 

high recombination rate of e−/h+ pairs and photocorrosion that leads to poor energy conversion 

efficiency [203,204]. Three strategies were reported to ameliorate e−/h+ pairs separation and 

mitigate the photocorrosion rate of the photoelectrodes [258,259]. (i) The use of electrolytes 

contain sacrificial reagents which able to catch the extra holes that can cause the photocorrosion 

of the photoelectrode [205–207]. For instance, Na2SO3/Na2S acted as a sacrificial reagent that 

captured the extra holes and oxidized sulfides (S	!"); to disulfides (S!!"). Thus, it mitigated the 

photocorrosion of Bi2S3. Moreover, Na2SO3 reduced S!!"to S	!", which increased of generated 

quantity of H2 at the counter electrode [208–210].  

S!!" +  SO%!"                S!" + S!O%!"               (Eq.1-7) 

 (ii) Noble metals [211–216], or non-noble metals [217–222] loading on the semiconductors. 

These doped metals act as co-catalysts that promote the OER by decreasing the water oxidation 

overpotential, leading to quickly consuming the holes present on the surface of the 

semiconductor and thereby rapidly consume the holes present on the semiconductor surface 

[223]. (iii) The application of a protective layer on the photoelectrode surface [224–228]. This 

protective cover requires to be extremely homogeneous, highly conductive, and chemically 
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inert. For example, the passivation layer of ZnS prevented the photocorrosion of CdS NPs 

[187,229,230]. The shell layer in the core/shell heterojunction inhibits the dissociation of 

surface ions in the core [20,69,231].  Sheng et al. reported that the wrapping of CdS NRs with 

MoS2/In2S3 nanosheets which were vertically arranged as a shell, significantly reduced the 

intensity of the photoluminescence (PL) peak that confirmed the effective e−/h+ pairs separation 

[231].  

1.4. The aim and structure of this thesis 

The PEC-WS technique is a remarkable strategy that uses semiconductor photoelectrodes 

immersed in an electrolyte to absorb solar energy and split water, generating eco-friendly and 

storable chemical energy, such as H2 without carbon dioxide emission. To achieve an effective 

PEC-WS system, semiconductor photoelectrodes with a high light absorption capacity, quick 

e−/h+ pairs separation and transfer, and adequate chemical stability must be designed. The main 

goal of this thesis is to present facile approaches for designing stable, and effective 

photoanodes for PEC-WS that produce a high quantity of H2. Our strategy focuses on 

improving the optical and electrical characteristics of some metal oxides by the appropriate 

deposition of MCs and plasmonic metal NPs.  

The distinctive electrical and optical properties of MCs have made them attractive 

options for light absorbers. The decoration of anodic nanoporous (ANPor) WO3 with MC QDs 

that has narrow bandgap can remarkably improve the light absorption ability, facilitate e−/h+ 

pairs transfer, and mitigate the charge recombination. We synthesized ANPor WO3 using an 

anodic oxidation method. Using successive ionic layer adsorption and reaction (SILAR) 

procedure an adequate quantity of Bi2S3 QDs was deposited on the ANPor WO3 surface and 

was investigated for PEC-WS as a photoanode under UV-Vis irradiation. The detailed results 

are shown in Chapter 2. 

Additionally, the doping of semiconductors with plasmonic metal NPs has been 

reported as an auspicious approach for promoting the PEC activity of the semiconductor by the 

transmission of plasmonic energy from the plasmonic metal NPs to the semiconductor. The 

PEC-WS performance can be improved by adjusting the nanostructure of the semiconductor 

photoelectrodes and sensitizing them with plasmonic metal NPs. We transformed ZnO 

nanorods (NRs) to ZnO nanopagoda arrays (NPGs) followed by Ag NPs deposition. This study 

illustrates how the transformation from ZnO NRs to ZnO NPGs and the doping of Ag NPs 

improve the photocurrent and PEC conversion efficiency under light irradiation. The detailed 

results are explained in Chapter 3.  
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 We also investigated the impact of concurrently depositing Ag and Ag2S NPs over 

ZnO NPGs. The obtained data displayed that the successful deposition of Ag and Ag2S NPs on 

the surface of ZnO NPGs not only improved the Vis light absorption but also facilitated the 

e−/h+ pairs separation and migration. The detailed results are illustrated in Chapter 4. 

Moreover, we constructed an effective type II heterojunction between Bi2Se3 QDs and 

TNTAs by depositing a suitable amount of Bi2Se3 QDs on the surface of TNTAs. The 

TNTAs/Bi2Se3 QDs photoanode displayed outstanding PEC performance due to its suitable 

bandgap, which enhanced the Vis light absorption, and its efficient e−/h+ pairs transfer, which 

mitigated their recombination rate. The detailed results are disclosed in Chapter 5. 
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Table 1-1. The latest metal mono-chalcogenide based photoelectrodes studied for the PEC-WS. 

Photoelectrode Fabrication Morphology Electrolyte 
Light 

source 
Applied bias 

Photocurrent 

(mA/cm2) 
Ref. 

Cu2Se/CdSe/TiO2 

(photoanode) 

Anodization, 

electrochemical 

deposition 

Nanotubes 0.5 M Na2S 500 W 

Xe lamp 

0.1 V vs. SCE 28 [232] 

TiO2 NRs/CdSQDs 

(photoanode) 

Chemical bath 

deposition 

Nanorods 0.25 M 

Na2S/0.35 M 

Na2SO3 

300 W 

Xe lamp 

1.0 V vs. RHE 

 

6.8 

 

[233] 

Fe2O3/CdS/Co-Pi 

(photoanode) 

Hydrothermal, 

chemical bath 

deposition, photo-

assisted 

deposition 

Nanorods 1. M NaOH + 

0.1 M Na2S 

300 W 

Xe lamp 

0.7 V vs. RHE 3.29 [207] 

CdS@MoS2/In2S3 

(photoanode) 

Hydrothermal Nanosheets, 

Nanorods 

5 M 

H2SO4/lactic 

acid 

300 W 

Xe lamp 

0.14 V vs. 

RHE 

1.5–2.0 [231] 

C, N-codoped-

TiO2/NiS/CdS/ZnS 

NPs 

(photoanode) 

Anodization, 

SILAR 

Nanotubes, 

Nanoparticles 

0.28 M Na2S/ 

0.32 M 

Na2SO3 

150 W 

Xe 

ozone-

free lamp 

0 V vs. 

Ag/AgCl 

18.79 [187] 

CdS/Cu2O 

(photoanode) 

Hydrothermal, 

SILAR, 

Nanorods Na2S (0.35 

M)/Na2SO3 

(0.25 M) 

300 W 

Xe lamp 

0 V vs. 

Ag/AgCl 

4.2 [234] 

CdS/ZnFe2O4/Cu2O 

(photoanode) 

Hydrothermal, 

CBD 

Nanorods Na2S (0.35 

M)/Na2SO3 

(0.25 M) 

300 W 

Xe lamp 

0 V vs. 

Ag/AgCl 

3.3 [235] 

PbS/Mn-doped CdS 

QDs/TiO2 

(photoanode) 

Hydrothermal, 

SILAR 

Mesoporous, 

QDs 

0.25 M 

Na2S/0.35 M 

Na2SO3 

 

AM 1.5 

G solar 

simulator 

0.6 V vs. RHE 22.1 [236] 

CdSe/TiO2 NTs 

(photoanode) 

Anodization, 

CBD 

Nanotubes 1 M KOH 150 W 

Xe lamp 

0.4 V vs. 

Ag/AgCl 

1.6 [237] 

SnO2–TiO2/ 

CdSe/CdS core-shell 

QDs 

(photoanode) 

Hot injection, 

SILAR, 

electrophoretic 

deposition 

Mesoporous, 

QDs 

0.25 M Na2S 

and 0.35 M 

Na2SO3 

300 W 

Xe lamp 

1 V vs. RHE ∼4.7 [238] 

Fe-

Zn0.2Cd0.8S/CuSbS2/

Co-Pi 

(photoanode) 

Hydrothermal, 

electrochemical 

deposition, 

Nanowalls Na2S/Na2SO3 CHF-

XM500, 

100 

mW/cm2 

0.9 V vs. RHE 0.31 

 

[200] 

Zn0.5Cd0.5S/TiO2 

(photoanode) 

Anodization, 

SILAR 

Nanotubes 0.25 M 

Na2S/0.35 

Na2SO3 

300 W 

Xe lamp, 

λ > 400 

nm 

1.23 V vs. 

RHE 

10.95 [239] 
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TiO2/CdS/CdSe/ZnS 

(photoanode) 

 

Spray pyrolysis, 

hot injection, 

SILAR 

Nanoparticles 0.25 M 

Na2SO3/0.35 

M Na2S 

– 0 V 3.9 

 

[202] 

ZnO NR-Zn1−xCdxS 

PNS 

(photoanode) 

Solvothermal Nanorods, 

Porous 

nanosheets 

0.25 M Na2S 

+0.35 M 

Na2SO3 

100 

Mw/cm2 

simulated 

sunlight 

source 

0 V vs. 

Ag/AgCl 

 

6.60 

[240] 

N-RGO-Cd0.6Zn0.4S 

(photoanode) 

Solvothermal Spherical 

nanoparticles 

Na2S (0.35 

M)/Na2SO3 

(0.25 M) 

300 W 

Xe lamp 

– 0.92 [241] 

RGO-CdxZn1−xS 

(photoanode) 

Thermal 

sulfurization 

Agglomerated 

nanoparticles 

0.35 M Na2S 

and 0.25 M 

Na2SO3 

HAL-320 

Xe lamp 

0.542 V vs. 

RHE 

6.5 [242] 

ZnSe/C/TiO2 NTAs 

(photoanode) 

Anodization, 

deposition 

Nanotubes 0.25 M 

Na2SO3 and 

0.35 M Na2S 

300 W 

Xe lamp 

0.5 V vs. SCE 1.05 [243] 

FeSnOS-BiVO4 

(photoanode) 

Electrodeposition, 

spin-coating 

Worm-like 

shape 

0.5 M 

Na2SO4 

– at 1.23 V vs. 

RHE 

3.1 [244] 

ZnO/CdS/CdSe 

(photoanode) 

CBD Nanosheets 

 

0.25 M 

Na2S/0.35 M 

Na2SO3 

100 W 

Xe 

lamp 

0 V vs 

Ag/AgCl 

4.0 [196] 

CdSe(en)0.5/CdIn2S4/

TiO2 

(photoanode) 

Solvothermal Nanodiscs 0.1 M Na2S 

and 0.02 M 

Na2SO3 

100 

Mw/cm2 

simulated 

sunlight 

irradiatio

n 

0 V vs. 

Ag/AgCl, 

2.43 [245] 

PbS/CdS/ZnO 

NWAs 

(photoanode) 

SILAR Nanowires 0.1 M 

Na2SO3/0.1 M 

Na2S 

100 

mW/cm2 

halogen 

lamp 

1.2 V vs. 

Ag/AgCl 

1.42 [188] 

TiO2-CdSe-Au 

(photoanode) 

Anodization, 

cyclic 

voltammetric 

deposition, 

magnetron 

sputtering 

Nanotubes 0.1 M Na2S 300 W 

Xe lamp 

0 V vs. 

Ag/AgCl 

8.4 [201] 

CdSeQDs/BaTiO3 

(photoanode) 

Hot injection, 

hydrothermal. 

Irregular shape 

NPs 

 

1 M Na2S 300 W 

Xe lamp 

0.8 V. vs. 

Ag/AgCl 

12 

 

[199] 

ZnO-CdS-Ce 

(photoanode) 

Electrodeposition, 

SILAR 

Nanosheets, 

Nanorods 

0.35 M 

Na2SO3/0.24 

M 

Na2S 

300 W 

Xe 

lamp 

– 8.9 [246] 



 21 

InSe/graphene 

(photoanode) 

Exfoliation and 

encapsulation 

– NaOH AAA 

solar 

simulator 

1.23 V vs. 

RHE 

10 [247] 

ZnO/CdS/CdSe 

(photoanode) 

Hydrothermal, 

SILAR and 

CBD 

Nanorods 0.25 M 

Na2S.9H2O, 

and 0.35 M 

Na2SO3 

100 

mW/cm2 

−0.2 V 

vs. Ag/AgCl 

6.244 

 

[197] 

ZnO/Au/CdS NTAs 

(photoanode) 

Electrochemical 

deposition, 

hydrothermal 

reduction, CBD 

Nanotubes Na2S (0.25 M) 

and M Na2SO3 

(0.35 M) 

300 W 

Xe lamp 

No bias 6.5 [192] 

ZnO/CdS/Au 

NTAs 

(photoanode) 

CBD, Au 

reduction 

Nanotubes 0.25 M Na2S 

and 0.35 M 

Na2SO3 

350 W 

Xe lamp 

1.2 V vs. 

Ag/AgCl 

21.53 [194] 

 

CdSe/ZnSe/ZnO 

NTAs 

(photoanode) 

Electrochemical 

deposition, 

consecutive ion-

replacement 

reaction  

Nanotubes Na2SO3 (0.5 

M) and Na2S 

(0.5 M) 

300 W 

Xe lamp 

0.25 V vs. 

Ag/AgCl 

3.2 [195] 

MoSx-

CdS/Cu2ZnSnS4 

(photocathode) 

 

Spray pyrolysis, 

sulfurization, 

CBD, 

electrodeposition 

Microstructure 0.2 M 

Na2HPO4/ 

NaH2PO4 

Solar 

simulator 

0.6 V vs. RHE 18 [248] 
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Table 1-2. The latest metal di-chalcogenide based photoelectrodes studied for the PEC-WS. 

Photoelectrode Fabrication Morphology Electrolyte Light source Applied bias 
Photocurrent 

(mA/cm2) 
Ref. 

Cu2O/g-C3N4/WS2 

(photocathode) 

Electrodeposition

, Exfoliation 

Nanosheets 1 M Na2SO4 Xe lamp 

(λ ≥ 420 nm) 

−0.55 V 

vs. RHE 

−9.5 [249] 

MoS2NSs/ZnO 

NWs 

(photoanode) 

Sputtering, 

hydrothermal 

Nanosheets, 

Nanowires 

0.5 M 

Na2SO4 

100 W 

Xe arc lamp 

0 V vs. SCE 0.25 

 

[250] 

3D TiO2 NFs/2D 

MoSe2 

(photoanode) 

Impregnation Nanoflowers 1 M NaOH 150 W Xe 

lamp 

1.2 V vs. 

Ag/AgCl 

1.40 [251] 

ReS2/Si 

(photocathode) 

Chemical vapor 

deposition 

Nanosheets 0.5 H2SO4 300 W Xe 

lamp 

0 V vs. RHE 18.5 [252] 

10% CdSe 

QDs/WS2 NF 

(photocathode) 

Hydrothermal, 

hot injection  

Nanoflowers 0.5 M H2SO4 300 W Xe 

lamp (λ > 

420 nm) 

0 V 

vs. RHE 

−1.12 [253] 

Au–FeS2 

(photocathode) 

Hot injection Nanosheets 0.2 M 

H2SO4 

150 W Xe 

lamp 

0.08 V vs. RHE 10 [254] 

MoS2/CoTe 

(photoanode) 

Hydrothermal, 

ultrasonication 

Flower-like 

feature 

0.5 M H2SO4 300 W Xe 

lamp λ > 420 

1.23 V vs. RHE 2.791 [255] 

NaNbO3/MoS2 

(photocathode) 

Hydrothermal Cubic-like 

structure 

0.5 M 

Na2SO4 

150 W Xe 

arc lamp 

−1.0 V 4.54 

 

[256] 

Pt/TiO2/Sb2Se3 

(TGA 5) 

(photocathode) 

Spin-coating Needle-like 

shape 

0.1 M H2SO4 solar 

light 

illumination 

(AM 1.5 G, 

Newport 

Corporation) 

0 V vs. RHE −12.5 [38] 

TiO2/MoS2 

(photoanode) 

Hydrothermal, 

MOCVD 

Nanowires, 

Flakes 

0.3 M 

KH2PO4 

buffered with 

KOH 

solution 

150 W Xe 

arc lamp 

0 V vs. 

Hg/Hg2Cl2 

215 [257] 

TiO2/CdS/MoS2 

(photoanode) 

Hydrothermal, 

CBD, SILAR 

Nanosheets, 

Nanorods, 

Nanocrystals 

0.35 M 

Na2SO3 /0.25 

M Na2S 

Solar 

simulator 

(100 

mW/cm2) 

0.9 V 

vs. RHE 

3.25 

 

[258] 

MoS2/GaN 

(photoanode) 

MOCVD – 1 M NaOH 300 W Xe 

lamp 

0 V vs. 

Ag/AgCl 

5.2 [259] 

TiO2/Bi NPs/Sb2S3 

(photoanode) 

Doctor-blade 

technique, CBD 

No specific 

shape 

0.1 M 

Na2SO3 and 

0.1 M 

Na2SO4, 

150 W Xe 

lamp 

1.23 V vs. RHE 4.21 [260] 

MoS2/MoO2 

(photocathode) 

Hydrothermal Spherical 

nanoflowers 

0.1 M 

Na2SO4 

300 W Xe 

arc lamp 

−1.8 V vs. SCE -10.3 [261] 
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Α-

Fe2O3/SnS2/Cu2O 

(photoanode) 

Hydrothermal, 

dip-coating 

Nanorod,Nan

osheet 

1 M NaOH 300 W Xe 

lamp 

1.23 VRHE 2.98 [262] 

C60-decorated 

SnS2/CuInS2 

(photocathode) 

Hydrothermal Nanosheet 0.5 M 

Na2SO4 

300 W 

Xe lamp 

−0.45 V vs. 

RHE 

4.51 [263] 

n+p-Si/Ti/Ru MoS2 

(photocathode) 

Spin-coating, 

CVD 

Nanoplates 0.5 M H2SO4 500 W Xe 

lamp 

0 V vs. RHE −43 [264] 

 

Table 1-3. The latest metal tri-chalcogenide based photoelectrodes studied for the PEC-WS. 

Photoelectrode Fabrication Morphology Electrolyte 
Light 

source 
Applied bias 

Photocurrent 

(mA/cm2) 
Ref. 

Bi2S3/(001) TiO2 

(photoanode) 

Hydrothermal Nanoplates, 

Nanorods 

0.36 M Na2SO3 

and 0.25 M 

Na2S 

150 W Xe 

lamp 

 

0.9 V vs. 

Ag/AgCl 

2.035 [265] 

WO3/Bi2S3 

(photoanode) 

Hydrothermal, 

SILAR, CBD 

Nanorods, 

Nanoplates 

0.1 M Na2S 

and 0.1 M 

Na2SO3 

Simulated 

solar light 

0.9 V vs. 

RHE 

5.95 [198] 

V-Bi2S3 

(photoanode) 

In situ solution-

processed 

reaction 

Nanowires 0.1 M 

Na2S and 0.1 

M Na2SO3 

300 W Xe 

lamp 

−0.2 V vs. 

Ag/AgCl 

10 [266] 

MoS2/Sb2Se3 

(photocathode) 

Close-spaced 

sublimation, 

sputtering 

Nanorods 0.5 M Na2SO4 AM 1.5 G 

solar 

simulator 

0 V vs. RHE −10 [267] 

α-

Fe2O3NRs/Sb2S3/

Co-Pi 

(photoanode) 

Hydrothermal, 

photo-assisted 

electrodeposition 

Nanorods 1 M NaOH – 1.23 V vs. 

RHE 

1.14 

 

[268] 

Bi2S3NS/Ag 

interlayer/Zr: 

Fe2O3 NR 

(photoanode) 

hydrothermal Nanorods, 

Nanosheets 

– Solar light 

source 

(AM 1.5 

G, 100 

mW/cm2 

−0.4 V vs. 

Ag/AgCl 

1.27 [269] 

AuNPs/Bi2S3NR

s 

(photoanode) 

Hydrothermal, 

seed-mediated 

growth, drop-

casting 

Nanorods, 

Nanoparticles 

0.1 M Na2S/ 

0.1 M Na2SO3 

Solar light 

source 

1.23 V vs. 

RHE 

9.61 [270] 

Sb2S3/5%Mo−W

O3 

(photoanode) 

Hydrothermal, 

spin-coating 

Nanoplates, 

Nanoparticles 

0.1 M Na2SO4 300 W Xe 

lamp 

1.23 V vs. 

RHE 

0.42 [271] 

ZnO/ Cu2SnS3 

(photoanode) 

Hydrothermal Nanorods, 

Nanocrystals 

0.5 M Na2SO4 Simulated 

sunlight 

(100 

mW/cm2) 

 

1.23 V vs. 

NHE 

4.75 mA cm-2 

 

[272] 
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g-

C3N4/Bi2S3/BiNP

s 

(photoanode) 

Doctor blading 

technique, 

SILAR, drop-

casting. 

Flower-like 

structure, Flat 

sheets, 

0.1 M 

Na2SO4/Na2SO

3 

150 W Xe 

lamp 

1.23 V vs. 

RHE 

7.11 [273] 

Au-Cu3BiS3 

(photocathode) 

Solvothermal Nanoflowers 0.1 M KCl/0.1 

M Eu(NO3)3 

300 W Xe 

lamp 

– 0.2 [274] 

Bi2S3/ZnS/ZnO 

(photoanode) 

Hydrothermal, 

sulphurization, 

SILAR 

Nanosheets, 

nanorods 

0.1 M Na2S 

and 0.1 M 

Na2SO3 

300 W Xe 

lamp 

0.2 V vs. 

Ag/AgCl 

220 [275] 

WO3/Cu/Bi2S3 

(photoanode) 

Hydrothermal, 

electrophoretic 

deposition, doctor 

blade 

Nanoplatelets 0.1 M Na2SO3 

and Na2SO4 

150 W Xe 

arc lamp 

1.23 V vs. 

RHE 

10.6 [276] 

In2S3@Bi2S3 

(photoanode) 

Solvothermal 

process. 

Nanosheets, 

Nanorods 

0.2 M Na2SO4 AM 1.5G 

illuminatio

n 

1.23 V vs. 

RHE 

2.0 [277] 

Sb2O3/Sb2S3/FeO

OH 

(photoanode) 

Impregnation, 

CBD, post-

sulfidation. 

Rod-like 

feature 

1 M Na2SO4 300 W Xe 

lamp 

1.23 V vs. 

RHE 

0.45 [278] 

PVP treated 

WO3/In2S3 

(photoanode) 

Hydrothermal, 

water bath 

reaction 

Nanowalls, 

Nanosheets 

0.1 M Na2SO4 Solar 

simulated 

illuminatio

n (AM 1.5 

G, 100 

Mw/cm2) 

1.23 V vs. 

RHE 

1.61 [279] 

CdIn2S4 

(photoanode) 

 

Hydrothermal Plates 

 

0.35 M Na2SO3 

and 0.25 M 

Na2S 

300 W Xe 

arc lamp 

1.23 V vs. 

RHE 

5.73 [167] 

TiO2/Bi2S3 

(photoanode) 

Hydrothermal, 

SILAR, 

solvothermal 

Rosette rod 0.1 M Na2S 

and Na2SO3 

Xe lamp, 

100 

mW/cm2 

1.23 V vs. 

RHE 

3.98 [206] 

PANI/Bi2S3 NFs 

(photoanode) 

Hydrothermal, 

chemisorption 

Nanoflowers 0.5 M Na2SO4 Halogen 

lamp (100 

mW/cm2) 

0.8 V vs. 

NHE 

6.95 [280] 

RuOx/TiO2/Sb2S

e3/Au/FTO 

(photocathode) 

Close space 

sublimation 

(CSS),ALD, 

galvanostatic 

photo-deposition 

Microstructure H2SO4, pH ~ 1 

 

Simulated 

solar light 

0 V vs. RHE 30 [281] 

Sb2(SxSe1−x)3 

(photocathode) 

Vapor transport 

deposition, 

postsulfurization 

 

Nanorod 

 

0.5 MNa2SO4 

 

300 W 

Xenon 

lamp 

 

0 V vs. RHE 

 

0.8 

 

[282] 
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Chapter 2. Photoelectrochemical water splitting using anodic nanoporous WO3/Bi2S3 

quantum dots photoanode 

2.1. Introduction 

The consumption of fossil fuels has skyrocketed in recent years due to the world's 

population growth and fast economic development. Consequently, it is necessary to investigate 

new sources of renewable fuels with high energy density and minimal environmental effects [1]. 

One of the most interesting and accessible approaches now is solar energy, especially for 

developing nations that have powerful and sustained sun radiation as well as suffer from severe 

energy and environmental issues. Therefore, creating eco-friendly, solar-powered, technologies is 

essential and helpful for tackling the problems facing humanity [2].  PEC-WS technique can 

transform solar photons into useful chemical fuels without producing pollutants. Therefore, it is 

an appealing technique for addressing future energy demands [3–5]. To achieve outstanding PEC-

WS efficiency, the following prerequisites must be fulfilled; (1) light absorption, (2) e−/h+ pairs 

separation and transfer, and (3) oxidation and reduction surface reactions [6,7]. Selecting the 

appropriate photoelectrode materials is a critical step toward optimizing the performance of the 

PEC-WS system because their properties like light absorption ability and chemical stability can 

impact directly the system’s efficiency [8,9]. Numerous materials have been studied for the PEC-

WS process, for example, WO3 [10,11], TiO2 [12,13], α-Fe2O3 [14–16], BiVO4 [17,18], ZnO [19–

21], and SrTiO3 [22]. WO3 stands out among these materials as a potential photoanode for PEC-

WS and H2 production due to its special features; (1) it has a moderate bandgap (2.5–2.8 eV) 

[23,24]. (2) it exhibits reasonable hole diffusion length (≈150 nm) and outstanding electron 

transport properties ( ≈12 cm2 V−1 S−1) [23,25]. (3) it has an adequate valence band edge for water 

oxidation [26]. (4) it has good chemical stability in acidic electrolytes [23]. 

A variety of methods, including hydrothermal, electrodeposition, dip coating, sputtering, 

spray pyrolysis, and anodic oxidation, can be used to create WO3 thin films [27–33]. Anodic 

oxidation has become one of the most widely used manufacturing processes for forming ordered 

nanostructures of metal oxides [34,35]. It can be utilized to prepare WO3 nanostructures with a 

variety of morphologies, such as nanopores [36,37], nanotubes [38], nanowires [39], and 

nanoplates [40], and compact films [37]. Among the many benefits of anodic oxidation are its 
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affordability, ease of use, and scalability [34]. Additionally, the generated anodic oxide layer 

adheres strongly to the conductive metallic substrate, which is essential for PEC applications [37]. 

Niloy Mukherjee et al. utilized the galvanostatic anodization of W  to form WO3 nanoporous 

(NPor) with pore diameters of 50–100 nm [41]. As well as WO3 NPor with a pore size of 70 nm 

was fabricated using NH4F and (NH4)2SO4 electrolytes during the anodization process of the W 

sheet [42].  

Despite extensive studies using WO₃ photoelectrodes for  PEC-WS, the photo-to-hydrogen 

conversion efficiency of bare WO3 is poor [34,43,44]. This is because of its narrow light absorption 

range, sluggish charge transport at the semiconductor/electrolyte interface, and high rate of e−/h+ 

pairs recombination [45,46]. A lot of work has been done to address these problems and improve 

the PEC-WS efficiency, involving (i) metals and non-metals doping to ameliorate the e−/h+ pairs 

separation, (ii) cocatalyst loading to enhance the kinetics of surface reactions, and (iii) integrating 

with narrow bandgap semiconductor QDs to facilitate the e−/h+ transfer and mitigate their 

recombination rate [47–49]. Among these approaches, coupling with narrow bandgap 

semiconductor QDs can efficiently improve the transport of e−/h+ pairs and inhibit their 

recombination, leading to a high PEC efficiency [50,51]. Various MCs, such as PdS [52], CdS 

[53,54], Cu2S [55], and Bi2S3 [56–58], have been examined as narrow bandgap semiconductor 

QDs. Bi2S3 QDs can be considered an excellent candidate among numerous MCs owing to its high 

optical absorption coefficient, narrow bandgap (1.3–1.7 eV), good band alignment with WBSs, 

and low toxicity [59–61]. Bi2S3 sensitized with many WBSs photoelectrodes, such as 

WO3/Cu/Bi2S3 [56], Bi2S3/TiO2 [62,63], Bi2S3/ZnS/ZnO [64], Bi2S3 /Zr:Fe2O3 [65], and 

WO3/Bi2S3 [61] improved Vis light absorption ability and boosted PEC-WS efficiency compared 

to bare WBSs. Although various studies have primarily concentrated on the PEC-WS activity of 

anodic WO3 under UV light [39,66], its performance under the Vis response needs more 

investigation. This is because vis light makes up half of the solar energy spectrum [67]. 

In this study, anodic NPor (ANPor) WO3 was sensitized with Bi2S3 QDs using the SILAR 

process for the first time, to ameliorate Vis light PEC-WS efficiency. The deposited quantity of 

Bi2S3 QDs is adjusted by changing the number of SILAR cycles to 6, 8, 10, and 12 cycles. The 

ANPor WO3/Bi2S3 QDs (10) photoanode displayed the highest current density, which was around 

19 folds higher than that of bare ANPor WO3. It also demonstrated the highest applied bias photon-
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to-current efficiency (ABPE) of 4.1%. This boosted PEC performance was attributed to improving 

light absorption ability, good energy band alignment, and improved e−/h+ pairs separation and 

transport. 

2.2. Experimental  

2.2.1. Preparation of anodic nanoporous WO3/Bi2S3 quantum dots photoanode 

Firstly, ANPor WO3 was prepared on a W sheet (99.95%, 0.2 mm thick) using a single-

step anodization process [37]. The anodization technique was carried out using a two-electrode 

setup, a cleaned piece of W sheet as an anode, and a platinum rod as the cathode. The consistent 

distance between the two electrodes was 2 cm. W sheet (2 × 3 cm2) was sonicated and cleaned 

with acetone before the anodization process. Then, it was anodized at 50 V in an electrolyte 

consisting of 0.075 M ammonium fluoride and 1 M ammonium sulfate at 20°C for 4 h. Following 

anodization, the anodized W sample was sonicated for 10 s in 20 wt% HF aqueous solution and 

for 5 s in ethanol. Finally,  the anodized sample was annealed for 2 h at 500°C (2°C/min) in the 

air. 

  Secondly, ANPor WO3/Bi2S3 QDs photoanode with various deposited quantities of Bi2S3 

QDs was fabricated using the SILAR technique [68]. The prepared ANPor WO3 sheet was 

successively submerged in four solutions for 1 min: (1) 0.05 M bismuth (III) nitrate pentahydrate 

in water/methanol ((1:1), 30 mL) with glycerol (3 mL), (2) water/methanol ((1:1), 30 mL), (3) 0.05 

M Na2S in water/methanol ((1:1), 30 mL), and (4) water/methanol ((1:1), 30 mL). These four steps 

deposited one cycle of Bi2S3 QDs on the surface of ANPor WO3. We deposited various 6, 8, 10, 

and 12 cycles. Afterward, the fabricated ANPor WO3/Bi2S3 QDs samples were annealed at 200°C 

for 30 min in air.  

2.2.2.  Characterization 

The crystal structure of the fabricated samples was investigated by an X-ray diffractometer 

(XRD) analysis (Rigaku, RINT 2500, Japan) and CuKα radiation. The elemental composition and 

valence states were examined by X-ray photoelectron spectroscopy (XPS) device (ULVAC-Phi, 

QuanteraSXM, Al Kα, Japan). The surface morphology and elemental structure were studied by a 

scanning electron microscope (SEM) device (HITACHI high technologies, S-4800, Japan) linked 

to an energy-dispersive X-ray spectroscopy (EDX) system. The electron diffraction images and 

the crystal size were investigated by the transmission electron microscope (TEM) device (JEOL, 
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JEM-2100F, Japan). Finally, the optical characteristics were measured by UV–Vis diffuse 

reflectance spectroscopy (DRS) (JASCO, V-670 spectrophotometer, Japan). 

 

2.2.3. Photoelectrochemical water splitting evaluation 

The PEC performance of the fabricated photoanodes was assessed using a three-electrode 

PEC cell that has a quartz window. Bare ANPor WO3 and samples modified with Bi2S3 QDs were 

used as working electrodes(1 cm2 illuminated area), a Pt coil served as a counter electrode, and 

Hg/HgO (1 M NaOH) served as a reference electrode.  All three electrodes were immersed in 0.1 

M Na2S/Na2SO3 (pH = 12.49) as an electrolyte. A compact 300 W xenon lamp with an AM 1.5 G 

filter was employed as the light source controlling the light intensity to 1 Sun (100 mW/cm2). The 

electrolyte was flushed with argon gas before each measurement to eliminate any dissolved oxygen. 

The linear sweep voltammetry (LSV) curve was recorded with a scan rate of 10 mV/s. The 

electrochemical impedance spectroscopy (EIS) was measured with a frequency range of 100 kHz-

0.01 Hz and with an amplitude of 10 mV under illumination. The Mott−Schottky (M-S) analysis 

was measured under dark conditions at 1000 Hz in 0.25 M Na2SO4 (pH = 6.24) using Ag/AgCl (3 

M KCl) as a reference electrode. The quantity of produced H2 was determined using gas 

chromatography (Shimadzu, GC-8A, Japan) linked to a gas circulation system (Makuhari 

Rikagaku Garasu Seisakujo, Japan), where argon was utilized as a carrier gas. 

The potential versus the reversible hydrogen electrode (vs. RHE) was estimated by 

transforming the applied potential vs. Hg/HgO as indicated in equation 2-1 [69]: 

ERHE = EHg/HgO + 0.0592 × pH + EoHg/HgO                        (Eq. 2-1) 

where ERHE and EHg/HgO are the potential vs. RHE and applied potential versus the Hg/HgO, 

respectively. EoHg/HgO equals 0.118 V at 25°C. 

The potential vs. RHE was estimated from the applied potential vs. Ag/AgCl utilizing the 

Nernst equation (equation (2)) [35]; 

ERHE = EAg/AgCl + 0.059 × pH + EoAg/AgCl                              (Eq. 2-2) 

where ERHE and EAg/AgCl are the potential vs. RHE and applied potential versus the Ag/AgCl, 

respectively. EoAg/AgCl equal 0.210 V at 25°C at 25°C. 
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2.3. Results and discussion 

2.3.1. Characterization results 

ANPor WO3 and ANPor WO3/Bi2S3 QDs samples were investigated using XRD analysis 

to study the phase and crystal structure (Figure 2-1). The XRD analysis of the fabricated WO3 

before the annealing process disclosed only the distinctive peaks of cubic W with planes at (110), 

(200), and (211) (JCPDS No.00-001-1203) [34] verifying the amorphous structure of formed WO3. 

While, after the annealing process, the crystalline structure was generated. WO3 showed a 

monoclinic structure with characteristic planes at (002), (020), (200), (120), (112), (022), (202), 

(040), (114), and (042) (JCPDS 43–1035) [44,70,71]. Regarding,  ANPor WO3/Bi2S3 QDs (10), 

the XRD pattern displayed similar peaks of WO3. There were no distinctive peaks for the Bi2S3 

QDs, which could be attributed to the low crystallinity and/or low loaded amount of Bi2S3 QDs. 

According to the data, the crystalline structure of the nanoporous WO3 was unaffected by the 

SILAR approach. After a five-hour chronoamperometry measurement (5 h) of the ANPor WO3 

and ANPor WO3/Bi2S3 QDs photoanodes, the XRD patterns displayed the distinctive peaks of W 

metal, indicating that the ANPor WO3 and ANPor WO3/Bi2S3 QDs have entirely collapsed. 

 
Figure 2-1. XRD patterns of bare ANPor WO3 before and after the annealing process at 500°C, 

ANPor WO3/Bi2S3 QDs (10) photoanodes, and used samples after a five-hour chronoamperometry 

measurement. 

 

The morphology of bare ANPor WO3 and ANPor WO3/Bi2S3 QDs photoanodes are studied 

using FE-SEM analysis as indicated in Figure 2-2. As shown, the anodic WO3 before the annealing 

process (Figure 2-2a) presented an irregular porous structure [72]. After annealing at 500°C for 2 
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h, the morphology of anodic WO3 slightly changed (Figure 2-2b). Comparatively transformation 

of smooth nanopores into granular morphology was observed. This was ascribed to the formation 

of the crystallite and the change in oxide density during the conversion from amorphous to 

monoclinic phase [73]. The cross-sectional image shown in Figure 2-2c disclosed that the 

thickness of the produced oxide layer was 600–700 nm. Following the deposition of 10 cycles of 

Bi2S3 QDs, the ANPor WO3 surface got rougher, and a lot of spherical particles that were identified 

as Bi2S3 QDs were visible (Figure 2-2d). As a result of Bi2S3 QDs deposition, the thickness of the 

oxide layer rose to 800–900 nm (Figure 2-2e). The elemental mapping was carried out to examine 

the Bi2S3 QDs distribution over the surface of ANPor WO3, The EDS images (Figure 2-2f–k) 

manifested that the Bi2S3 QDs were effectively and uniformly dispersed on the surface of WO3. 

 

Figure 2-2. SEM images of (a) WO3 before annealing, (b) Top, (c) Cross-section views of ANPor 

WO3 after annealing, (d) Top, and (e) Cross-section views of ANPor WO3/Bi2S3 QDs (10). (f) 

EDS element mapping image of ANPor WO3/Bi2S3 QDs (10) all the elements included, (g) 

(a) (b) (c) 

(d) (e) (f) 

(g) (i) (h) 

(k) 
(j) 
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Tungsten, (h) Oxygen, (i) Bismuth, and (j) Sulfur. (K) The EDS spectrum of ANPor WO3/Bi2S3 

QDs (10) demonstrated the appearance of its fundamental elements. 

Figure 2-3a,b depicts the TEM and HRTEM images of ANPor WO3. The results illustrated 

that WO3 nanocrystals with crystal size around 50 nm were formed, which is consistent with the 

nanoporous walls seen in SEM images (Figure 2-2b,c). The TEM image of ANPor WO3/Bi2S3 

QDs (10) (Figure 2-3c) resembled that of the WO3 image (Figure 2-3a), while the HRTEM image 

(Figure 2-3d) disclosed the homogeneous dispersion of Bi2S3 QDs over the WO3 surface. Because 

of the homogeneous covering of ANPor WO3 with Bi2S3 QDs, a core-shell-like structure was 

generated in the ANPor WO3/Bi2S3 QDs (10), as noticed in the STEM-EDS mappings (Figure 2-

3e,f). The microscopic observations illustrated in Figures 2-2 and 2-3 clarified that ANPor WO3 

was successfully prepared on the surface of the W sheet after 4 h of the anodization technique and 

Bi2S3 QDs uniformly coated the surface of WO3 through the application of 10 cycles of SILAR 

procedure (Figure 2-3g). 
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Figure 2-3. (a) TEM and (b) HRTEM images of annealed ANPor WO3. (c) TEM and (d) HRTEM 

images of ANPor WO3/Bi2S3 QDs (10). (e) STEM and (f) EDS mappings of ANPor WO3/Bi2S3 

QDs (10). W and Bi are represented in red and green colors, respectively, in panel f. (g) Graphic 

representation of the fabricated ANPor WO3/Bi2S3 QDs photoanode. 

(a) (b) 

(c) (d) 

(e) (f) 

(g) 
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The elemental composition and valence states of as prepared ANPor WO3 and ANPor 

WO3/Bi2S3 QDs were examined using XPS analysis. The WO3 survey spectrum, as shown in 

Figure 2-4a, indicates the existence of W and O elements together with adventitious C 

contamination [74]. Figure 2-4b shows the narrow spectrum of W 4f with a curve fitting to two 

spin-orbit doublets at 35.7 and 37.9 eV, matching 4f7/2 and W 4f5/2, respectively, clarifying the W6+ 

oxidation state in ANPor WO3 [61,74,75]. The 2.2 eV splitting between the two core levels is 

consistent with previous measurements [76]. Figure 2-4c illustrates the O 1s narrow spectrum 

with the main peak at 530.5 eV, related to O2− bonded with W in WO3 [77]. The ANPor WO3/Bi2S3 

QDs survey spectrum clarifies the existence of W, O, Bi, S, elements, and adventitious C (Figure 

2-4d). The narrow spectrum of W4f in ANPor WO3/Bi2S3 QDs (Figure 2-4e) indicates the 

unchanged doublet of W 4f5/2 and W 4f7/2 at 38.1 eV and 36 eV respectively, corresponding to the 

W6+ as in WO3. Figure 2-4f shows three peaks at 530.8, 531.8, and 532.9 eV, which are ascribed 

to O bonded to W, O defect sites that verify the formation of O vacancies, and OH of the adsorbed 

H2O on the surface, respectively [78,79]. Figure 2-4g discloses two large peaks at 164.5 and 159.2 

eV, related to Bi 4f5/2 and Bi 4f7/2, verifying the existence of Bi3+ [80,81]. A small peak at 161.5 

eV is related to S 2p, and the entire spectrum in this energy zone confirmed the formation of Bi2S3 

[82]. 

The XPS analysis of the used ANPor WO3 (Figure 2-5a–c) and ANPor WO3/Bi2S3 QDs (Figure 

2-5d–f) samples proved the dissolution of the WO3 layer from the W sheet as well as the existence 

of two peaks at 33.8 and 31 eV, are attributed to W metal 4f 5/2 and W metal 4f 7/2 respectively 

[83]. Additionally, it was observed that the distinctive peaks of Bi 4f and S 2p disappeared. 
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Figure 2-4. (a) XPS survey scan of ANPor WO3, and related narrow scan of (b) W 4f, (c) O 1s. 

(d) survey scan of ANPor WO3/Bi2S3 QDs, and related narrow scan of (e) W 4f, (f) O 1s, (g) Bi 

4f, and S 2p. 

 

 

 

 

(a) (b) (c) 

(d) (f) 

(g) 

(e) 
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Figure 2-5. (a) XPS survey scan of used ANPor WO3, and related narrow scan of (b) W 4f, (c) O 

1s. (d) survey scan of used ANPor WO3/Bi2S3 QDs, and related narrow scan of (e) W 4f, (f) O 1s. 

The UV–Vis DRS was utilized to study the influence of the Bi2S3 QDs deposition on the 

light absorption ability and bandgap energy. Figure 2-6a demonstrates that ANPor WO3 absorbs 

light in the UV zone. following the deposition of Bi2S3 QDs (10), ANPor WO3/Bi2S3 QDs manifest 

a redshift and strong light absorption in the UV–Vis zone  (200-700 nm). The bandgap energy of 

ANPor WO3 and ANPor WO3/Bi2S3 QDs was estimated utilizing the Kubelka−Munk function 

[84]. Figure 2-6b depicts that the bandgap energy was remarkably decreased after the deposition 

of Bi2S3 QDs on the surface of WO3, from 3.13 to 1.31 eV, thus significantly enhanced Vis light 

absorption. 

(a) (b) (c) 

(d) (e) (f) 
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Figure 2-6. (a) UV–Vis DRS, (b) bandgap energy of ANPor WO3, and ANPor WO3/Bi2S3 QDs 

samples. 

2.3.2. Photoelectrochemical water splitting results 

2.3.2.1. Chronoamperometry measurement 

Chronoamperometry study was carried out at 0.95 V vs. RHE in 0.1 M Na2S/Na2SO3 

electrolyte for 5 h to examine the chemical and structural stabilities of ANPor WO3 and ANPor 

WO3/Bi2S3 QDs (10) photoanodes during PEC-WS (Figure 2-7a).  it was observed that the 

generated photocurrent by ANPor WO3 photoanode rose over time, eventually stabilizing after 

100 min. Meanwhile, ANPor WO3/Bi2S3 QDs (10) achieved a much higher initial photocurrent 

than WO3 before dropping and increasing over time, they later manifested a little decline before 

stabilizing. After 5 h of chronoamperometry measurement, the current densities were similar. This 

was attributed to the corrosion of the ANPor WO3 and ANPor WO3/Bi2S3 QDs (10) photoanodes, 

and the dissolution of the WO3 and Bi2S3 QDs layers in the 0.1 M Na2S/Na2SO3 electrolyte. This 

presumption was verified by XRD (Figure 2-1) and XPS (Figure 2-5) of both samples following 

5 h of chronoamperometry measurement. After getting this result, we studied the 

chronoamperometry of the pure W sheet, which displayed high stability and current density similar 

to the other investigated samples. This proved that the observed continuous activity of ANPor 

WO3 and ANPor WO3/Bi2S3 QDs (10) photoanodes after extreme corrosion was owing to the 

electrochemical activity of W metal. 

 

 

 

(a) (b) 
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2.3.2.2. Hydrogen generation 

The PEC H2 production was performed at 0.95 V vs. RHE and utilized 0.1 M Na2S/Na2SO3 

as a sacrificial agent during the chronoamperometry measurement. The quantity of H2 produced 

utilizing W sheet, ANPor WO3, and ANPor WO3/Bi2S3 QDs (10) photoanodes were plotted in 

Figure 2-7b. It can be noticed that the H2 quantity for the photoanodes rose over time. The 

maximum H2 quantities achieved after 5 h, were 4.78, 3.59, and 2.64 mmol for the W sheet, ANPor 

WO3/Bi2S3 QDs (10), and ANPor WO3 photoanodes, respectively. 

 

Figure 2-7. (a) Chronoamperometry measurement and (b) H2 generation quantity over time in 0.1 

M Nas2S/Na2SO3 at 0.95 V vs. RHE of pure W sheet, ANPor WO3, and ANPor WO3/Bi2S3 QDs 

(10) photoanodes. 

2.3.2.3. Linear sweep voltammetry  

The LSV determination of bare ANPor WO3 and ANPor WO3/Bi2S3 QDs photoanodes are 

shown in Figure 2-8a. Under light irradiation, the pure ANPor WO3 showed a low photocurrent 

density of 0.85 mA cm−2 at 0.95 V vs. RHE, While Bi2S3 QDs deposition remarkably improved 

the photocurrent density and reduced the onset potential. ANPor WO3/Bi2S3 QDs (10) achieved 

the highest photocurrent density of 16.28 mA cm−2 at 0.95 V vs. RHE. This can be ascribed to the 

adequate quantity of Bi2S3 QDs deposited through 10 cycles of the SILAR procedure. The 

deposition of Bi2S3 QDs enhanced the PEC-WS performance owing to the developed visible light 

absorption ability and improved e−/h+ pairs separation and transmission. On the other hand, when 

the quantity of Bi2S3 QDs was excessively high,  a compact layer of Bi2S3 QDs was formed which 

impeded the activity of WO3 and significantly reduced the photocurrent density. 

(a) (b) 
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The boosted PEC-WS activity was in agreement with the UV–Vis DRS result (Figure 2-

6). Table 2-1 illustrates the values of current density under dark/illumination conditions of pure 

ANPor WO3 and ANPor WO3/Bi2S3 QDs with various cycles of Bi2S3 QDs deposition (6, 8, 10, 

and 12 cycles) at 0.95 V vs. RHE. The current density attained in this study is the highest compared 

to the previously published anodic WO3-based studies. This can be attributed to the suitable 

absorption band edge of Bi2S3 QDs and the superb use of photogenerated electrons through the 

ANPor WO3 structure. Table 2-2 displays the PEC-WS performance of a variety of modified 

anodic WO3 photoanodes reported in the literature from 2010 to 2021 in comparison to this study. 

The data disclosed that the ANPor WO3/Bi2S3 QDs (10) photoanode attained the best efficiency. 

The transient photocurrent response explains the relation between the photoresponse and 

the photocurrent. Figure 2-8b shows the on-off transient photocurrent responses of pristine ANPor 

WO3 and ANPor WO3/Bi2S3 QDs (10)  photoanodes at 0.95 V vs. RHE and 100 mW/cm2. Both 

pristine ANPor WO3 and ANPor WO3/Bi2S3 QDs (10) photoanodes demonstrated a quick rise 

under light irradiation and a quick decline under dark conditions, clarifying that both photoanodes 

show photoresponse during the PEC-WS. Bare ANPor WO3 manifested very low photocurrent 

under light illumination, owing to light absorption, particularly in the UV zone, as verified by UV–

Vis DRS spectra (Figure 2-6) and a very high rate of e−/h+ pairs recombination. whereas, ANPor 

WO3/Bi2S3 QDs (10) demonstrated a higher photocurrent density than bare ANPor WO3, which 

was in agreement with the LSV result. This is owing to the type-II band alignment formation 

between Bi2S3 QDs and WO3, and the enhanced light absorption supported by Bi2S3 QDs 

deposition [61]. As a result, it significantly ameliorated the interfacial e−/h+ pairs separation and 

transport. This experimental result indicates that the PEC-WS performance of the ANPor 

WO3/Bi2S3 QDs (10) photoanode is much higher than that of pristine ANPor WO3. 
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Figure 2-8. (a) LSV curves of bare ANPor WO3 and ANPor WO3/Bi2S3 QDs with various cycles 

of Bi2S3 QDs deposition (6, 8, 10, and 12), at a scan rate of 10 mV s−1. (b) Current density-time 

curves at 0.95 V vs. RHE under light illumination with 20 s light on/off cycles of ANPor WO3 and 

ANPor WO3/Bi2S3 QDs (10) photoanodes. 

2.3.2.4. Electrochemical impedance spectroscopy 

Figure 2-9a displays the Nyquist plots of bare ANPor WO3 and ANPor WO3/Bi2S3QDs 

(10) photoanodes. The semicircle in the plots shows the e−/h+ pairs transfer procedure at the 

interface between the photoelectrode and electrolyte. In general, the smaller the semicircle radius, 

the lower the e−/h+ pairs migration impedance [85,86]. Pure ANPor WO3 demonstrated a higher 

impedance than ANPor WO3/Bi2S3 QDs (10), owing to the delayed mobility of e−/h+ pairs and 

high recombination rate at the interface between  ANPor WO3 and electrolyte.  

The interfacial charge transfer resistances (Rct) of the ANPor WO3 and ANPor WO3/Bi2S3 

QDs (10) photoanodes were 865 W and 62 W, respectively. The small Rct value of the ANPor 

WO3/Bi2S3 QDs (10) photoanode exhibited lower charge transfer resistance and higher 

photocurrent, which is in agreement with the LSV data depicted in Figure 2-8a. The generated 

type-II heterojunction among  ANPor WO3 and Bi2S3 QDs ameliorated e−/h+ pairs separation and 

mobility, resulting in the mitigation of charge recombination and reduction of charge transfer 

resistance. 

 

 

 

(a) (b) 
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2.3.2.5. Mott–Schottky 

The M-S curves of bare ANPor WO3 and ANPor WO3/Bi2S3 QDs (10) are represented in 

Figure 2-9b. The observed positive slope of the two photoanodes proved that ANPor WO3 and 

ANPor WO3/Bi2S3 QDs (10) are n-type semiconductors. The flat band potentials (Efb) of ANPor 

WO3 and ANPor WO3/Bi2S3 QDs (10) were 0.36 V and 0.30 V vs. RHE, respectively. This 

reduction in Efb also confirmed the efficient mobility of e−/h+ pairs in the ANPor WO3/Bi2S3 QDs 

photoanode [61]. 

 

Figure 2-9. (a) EIS, and (b) M-S curves of ANPor WO3 and ANPor WO3/Bi2S3 QDs (10) 

photoanodes. 

 

2.3.2.6. Photoconversion efficiency 

To further study the PEC-WS performance of pure ANPor WO3 and samples modified with 

Bi2S3 QDs, the photoconversion efficiency was estimated using the ABPE as illustrated in equation 

(3) [87]: 

η (%) = 𝑗1	 
($.!%"2)

3!
 X100                     (Eq. 2-3) 

where 𝑗1	, 𝑉, and 𝐼4 are the photocurrent density (mA cm−2), 	the applied voltage vs. RHE, and the 

light intensity (100 mW cm−2 for AM 1.5G), respectively. 

The ANPor WO3/Bi2S3 QDs (10) photoanode achieved the highest photoconversion efficiency of 

4.1% at 0.66 V vs. RHE, while bare ANPor WO3 photoanode achieved 0.3% at 0.85 V vs. RHE 

(Figure 2-10). 

(a) (b) 
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Figure 2-10. Photoconversion efficiency as a function of the applied potential of bare ANPor WO3 

and samples modified with various cycles of Bi2S3 QDs. 

Table 2-1. Values of the current density of bare ANPor WO3 and ANPor WO3/Bi2S3 QDs 

photoanodes under dark and light illumination conditions at 0.95 V vs. RHE. 

 

Photoanode 
I (mA cm−2) under 

dark 

I (mA cm−2) under 

illumination 

ANPor WO3 0.13 0.85 

ANPor WO3/Bi2S3 QDs (6) 0.90 3.23 

ANPor WO3/Bi2S3 QDs (8) 0.90 3.88 

ANPor WO3/Bi2S3 QDs (10) 5.16 16.28 

ANPor WO3/Bi2S3 QDs (12) 2.68 7.30 
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Table 2-2. PEC-WS performance of various modified anodic WO3 photoanodes in the literature 

(2010–2021). The data implied that our ANPor WO3/Bi2S3 QDs (10) photoanode attained the best 

efficiency. 

Photoanode Morphology 
Light 

source/intensity 
Electrolyte PEC-WS efficiency Ref. 

WO3/W Nanotubes 

LED irradiation 

(λ = 420 nm, 15 

mW/cm2, 

active area = 5 cm2 

0.5 M 

Na2SO4/25 vol 

% methanol 

I = 0.6 mA cm−2 at 1 V 

vs. SCE, QE = ~5.23%, 

H2 = ~27 μmol/cm2 after 

10 h 

 

[70] 

WO3 Nanoporous 

300 W Xe lamp with 

an AM 1.5 G 

filter,100 mW/cm2 

0.5 M Na2SO4 

1.1 mA cm−2 at 1.6 V vs. 

Ag/Agcl 

IPCE = 4% at 400 nm, 

(~20% at UV region) 

[34] 

CuWO4–WO 3 Nanoporous 
150 W xenon arc 

lamp 
0.1 M KNO3 

I = 53 μA cm−2 at 1 V vs. 

SCE 
[44] 

WO3 Nanoporous 
150 W xenon lamp 

(800 W/m2) 

1 M H2SO4/~1 

wt% C2H6O2 

I = 0.18 mA cm−2 at 0.7 V 

vs. SCE 
[88] 

WO3 Nanoporous 
500 W Xe lamp, 100 

mW/cm2 
0.5 M H2SO4 

I = 3.45 mA cm−2 at 1.6 V 

vs. Ag/AgCl, 

ABPE = 0.91%, 

IPCE = 92% at 340 nm at 

1.2 V vs. Ag/AgCl, 

 

[89] 

NH4-doped WO3 Nanoporous 
AM 1.5 G 

illumination 
0.33 M H3PO4 

I = ~0.6 mA cm−2 at 1.8 

V vs. Ag/AgCl 
[90] 

WO3 Nanotubes 
150 W Xe lamp with 

AM1.5 G filter 
1 M H2SO4 

3.5 mA cm−2 at 1.5 V vs. 

SCE 
[91] 

ANPor WO3/Bi2S3 

QDs 

Nanoporous, 

Quantum dots 

300 W Xenon lamp, 

AM 1.5G filter 

0.1 M 

Na2S/Na2SO3 

16.28 mA cm−2 at 0.95 V 

vs. RHE, 

ABPE = 4.1% at 0.66 V 

vs. RHE, H2 after 5 h = 

3.59 mmol 

 

This 

study 
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2.3.3. Photoelectrochemical mechanism 

The proposed charge flow mechanism in the ANPor WO3/Bi2S3 QDs photoanode is 

depicted in Figure 2-11. The potential energy chart was suggested depending on the measured 

bandgap energy by the XPS valence band edge of ANPor WO3 and Bi2S3 QDs (Figure 2-11a,b). 

The XPS valence band edge shows the energy difference between the valence band and the Fermi 

level [92]. Upon light illumination on the ANPor WO3/Bi2S3 QDs photoanode, the photons with 

energies equal to or greater than the semiconductor’s bandgap energy (WO3: 3.13 eV, Bi2S3 QDs: 

1.31 eV) could be absorbed. Electrons were excited to the CB and generated positive holes in the 

VB. Because the CB of Bi2S3 QDs is more negative than the CB of WO3 [93], the excited electrons 

transferred from the CB of Bi2S3 QDs to the CB of WO3 via the core-shell-like structure displayed 

in Figure 2-3f, then migrated to the Pt electrode to reduce H2O to H2. Conversely, the holes in the 

VB of WO3 were transported to the VB of Bi2S3 QDs and then reacted with the scavenger 

electrolyte (0.1 M Na2S/Na2SO3) (Figure 2-11c). This inverse charge flow pathway inhibited the 

e−/h+ pairs recombination, leading to high photocurrent generation. Thus, the improved PEC-WS 

efficiency on ANPor WO3/Bi2S3 QDs photoanodes was attributed to (1) the superb Vis light 

absorption ability of Bi2S3 QDs. (2) The uniform distribution and superb contact of Bi2S3 QDs 

with WO3 ameliorated the e−/h+ pairs separation and mobility. (3) The constructed type-II 

heterojunction enhanced charge separation and inhibited the recombination rate. 
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Figure 2-11. Valence band XPS spectra of (a) ANPor WO3 and (b) Bi2S3 QDs (c) Charge 

transfer mechanism in the ANPor WO3/Bi2S3 QDs photoanode. 

2.4. Conclusions  

The ANPor WO3/Bi2S3 QDs heterojunction was successfully fabricated utilizing 

anodization and SILAR procedures. The ANPor WO3/Bi2S3 QDs (10) photoanode attained the 

highest photocurrent density of 16.28 mA cm−2 at 0.95 V vs. RHE, which is nearly 19 folds higher 

than that of pristine ANPor WO3 (0.85 mA cm−2). Furthermore, it demonstrated a maximum 

photoconversion efficiency of 4.1% at 0.66 V vs. RHE and formed 3.59 mmol of H2 after 5 h. This 

can be attributed to the adequate quantity and uniform distribution of Bi2S3QDs on the surface of 

WO3. Moreover, the ANPor WO3/Bi2S3 QDs (10) heterojunction displayed higher Vis light 

absorption ability, higher charge density, and lower charge transfer resistance than pristine ANPor 

WO3 proved by UV–Vis DRS, M-S, and EIS results respectively. This remarkably boosted PEC-

WS performance was also owing to the generation of type-II heterojunction between ANPor WO3 

and Bi2S3 QDs, which ameliorated the separation and mobility of e−/h+ pairs.

(a) (b) 

(c) 
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Chapter 3. ZnO nanopagoda arrays decorated with Ag nanoparticles for 

photoelectrochemical application 

3.1. Introduction 

It is vital for the world to effectively use solar energy by turning it into chemical and 

electrical energy [1,2]. PEC-WS technique is an appealing approach for H2 production as a clean 

alternative fuel utilizing clean and sustainable resources [3–7]. The semiconductor photoelectrode 

is an essential component of the photoelectrochemical cell because it can absorb solar energy and 

use it to produce photogenerated electrons and holes, facilitating their transfer to the interface 

between the semiconductor and electrolyte to take part in redox reactions  [8,9]. Thus, developing 

and producing semiconductor photoelectrodes with appropriate light absorption capability, 

efficient e−/h+ pairs separation, robust surface reactivity, and high stability are essential [10,11]. 

Among a variety of investigated semiconductor metal oxides, ZnO has received superb 

attentiveness because of its distinctive properties. ZnO is a cheap, widely available, readily 

synthesized, non-toxic material with an anisotropic crystal structure and a wide bandgap of 3.37 

eV [12–16]. Additionally, it has proven to be able to mold into a range of morphologies, resulting 

in the creation of an enormous diversity of different superstructures [17–20]. The term 

“superstructures” represents 3D micro/nanostructures, which grow at the expense of regulated one-

dimensional and two-dimensional (1D, 2D) nanostructures [21]. ZnO superstructures are 

advantageous to 1D and 2D nanostructures owing to their frequently larger surface areas, higher 

conductivity, combined stacked arrays, better crystallinity, and developed scattering with 

increased light absorption ability. Therefore, ZnO superstructures demonstrate superb performance 

for H2 production using the PEC-WS procedure [12]. ZnO superstructures have numerous 

morphologies, involving worm-like [22], wool ball [23], mulberry-like [24], firecracker [25], 

nanopagoda [26], birdcage-like [27], nanoforest [28], nanodendrite [29], jack [30], nanocomb [31], 

nanoflower [32], nanopinecone [33], and branched nanorods [34,35]. Among a variety of 

superstructure morphologies, ZnO nanopagoda arrays (NPGs) have displayed much interest in 

being used for light-emitting systems due to their unique electronic and optical features alongside 

their adjustable surface morphology and defect density. The challenge of reproducibly fabricating 

ZnO NPGs is a concomitant problem with their use, one that would have prevented a rise in 

publications. 
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Recently, plasmonic metal NPs decorated with semiconductor nanostructures have 

attracted more attention because of their unique interfacial electronic properties, which can 

enhance the PC and PEC performance [36–45]. Among studied plasmonic noble metals, Ag is 

preferable due to its powerful LSPR and freaked physicochemical prosperities [46–51]. As well as 

Ag is less costly than Pt, Au, and Pd [52,53]. Several studies have been focused on the utilization 

of Ag-decorated metal oxide semiconductor nanocomposites for PEC-WS technology [54–57]. It's 

proven that the incorporation of Ag NPs is a successful strategy for expanding the photoresponse 

of ZnO to the Vis light zone due to the LSPR effect and inhibition of e-/h+ pairs recombination 

[58–60]. The Schottky barrier created between ZnO and Ag can increase the lifetime of e-/h+ pairs 

via the junction and accelerate their mobility [61]. Additionally, Ag acts as a trapping center that 

can capture the excited electrons, which substantially decreases the e-/h+ pairs recombination rate 

[62]. Recent research has demonstrated that well-constructed Ag–ZnO nanocomposites can extend 

Vis light absorption from 400 to 520 nm and prolong the lifetime of the photogenerated charge 

carriers [58,63]. The excited Ag electrons can migrate to the CB of ZnO mainly through the HEI 

mechanism [64,65].  

In this study, the aqueous chemical downward technique was applied to fabricate ZnO 

nanorods (NRs) and ZnO NPGs on a fluorine-doped tin oxide (FTO) substrate with reproducibility. 

ZnO NPGs displayed better PEC performance than ZnO NRs, which was mostly ascribed to the 

higher light absorption capability and lower e-/h+ pairs recombination rate of ZnO NPGs. Ag NPs 

were thereafter deposited on ZnO NPGs films using the SILAR procedure. The quantity of Ag 

NPs was tuned by controlling the number of SILAR cycles. A variety of ZnO NPGs/Ag NPs 

samples were fabricated with various cycles (2,4,6,8, and 10 cycles). All the decorated films with 

Ag NPs manifested higher photocurrent density compared to bare ZnO NRs and ZnO NPGs 

photoanodes. The highest PEC conversion efficiency was achieved after depositing Ag NPs on 

ZnO NPGs for eight cycles, owing to the improved light scattering with increased light absorption 

and mitigated charge recombination.  

3.2. Experimental 

3.2.1.  Materials synthesis 

3.2.1.1. Synthesis of ZnO nanorods 

 ZnO NRs were fabricated on an FTO substrate through two steps; (1) deposition of ZnO 

seed layer on FTO utilizing spin coating procedure and (2) growth of ZnO NRs utilizing downward 
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growth procedure in an aqueous solution. Firstly, The ZnO seed layer was deposited on a cleaned 

FTO substrate as follows: 0.05 M zinc acetate dehydrate and 0.06 M of diethanolamine were 

dissolved in 10 ml of ethanolic solution and stirred for 20 min at 65°C. After cooling, the clear 

solution was spin-coated on an FTO and oven-dried for ten minutes at 180°C. This process was 

repeated six times. Subsequently, the synthesized film was annealed at 450°C for 1 hour. 

Secondly, ZnO NRs were produced using the downward growth procedure in an aqueous 

solution (100 mL) comprising 50 mM Zn(NO3)2•6H2O and 50 mM hexamethylenetetramine 

[66,67]. Subsequently, the solution was moved into a 120 mL closed bottle. The ZnO seed layer 

containing FTO substrate was positioned near the surface of the solution and maintained at 90°C 

for 3 h. Following the complete reaction, the bottle was removed from the water bath and allowed 

to cool down at room temperature. Then, the prepared ZnO NRs film was rinsed with deionized 

water and air-dried. 

3.2.1.2. Synthesis of ZnO nanopagoda arrays 

ZnO NPGs were prepared using the downward growth procedure in an aqueous solution 

(100 mL) comprising 10 mM Zn(NO3)2•6H2O, 10 mM hexamethylenetetramine, and 0.275 mM 

ascorbic acid [67]. This solution was moved into a 120 mL closed bottle. The FTO thin film of 

ZnO NRs was positioned near the surface of the solution and maintained at 90°C for 4 h. Following 

the complete reaction, the bottle was removed from the water bath and allowed to cool down at 

room temperature. Then, the prepared ZnO NPGs film was rinsed with deionized water and air-

dried. 

3.2.1.3.  Synthesis of ZnO nanopagoda arrays /Ag nanoparticles 

The SILAR process was utilized to deposit Ag NPs over ZnO NPGs films. The ZnO NPGs 

film was immersed in two an aqueous solution, (1) 50 mM AgNO3 for 10 s. (2) 50 mM NaBH4 for 

10 s. Following each immersion, the film should be rinsed with deionized water. The SILAR 

technique was applied for various cycles (2, 4, 6, 8, and 10 cycles) to control the deposited quantity 

of Ag NPs over ZnO NPGs. Scheme 3-1 explains the preparation steps of ZnO NRs, ZnO NPGs, 

and ZnO NPGs/Ag NPs photoanodes. 
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Scheme 3-1. Preparation steps of ZnO NRs, ZnO NPGs, and ZnO NPGs/Ag NPs photoanodes. 

 

3.2.2. Materials characterization 

The crystal structure, microscopic and elemental observations, and optical characteristics 

of all synthesized samples were analyzed as indicated previously in Chapter 2 in section 2.2.2. 

However, for SEM analysis, HITACHI, SU8000 Type II, Japan was used. The photoluminescence 

(PL) properties were investigated using a He-Cd laser (KIMMON KOHA, Tokyo, Japan, 

excitation wavelength, λ = 325 nm) as an excitation source, and a monochromator (Nikon G250, 

Japan) was utilized to record the spectra. 3D finite-difference time-domain (FDTD) simulation 

was recorded using a commercial software package (Lumerical FDTD Solution, Ansys, USA). 

The ZnO nanostructures and deposited Ag NPs were modeled according to SEM and TEM images. 

Concretely, the diameter and length of ZnO NRs were set to 110 and 1400 nm, respectively. The 

width and height of ZnO NPGs were both 400 nm. Two sorts of Ag NPs that had diameters of 20 

and 100 nm, were placed over ZnO NPGs surface. The boundary conditions were adjusted as 

periodic for the x- and y-directions and as perfectly matched layer conditions for the z-direction. 

A plane wave source with x-polarization in 350–800 nm range was incident to the structures from 

the top side of the model. 
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3.2.3. Photoelectrochemical measurements 

The PEC performance of the prepared photoanodes (1 cm2 illuminated area) as working 

electrodes was measured with a biologic potentiostat (VSP-300) connected to the PEC cell having 

three electrodes. Pt coil and Ag/AgCl (3 M KCl) electrodes were used as counter and reference 

electrodes, respectively, in 0.2 M Na2SO4/10% methanol electrolyte (pH = 6.5). A xenon lamp 

(300 W) was applied to simulate solar irradiation through an air mass 1.5 global filter. The intensity 

of the light was set to 1 Sun (100 mW cm−2). The LSV plot was recorded at a scan rate of 10 mV/s. 

before each measurement, the electrolyte present in the PEC cell was flushed utilizing argon gas 

to eliminate the dissolved oxygen. EIS was studied at open circuit potential in 0.2 M Na2SO4 at 

105 Hz to 0.01 Hz under illumination. The M-S was recorded in 0.2 M Na2SO4 at 1000 Hz under 

dark conditions. The ABPE was calculated from the LSV results as previously explained in 

Chapter 2 in section 2.3.2.6. The incident photon-to-current efficiency (IPCE) was obtained from 

the measurement of photocurrent density at the wavelength range of 325-850 nm using a 

monochromator light source at 0.6 V vs. Ag/AgCl as follows (equation 3-1) [68]: 

IPCE (%) = 5	6$!78
l	69"#$%&

	× 	100                                                         (Eq. 3-1) 

where J is the photocurrent density at λ is the incident wavelength, and Plight is the light power 

density. The Potential versus RHE was calculated by transforming the applied potential versus 

Ag/AgCl as illustrated in Chapter 2 in section 2.2.3. 

3.3. Results and discussion 

3.3.1. Characterization results 

The XRD analysis was performed to study the crystalline structure and composition of 

ZnO NRs, ZnO NPGs, and ZnO NPGs/Ag NPs samples. Figure 3-1 illustrates the XRD pattern 

of the clean FTO substrate, ZnO NRs, ZnO NPGs, and ZnO NPGs/Ag NPs (8). The diffraction 

peaks of the pure FTO showed the tetragonal structure of SnO2 [69]. The XRD patterns of ZnO 

NRs and NPGs displayed the creation of a wurtzite hexagonal crystal structure that is matched 

with (JCPDS, 36–1451) [70,71]. The strong and sharp peak corresponding to the (002) crystal 

plane disclosed that the favorable growth direction of ZnO NRs and NPGs was [001] direction 
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[72,73]. The XRD spectra of ZnO NPGs/Ag NPs (8) showed similar diffraction peaks of ZnO 

NPGs with no characteristic peaks of Ag NPs. This may be owing to the low deposited quantity 

of Ag NPs, confirming that the ZnO NPGs crystal structure was unaffected by the SILAR growing 

solutions. 

 

Figure 3-1. XRD patterns of clean FTO, ZnO NRs, ZnO NPGs, and ZnO NPGs/Ag NPs (8) 

samples. 

The morphological structure of the as-prepared samples was examined using SEM analysis. 

Figure 3-2a displays the well-ordered hexagonal ZnO NRs with a smooth top surface. The cross-

sectional view (Figure 3-2b) manifested that ZnO NRs were formed with lengths and diameters 

of ~1.5 μm and  ~115 nm, respectively. The 30° tilt (Figure 3-2c) SEM image of ZnO NPGs 

clarified that ZnO NPGs were successfully generated in a hexagonal shape. The cross-sectional 

view (Figure 3-2d) of ZnO NPGs revealed that they have grown over some distorted ZnO NRs 

with lengths and base diameters of  ~340 nm and  ~385 nm, respectively. The 30° tilt SEM images 

of ZnO NPGs/Ag NPs (8) disclosed that Ag NPs of different sizes were deposited on the surface 

of ZnO NPGs (Figure 3-2e). Moreover, the cross-section view (Figure 3-2f) displayed that the 

deposition of Ag NPs did not damage ZnO NPGs that have formed over distorted ZnO NRs. 

Figure 3-3a-d displays the 30° tilt SEM images of different deposited cycles (2, 4, 6, and 10 
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cycles) of Ag over ZnO NPGs. It is obvious that the deposited amount of Ag NPs raised as the 

count of cycles increased. 

 

Figure 3-2. (a) Top view and (b) cross-sectional SEM images of ZnO NRs (c) 30° tilt view and 

(d) cross-sectional SEM images of ZnO NPGs. (e) 30° tilt view and (f) cross-sectional SEM images 

of ZnO NPGs/Ag NPs (8). 

(a) (c) (e) 

(b) (d) (f) 
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Figure 3-3. 30° tilt-view SEM images of (a) ZnO NPGs/Ag NPs (2), (b) ZnO NPGs/Ag NPs (4), 

(c) ZnO NPGs/Ag NPs (6), and (d) ZnO NPGs/Ag NPs (10). 

The crystal structure of as prepared ZnO NPGs and the deposition status of Ag were 

investigated using HRTEM and scanning TEM-EDX (STEM-EDX). Figure 3-4a presents the 

HRTEM image of ZnO NPGs. The inset image is the low magnification TEM image, which 

clarifies the region where the HRTEM image was taken by a red square. The HRTEM image 

verified the high crystallinity of ZnO NPGs, having nearly no significant structural defects, such 

as grain borders. The measured fringe spacing was 0.27 nm, which was consistent with the d-

spacing of (1100) planes of the ZnO wurtzite structure [74]. The inset illustration demonstrated 

the ZnO NPGs crystal structure which was assumed by the XRD pattern and the microscopic 

investigation. Figure 3-4b,c display the STEM image and the corresponding Ag elemental 

mapping, respectively. It can be noticed that Ag NPs didn’t coat the whole surface of ZnO NPGs 

but was separately deposited with particle size 5–100 nm. 

 

(a) (b) 

(c) (d) 
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Figure 3-4. (a) HRTEM image of ZnO NPGs. The insets are the corresponding low magnification 

TEM image and the crystal structure illustration of NPGs, respectively. (b) STEM image of ZnO 

NPGs/Ag NPs (8) and (c) the corresponding EDX mapping for Ag. 

The XPS was investigated to analyze the composition and chemical states of bare ZnO 

NPGs and samples modified with various quantities of Ag NPs. The ZnO NPGs survey spectrum 

(Figure 3-5a) displays the distinctive peaks of Zn, O, and C elements. The high-resolution 

spectrum of Zn 2p (Figure 3-5b) shows two characteristic peaks of Zn 2p1/2 at 1045 eV and Zn 

2p3/2 at 1022 eV, verifying that Zn formed Zn2+ chemical state [75,76]. Figure 3-5c illustrates the 

distinctive peak of O 1s that was split into two peaks at 531.1 eV, which is related to the crystal 

lattice of O in Zn, and at 532.7 eV, which corresponded to surface hydroxyl oxygen [77]. As seen 

in Figure 3-5d, the survey spectrum of ZnO NPGs/Ag NPs (8) reveals all distinctive peaks of Zn, 

O, Ag, and C elements. Moreover, the high-resolution spectra of Zn 2p and O 1s (Figure 3-5e,f) 

demonstrate the distinctive peaks of Zn and O at the same binding energies as ZnO NPGs, 

(c) 
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meanwhile the intensity of the surface hydroxyl oxygen peak reduced. The high-resolution 

spectrum of Ag 3d (Figure 3-5g) displays two characteristic peaks at 374.4 eV and 368.4 eV, 

which are related to Ag 3d3/2 and Ag 3d5/2 respectively. The two peaks are separated by 6.0 eV, 

proving the presence of metallic Ag [78]. These results manifested that the SILAR method reduced 

the hydroxyl group from the surface of ZnO NPGs surface in addition to depositing metallic Ag 

NPs. Figure 3-6 shows the XPS spectra of ZnO NPGs modified with various cycles (2,4,6,8, and 

10, cycles). Table 3-1 shows the weight percentage of decorated Ag NPs for different SILAR 

cycles. As can be noticed, increasing the number of cycles causes the Ag 3d peak's intensity to rise 

in the XPS spectrum, consistent with the SEM data shown in Figure 3-3. 

 

Figure 3-5. (a) Survey, (b) Zn 2p, and (c) O 1s high-resolution XPS spectra of ZnO NPGs. (d) 

Survey, (e) Zn 2p, (f) O 1s, and (g) Ag 3d high-resolution XPS spectra of ZnO NPGs/Ag NPs (8). 

(a) 
(b) (c) 

(d) 
(e) (f) 

(g) 
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Figure 3-6. XPS spectra including survey and high-resolution spectrums of all elements in (a-d) 

ZnO NPGs/Ag NPs (2), (e-h) ZnO NPGs/Ag NPs (4), (i-l) ZnO NPGs/Ag NPs (6), and (m-p) 

ZnO NPGs/Ag NPs (10). 

 

 

 

 

(b) (c) (d) (a) 

(e) (f) (g) (h) 

(i) (j) (k) (l) 

(m) (n) (o) 
(p) 
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Table 3-1. XPS elemental analysis.  

Photoelectrodes Zn/wt% O/wt% Ag/wt% 

ZnO NPGs 0.34 0.62 - 

ZnO NPGs/Ag NPs (2) 0.41 0.67 0.02 

ZnO NPGs/Ag NPs (4) 0.51 0.80 0.05 

ZnO NPGs/Ag NPs (6) 0.41 0.65 0.10 

ZnO NPGs/Ag NPs (8) 0.33 0.56 0.18 

ZnO NPGs/Ag NPs (10) 0.24 0.36 0.24 

 

Additionally, the light absorption capability of the as prepared samples, the UV–Vis 

extinction spectra were determined, as shown in Figure 3-7a. ZnO NRs attained high optical 

absorption in the UV zone owing to its intrinsic wide bandgap and moderate optical absorption in 

the Vis zone owing to its structural defects. ZnO NPGs attained similar absorption in the UV zone 

due to its wide bandgap, whereas they demonstrated much weaker absorption in the Vis zone, 

proving that ZnO NPGs have lower defects than ZnO NRs. It is obvious that the deposition of Ag 

NPs over ZnO NPGs improved the Vis light absorption due to the LSPR and scattering effects of 

Ag NPs [79]. Figure 3-7b shows the UV–Vis spectra of ZnO NPGs modified with various SILAR 

cycles (2,4,6, and 10). The extinction in the Vis zone initially rose with the cycle number and then 

reduced when it reached 10 cycles. This implied that excessive Ag deposition caused Ag NPs to 

aggregate and reduced the effectiveness of LSPR. The extinction rose over a wide wavelength 

range in the Vis zone. This is a result of the Ag NPs' varied sizes and shapes being deposited, as 

shown in the TEM and SEM images. The direct bandgap energies of the prepared samples were 

calculated utilizing Tauc’s equation [80]. The bandgap was drawn using Tauc’s curve by plotting 

(ah𝜈)2 versus energy (h𝜈), as illustrated in Figure 3-7c. The bandgap energies of ZnO NRs, ZnO 

NPGs, and ZnO NPGs/Ag NPs (8) were 3.15 eV, 3.28 eV, and 3.24 eV, respectively. The smaller 

bandgap energies of ZnO NRs and ZnO NPGs/Ag NPs (8) than ZnO NPGs can be attributed to 

the enhanced Vis light absorption by defects and Ag NPs respectively. 

The photoluminescence (PL) spectra were determined to study the e−/h+ pairs 

recombination properties of ZnO NRs, ZnO NPGs, and ZnO NPGs/Ag NPs (8). The emission 

peaks PL spectra are produced from the recombination of electrons and holes [81,82]. Figure 3-

7d shows that all synthesized samples exhibited two peaks of emission: a narrow UV peak at ~380 
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nm, which is related to the emission of near-band edge exciton, and a broad Vis peak at ~600 nm, 

which corresponds to deep-level emission owing to intrinsic and external defects [74,83]. The 

intensity of the PL Vis peak of ZnO NPGs was weaker than ZnO NRs, indicating lower structural 

defects in ZnO NPGs. ZnO NPGs/Ag NPs (8) demonstrated similar PL intensity in the Vis zone 

to ZnO NPGs. Generally, the Ag NPs passivation effect which reduced the surface states and/or 

surface defects of ZnO film was expected [84]. The effect wasn’t obviously seen in our case as 

there were few surface defects on ZnO NPGs. This presumption also agreed well with the UV–

Vis result. Because the transformation from NRs to NPGs decreased the defects, which frequently 

acted as e−/h+ pairs recombination centers, and because the Ag NPs deposition improved the Vis 

light absorption, an enhancement of PEC activity was highly anticipated. 

 

Figure 3-7. (a) UV–Vis extinction spectra of ZnO NRs, ZnO NPGs, and ZnO NPGs/Ag NPs (8). 

(b) The UV-Vis spectra of ZnO NPGs decorated with different SILAR cycles (2, 4, 6, and 10) of 

Ag NPs. (c) The corresponding Tauc plots. (d) PL spectra of ZnO NRs, ZnO NPGs, and ZnO 

NPGs/Ag NPs (8). 

(a) (b) 

(c) (d) 
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3.3.2. FDTD simulation 

Figure 3-8a shows the 3D model of ZnO NPGs/Ag NPs for FDTD simulation, where one 

large (100 nm) and four small (20 nm) Ag NPs were deposited over ZnO NPGs. The morphology 

was established based on the data of microscopic investigations as depicted in Figure 3-2. Figure 

3-8b–d illustrates the x–z cross-sectional images of ZnO NRs, ZnO NPGs, and ZnO NPGs/Ag 

NPs. Figure 3-8e presents the corresponding simulated absorption spectra. The large absorption 

in the UV range was observed in each sample, which was attributed to the strong direct bandgap 

absorption by ZnO. The growth of ZnO NPGs on ZnO NRs enhanced the absorption in the UV 

zone; although, it made nearly no change in the spectrum in the Vis zone. This was ascribed to the 

structural defects in ZnO, which influenced the actual UV–Vis absorption spectra displayed in 

Figure 3-7a, and were not considered in this simulation. Conversely, the Ag NPs deposition over 

ZnO NPGs surface provided optical absorption in the Vis zone owing to their LSPR effects. Figure 

3-8f–h presents the matching x–z E-field profiles at 368 nm. The area Encircled by white dotted 

lines represents the place where ZnO NRs are present. The E-field generated inside ZnO NPGs, 

was stronger than ZnO NRs clarifying that ZnO NPGs can absorb incident UV radiation well. This 

is probably owing to the distinct superstructure of NPGs morphology. ZnO NPGs/Ag NPs 

manifested a strong E-field, particularly at the Ag–ZnO interface owing to the LSPR of Ag NPs. 

This suggests that the high E-field produced by Ag's LSPR amplified ZnO NPs' ability to absorb 

light. This represents the light scattering and light concentration effects [37]. Figure 3-8i–k 

explains the corresponding x–z E-field profiles at 445 nm. A very strong E-field (E/E0 = 26.8) was 

detected near Ag NPs owing to LSPR in the ZnO NPGs/Ag NPs film. Since ZnO absorbed little 

light within this wavelength range, the excited electrons of Ag NPs would be migrated to ZnO 

NPGs and then consumed for H2 production. This represents the HEI mechanism from Ag to ZnO 

under Vis light illumination [64]. The simulated absorption spectra and E-field profiles were 

consistent very well with the experimental results, where ZnO NPGs/Ag NPs achieved the highest 

IPCE in the UV zone and the strongest Vis light response (explained in the following section 

Figure 3-10c,d). 
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Figure 3-8. FDTD simulation involving (a) 3D model of ZnO NPGs with Ag NPs, (b–d) x–z 

cross-sectional images of ZnO NRs, ZnO NPGs, and ZnO NPGs with Ag NPs, (e) the simulated 

absorption spectra, (f–h) the corresponding x–z E-field profiles at 368 nm, and (i–k) the 

corresponding x–z E-field profiles at 445 nm. 
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3.3.3. Photoelectrochemical Measurements 

3.3.3.1. Linear sweep voltammetry 

The PEC measurements of the as-prepared samples were determined under the simulated 

solar irradiation. The PEC performance of bare ZnO NRs, bare ZnO NPGs, and ZnO NPGs 

decorated with various Ag NPs cycles was studied for comparison. All studied photoanodes 

demonstrated very small current density under dark conditions as depicted in Figure 3-9a. The 

LSV curves under light illumination (Figure 3-9b) illustrated that bare ZnO NRs attained a 

photocurrent of 0.94 mA cm−2 at 1.23 V vs. RHE, while ZnO NPGs boosted the photocurrent to 

1.43 mA cm−2 at 1.23 V vs. RHE. This noticeable increase was due to improved light absorption 

in the UV zone and decreased structural defects, which act as e-/h+ pairs recombination centers. 

The deposition of Ag NPs over ZnO NPGs further increased the photocurrent owing to the LSPR 

effect of Ag NPs. The larger amount of Ag NPs resulted in higher photocurrent density and a 

maximum photocurrent of 2.15 mA cm−2 at 1.23 V vs. RHE was achieved after deposition of eight 

cycles. More increasing the amount of Ag NPs over eight deposition cycles led to the deterioration 

of photocurrent. This was attributed to the aggregation of photoexcited charge carriers into the 

overly deposited Ag NPs. So, the deposited quantity of Ag NPs should be tuned to attain high 

photocurrent. Table 3-2 shows the photocurrent density under the light irradiation of all 

investigated samples. 

Figure 3-9c illustrates the transient photocurrent response of ZnO NRs, ZnO NPGs, and 

ZnO NPGs/Ag NPs (8) photoanodes. The photocurrent response of the investigated photoanodes 

was determined under consecutive on/off cycles of light illumination at 1.1 V vs. RHE. A sharp 

rise in photocurrent was observed under light illumination, which dramatically reduced under dark. 

The transient photocurrent response of investigated photoanodes was agreed with LSV results. 
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Table 3-2. Photocurrent density of all investigated photoanodes at 1.23 V vs. RHE. 

Photoelectrode Photocurrent density / mA cm−2 

ZnO NRs 0.94 

ZnO NPGs 1.43 

ZnO NPGs/Ag NPs (2) 1.28 

ZnO NPGs/Ag NPs (4) 1.80 

ZnO NPGs/Ag NPs (6) 2.07 

ZnO NPGs/Ag NPs (8) 2.15 

ZnO NPGs/Ag NPs (10) 1.49 

 3.3.3.2. Electrochemical impedance spectroscopy 

The EIS was measured to investigate the kinetics of charge carriers transfer at the interface 

of photoelectrode and electrolyte, as illustrated in Figure 3-9d. The ZnO NPGs had a smaller arc 

diameter than in the case of ZnO NRs. Conversely, ZnO NPGs/Ag NPs (8) had the smallest arc 

diameter, which verify the inhibition of charge transfer resistance. The data were fitted utilizing 

the ZView program (Scribner Associates, USA) with an equivalent circuit model inserted in 

Figure 3-9d. R2 equals the Rct which represents the interfacial charge transfer resistance between 

the photoelectrode and electrolyte. The obtained Rct values were 1970 W, 387 W, and 176 W for 

ZnO NRs, ZnO NPGs, and ZnO NPGs/Ag NPs (8) photoanodes, respectively. The lowest Rct value 

of ZnO NPGs/Ag NPs (8) photoanode proved the lowest charge transfer resistance and the highest 

photocurrent, well agreed with the LSV results exhibited in Figure 3-9b. 
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Figure 3-9. LSV curves under dark conditions (a), and under light illumination (b) of ZnO NRs, 

ZnO NPGs, and ZnO NPGs decorated with different cycles (2,4,6,8, and 10) of Ag NPs. (c) 

Transient photocurrent response of ZnO NRs, ZnO NPGs, and ZnO NPGs/Ag NPs (8) 

photoanodes that was determined at 1.1 V vs. RHE. (d) Nyquist plots were determined under the 

simulated solar irradiation. The inserted image is the corresponding equivalent circuit. 

 3.3.3.3. Mott–Schottky 

The Mott–Schottky curves of ZnO NPGs and ZnO NPGs/Ag NPs (8) depicted a positive 

slope, which implied that both materials are n-type semiconductors (Figure 3-10a). The deposition 

of Ag NPs caused a small negative shift of the Efb, which confirms the increase of the band bending 

at the interface of the semiconductor and the electrolyte, resulting in enhancing charge carriers’ 

separation and mobility. 

(a) (b) 

(d) (c) 



 92 

3.3.3.4. Photoelectrochemical conversion efficiency 

The ABPE of ZnO NRs, ZnO NPGs and ZnO NPGs/Ag NPs (8) is depicted in Figure 3-

10b. It is obvious that the ZnO NPGs/Ag NPs (8cycles) attained the maximum photoconversion 

efficiency of 0.43% at 0.88 V vs. RHE, meanwhile, ZnO NRs and ZnO NPGs demonstrated a 

photoconversion efficiency of 0.12% and 0.23% at the same potential, respectively. Figure 3-10c 

illustrates the IPCE spectra of the same samples. The ZnO NPGs photoanode achieved higher 

IPCE than ZnO NRs in the UV range, owing to the lower structural defects and electrical resistance. 

ZnO NPGs/Ag NPs (8) improved the IPCE in the visible range (420–550 nm) as depicted in Figure 

3-10d. This remarkable improvement can be attributed to the enhanced visible light absorption, 

and the hot electron transfer from Ag to ZnO, due to the LSPR effect of Ag NPs [61]. 

 

Figure 3-10. (a) Mott–Schottky plots were recorded at 1000 Hz under dark conditions. The 

photoconversion efficiency estimated utilizing ABPE (%) (b), and IPCE (%) at the wavelength 

range of 325-600 nm (c), and 400-550 nm (d) of ZnO NRs, ZnO NPGs, and ZnO NPGs/Ag NPs 

(8) photoanodes. 

 

(a) (b) 

(c) (d) 
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3.3.3.5. Proposed reaction mechanism 

The suggested PEC reaction mechanism using ZnO NPGs/Ag NPs photoanode is shown 

in Figure 3-11 depending on the obtained data. because the work functions of ZnO and Ag are 

almost 5.2 and 4.26 eV, respectively, an Ohmic junction should be generated at the contact 

between ZnO and Ag [85]. Owing to the application of the external bias, electrons have only 

flowed from Ag to ZnO with a small potential barrier. Under light irradiation, UV radiation excited 

electrons from VB to CB of ZnO. These excited electrons of ZnO migrated to the FTO substrate 

and then moved to the Pt electrode through the external circuit to reduce protons and produce H2. 

The holes in the VB of ZnO would mostly be used to oxidize the sacrificial reagent (i.e., methanol, 

in the electrolyte) on the surface of ZnO.  

Some of the holes can be migrated to Ag NPs but eventually react with methanol on Ag 

NPs’ surface. Conversely, Vis light induced the LSPR of Ag NPs. The produced hot electrons 

were migrated to the CB of ZnO and then to the Pt electrode via FTO and the external circuit. The 

generated holes in Ag NPs are consumed to oxidize methanol in the electrolyte on the Ag NPs’ 

surface. Therefore, the existence of methanol prevented the oxidation of Ag and guaranteed the 

continuous generation of hot electrons.  

 
Figure 3-11. Suggested PEC mechanism over ZnO NPGs/Ag NPs photoanode under solar 

irradiation. 

 

3.4. Conclusions 

This study offered a simple and efficient approach to preparing distinct ZnO NPGs using 

an aqueous chemical downward method. Subsequently, ZnO NPGs were decorated with various 
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amounts of Ag NPs utilizing the SILAR technique. The quantity of Ag NPs was adjusted by 

controlling the number of SILAR cycles (2, 4, 6, 8, and 10). The quantity of Ag NPs deposited on 

the surface of ZnO NPGs had a substantial impact on the PEC performance. The ZnO NPGs/Ag 

NPs photoanode with an optimum eight cycles deposition of Ag NPs attained the highest 

photocurrent of 2.15 mA cm−2 at 1.23 V vs RHE and significantly boosted the photoconversion 

efficiency. The hot electrons transfer from Ag NPs to the CB of ZnO NPGs under Vis light 

happened owing to the LSPR effect. The enhanced PEC performance using ZnO NPGs/Ag NPs 

photoanode can be ascribed to the following: (1) the unique superstructure properties of ZnO NPGs 

that increased scattering, improved light absorption, and mitigated e−/h+ pairs recombination. (2) 

The deposition of plasmonic Ag NPs ameliorated the interfacial mobility of charge carriers 

between photoelectrode and electrolyte, as well as enhanced the Vis light response owing to their 

LSPR effect. 
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Chapter 4. Improving the photoelectrochemical performance of ZnO nanopagoda arrays 

through co-deposition of Ag and Ag2S nanoparticles  

4.1. Introduction 

H2 is the cleanest solar fuel that can address the problems of energy shortage and 

environmental pollution, as it emits no CO2 during its oxidation in fuel cell devices [1,2]. PEC-

WS is a promising approach that uses solar photons to produce chemical fuels, such as H2 [3–7]. 

Developing a PEC system that is affordable and has high solar to H2 conversion efficiency is 

essential [8]. The significant component of PEC systems is semiconductor photoelectrodes, which 

provide a route for producing H2 through consuming solar energy [9]. Photoanode, where 

oxidation reaction takes place, can absorb photon energy and produce e−/h+ pairs. The 

photogenerated electrons are captured by photoanode and then transferred through the external 

circuit to the counter electrode where they are consumed in the reduction reaction. Whereas 

photogenerated holes participate in oxidation reactions [10,11]. Numerous metal oxide 

semiconductors have been applied as photoanodes for PEC-WS, e.g., ZnO [12,13], BiVO4 [14–

16], Fe2O3 [17], TiO2 [18,19], and WO3 [20–22]. Among the aforementioned photoelectrode 

semiconductors, ZnO has garnered significant scientific interest due to its eco-friendliness, 

availability on earth, affordability, and superior electron mobility [23–25]. However, ZnO absorbs 

light UV zone owing to its wide bandgap energy (about 3.3 eV) [26] and its inefficient e−/h+ pairs 

separation, slow reaction kinetics, and instability caused by photochemical corrosion limit its PEC 

performance [27]. To overcome these limitations, significant research has been done to select 

appropriate light-harvesting materials to create interface junctions with ZnO [28–30]. Selecting an 

adequate semiconductor material to create a heterojunction with ZnO is a good way to increase 

ZnO's PEC efficiency because it may increase the light absorption ability and facilitate e−/h+ pairs 

mobility [31]. Ag2S is a nontoxic substance having a narrow direct bandgap (about 1.0 eV) [32], 

and it can be deposited over a variety of materials using chemical and physical procedures 

[9,33,34]. Additionally, Ag2S has a superb ability to absorb light in Vis and NIR zones, and an 

efficient separation efficiency of  e−/h+ pairs at heterojunction interfaces [35]. Therefore, it is 

widely applied in PEC systems as a photosensitizer in heterojunction with metal oxide 

semiconductors [9]. 
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Recently, the heterojunction of ZnO with Ag2S has greatly enhanced ZnO's PEC 

performance because Ag2S can dramatically increase light absorption capability and boost the 

photogeneration and mobility of e−/h+  pairs, mitigating the rate of charge recombination [36–38]. 

Furthermore, the plasmonic metal deposited over the surface of the semiconductor can greatly 

enhance the PEC performance owing to its LSPR [39–42]. Recent research studies have 

demonstrated that plasmonic metal-semiconductor nanocomposites provide a notable 

improvement in PEC performance [43,44]. Ag is an excellent choice among many other plasmonic 

metal types due to its exceptional optical and PEC features; moreover, compared to other noble 

metals, Ag is less costly [45,46]. Recently, it has been reported that Ag–Ag2S semiconductor 

nanocomposites have boosted the PEC performance [39,47]. To enhance the PEC performance, 

new ZnO morphologies can also be employed. Numerous research teams are putting a lot of effort 

into creating novel photoelectrode nanostructures [48–50]. ZnO superstructures showed better 

PEC performance than simple nanostructures [51], even though the preparation of such 

superstructures occasionally requires intricate, multi-step processes. Therefore, the direct 

fabrication of such superstructures is highly attractive but remains challenging. Furthermore, some 

ZnO superstructures, like NPGs and nanocomb arrays, have not been studied for PEC-WS 

application yet. 

In this study,  We synthesized ZnO NPGs decorated with various quantities of Ag–Ag2S 

NPs and investigated their PEC performance. The preparation procedure includes two steps: (i) 

fabrication of ZnO NPGs by an aqueous chemical downward growth process, (ii) deposition of 

Ag-Ag2S NPs on the ZnO NPGs by SILAR process. The coupling of Ag and Ag2S NPs with ZnO 

NPGs remarkably enhanced the PEC performance as a result of the synergistic effect of increased 

visible light absorption capacity and e-/h+ pairs separation efficiency. 

4.2.  Experimental  

4.2.1.  Synthesis of photoanodes  

4.2.1.1. Synthesis of ZnO nanopagoda arrays 

The unique ZnO NPGs were synthesized chemical downward growth procedure as 

previously explained in detail in Chapter 3, section 3.2.1.2. 
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4.2.1.2. Synthesis of ZnO nanopagoda arrays/Ag-Ag2S nanoparticles 

Ag-Ag2S NPs were deposited on the surface of ZnO NPGs utilizing the SILAR procedure. 

ZnO NPGs thin film was submerged in four aqueous solutions for 30 s: (1) cationic solution of 20 

mM AgNO3, (2) DI H2O to remove the extra ions existing on the surface, (3) anionic aqueous 

solution of 20 mM Na2S, and (4) DI H2O to remove the extra ions existing on the surface. This 

procedure forms one cycle of Ag-Ag2S NPs. The SILAR process was repeated for different cycles 

(2, 4, 6, 8, and 10 cycles) to control the deposited quantity of Ag-Ag2S NPs on the surface of ZnO 

NPGs. Finally, the prepared ZnO NPGs/Ag-Ag2S NPs thin film was dried in an oven at 60 oC for 

1 h. The prepared samples with 2, 4, 6, 8, and 10 cycles of the SILAR procedure were defined as 

ZnO NPGs/Ag-Ag2S NPs (2), ZnO NPGs/Ag-Ag2S NPs (4), ZnO NPGs/Ag-Ag2S NPs (6), ZnO 

NPGs/Ag-Ag2S NPs (8), and ZnO NPGs/Ag-Ag2S NPs (10), respectively. Scheme 4-1 presents 

the synthesis procedures of pristine ZnO NRs as well as pristine and modified ZnO NPGs with 

Ag-Ag2S NPs. 

4.2.2. Characterization of prepared samples 

The crystal structure, microscopic and elemental investigations, and optical characteristics 

of all prepared samples were analyzed as illustrated previously in Chapter 2, section 2.2.2. SEM 

analysis was studied as explained previously in Chapter 3, section 3.2.2. 

4.2.3. Photoelectrochemical measurements 

The PEC performance of the prepared samples was evaluated using a biologic potentiostat 

(VSP-300) connected to a three-electrode PEC cell. A 300 W xenon lamp was applied as a 

simulated solar illumination with an air mass 1.5 global filter (AM 1.5G). The light intensity was 

adjusted to 1 Sun (100 mW cm−2) before the PEC determinations. The three electrodes were the 

prepared sample (1 cm2 illuminated area), Pt coil, Hg/HgO (1 M NaOH) as the working, the 

counter, and the reference electrodes, respectively submerged in 0.1 M Na2SO3/Na2S electrolyte 

(pH = 12.49). The LSV curve was recorded with a 0.01 V/s scan rate. The electrolyte was purged 

with argon before each determination. The M-S curve was determined at 1000 Hz under the dark 

condition in 0.25 M Na2SO4 (pH = 6.24) using the Ag/AgCl (3 M KCl) as the reference electrode. 

The EIS was recorded at 105–10−2 Hz under irradiation. The ABPE was calculated from the LSV 

results as previously explained in Chapter 2, section 2.3.2.6. The Potential versus RHE was 

calculated by transforming the applied potential versus Hg/HgO and the applied potential versus 

Ag/AgCl as illustrated in Chapter 2, section 2.2.3. 
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Scheme 4.1. The synthesis process of pristine ZnO NRs, pristine ZnO NPGs, and ZnO 

NPGs/Ag-Ag2S NPs photoanodes. 

 

4.3. Results and discussion 

4.3.1. Characterization of pristine and modified ZnO nanopagoda arrays 

The deposited amount of Ag-Ag2S NPs on ZnO NPGs was optimized through the 

deposition of different SILAR cycles of Ag-Ag2S NPs. Generally, the number of SILAR cycles 

influences the prepared thin films. Figure 4-1 shows the morphology of pristine ZnO NRs, pristine 

ZnO NPGs, and ZnO NPGs decorated with different SILAR cycles of Ag-Ag2S NPs. Figure 4-1a 

depicts the successful preparation of hexagonal ZnO NRs on the FTO substrate. The cross-

sectional view manifested that ZnO NRs were prepared with a diameter and a length of ~ 110 nm 

and ~ 1.5 µm respectively (Figure 4-1b). The SEM image with a 30° tilt of ZnO NPGs clarified 

the successful preparation of ZnO NPGs in a hexagonal form (Figure 4-1c), with a diameter and 

length of ~ 470 and ~ 465 nm, respectively. Additionally, the cross-section view displayed that 

ZnO NPGs were grown over deformed ZnO NRs with a film thickness of ~ 1.76 µm (Figure 4-

1d). Figure 4-1e-n illustrate the 30° tilt and cross-section of ZnO NPGs covered with different 

cycles of Ag-Ag2S NPs. For two SILAR cycles of Ag-Ag2S NPs, a few Ag-Ag2S NPs were 

deposited on the ZnO NPGs’ edges. From 4 to 8 SILAR cycles, the Ag-Ag2S NPs coated the entire 

surface and edges of ZnO NPGs, making them grainy and rough. For 10 SILAR cycles, Ag-Ag2S 

NPs agglomerated and coated the whole surface of ZnO NPGs. The deposited Ag-Ag2S NPs were 
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in size of 20–30 nm, and the particle size raised with increasing SILAR cycles. The morphology 

of ZnO NPGs did not change after the deposition of Ag-Ag2S NPs, which verifies that Ag-Ag2S 

NPs can be efficiently deposited on ZnO NPGs and their edges with excellent uniformity. Figure 

4-1o displays the EDS mapping of ZnO NPGs decorated with eight SILAR cycles of Ag-Ag2S 

NPs. It also shows the EDS spectra of the Zn, O, Ag, and S peaks, manifesting the high purity of 

the prepared samples and confirming the existence of Ag and S elements. 

 
Figure 4-1. SEM images of (a) top view and (b) cross-section of ZnO NRs; 30o tilt and cross-

section SEM images of (c, d) ZnO NPGs, (e, f) ZnO NPGs/Ag-Ag2S NPs (2), (g, h) ZnO NPGs/Ag-

Ag2S NPs (4), (i, j) ZnO NPGs/Ag-Ag2S NPs (6), (k, l) ZnO NPGs/Ag-Ag2S NPs (8), and (m, n) 

ZnO NPGs/Ag-Ag2S NPs (10) respectively, and (o) EDX mapping of ZnO NPGs/Ag-Ag2S NPs 

(8). 

 

(a) (b) (c) (d) 

(e) (f) (g) (h) 

(i) (j) (k) (l) 

(m) (n) (o) 
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The XRD patterns of the FTO substrate, pristine ZnO NRs, pristine ZnO NPGs, and ZnO 

NPGs modified with Ag-Ag2S NPs are shown in Figure 4-2. The FTO substrate demonstrated 

characteristic peaks of the SnO2 tetragonal structure (JCPDS no. 41-1445) [52]. The peaks of the 

pristine ZnO NRs and ZnO NPGs are assigned to the hexagonal wurtzite crystal structure (JCPDS, 

36–1451) [48,53] in addition to SnO2. Regarding ZnO NPGs modified with Ag-Ag2S NPs, there 

were no distinctive diffraction peaks associated with Ag and S, which may be owing to the low 

loaded amount or small crystal size of Ag-Ag2S NPs [54]. 

 
Figure 4-2. XRD patterns of FTO, pristine ZnO NRs, pristine ZnO NPGs, and ZnO NPGs 

modified with Ag-Ag2S NPs. 

 

 The ZnO NPGs/Ag-Ag2S NPs (8) was analyzed using STEM-EDX (Figure 4-3a–d). it 

was noted that there are two ZnO NPGs whose surfaces are modified by the SILAR procedure 

(Figure 4-1k). The NPs with diameters of 20 nm or larger deposited on the ZnO NPGs surface 

include almost only Ag element (see white arrows in panel Figure 4-3 d), while various smaller 

NPs include Ag and S elements (see black arrows in panel Figure 4-3 d). This verified that Ag 

and Ag2S NPs were both deposited on the ZnO NPGs surface using the SILAR process. To approve 

the formation of Ag and Ag2S crystals, HR-TEM was used. The HR-TEM images in Figure 4-3 

e,f depicts two sorts of fringes with d-spacings of 0.31 and 0.28 nm, assigned to the (111) and (-

112) facets of Ag2S [55,56]. This confirmed the crystal formation of Ag2S. Whereas, no clear 
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fringes of Ag crystal were noted, probably because Ag2S is formed on the surface of Ag NPs in 

the final SILAR procedure, which involves immersion of the sample into the Na2S solution; 

therefore, only unidentifiable blurry images were gained from large NPs. 

 
 

Figure 4-3. (a–c) STEM-EDX images of ZnO NPGs modified with 8 SILAR cycles. (d) 

Overlapped image created using (a–c). (e and f) HR-TEM images of areas including both Ag and 

S elements. 

 

The comprehensive elemental examination of ZnO NPGs/Ag-Ag2S NPs (8) was performed 

by XPS to investigate the surface chemical composition and electronic states. The characteristic 

peaks of Zn, O, Ag, and S elements were noted without any impurities (Figure 4-4a). The high-

resolution XPS spectrum of Zn 2p is depicted in Figure 4-4b, indicating that the binding energy 

of Zn 2p was split into 2p½ and 2p3/2 peaks at 1,045 eV and 1,022 eV, respectively. The two split 

peaks were separated with 23 eV, verifying that the Zn (II) oxidation state exists in the hexagonal 

wurtzite structure [57,58]. The narrow XPS spectrum of O1s is shown in Figure 4-4c. The O1s 

peak split into two peaks at 531.0 eV and 530.4 eV, assigned to the OH group and lattice oxygen 

existent in ZnO, respectively [59]. Figure 4-4d illustrates that Ag 3d manifested four peaks at 

374.7 eV, 374.3 eV, 368.7 eV, and 368.3 eV. Peaks at 368.3 eV and 374.3 eV are assigned to the 

metallic Ag, while peaks at 368.7 eV and 374.7 eV correspond to the monovalent oxidation state 
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of Ag in Ag2S [60]. Figure 4-4e shows that S 2p exhibited two peaks of S 2p1/2 and 2p3/2 at 161.97 

eV and 160.98 eV, respectively, which attributed to the S ions in Ag2S [59]. Hence, the XPS results 

approved the deposition of both Ag and Ag2S NPs on ZnO NPGs.  

 

Figure 4-4. The XPS spectra of ZnO NPGs/Ag-Ag2S NPs (8): (a) survey, (b) Zn 2p, (c) O 1s, (d) 

Ag 3d, and (e) S 2p. 

The determined UV–Vis spectra and estimated bandgap energy of pristine ZnO NPGs and 

ZnO NPGs/Ag-Ag2S NPs are depicted in Figure 4-5. The pristine ZnO NPGs have UV absorbance 

owing to their wide bandgap energy. Additionally, all samples of ZnO NPGs decorated with 

different SILAR cycles of Ag-Ag2S NPs boosted Vis light absorption, probably because of the 

LSPR of Ag NPs [61,62] and the narrow bandgap energy of Ag2S [63,64] (Figure 4-5a). This 

revealed that the heterojunction between ZnO NPGs and Ag-Ag2S NPs improved the Vis light 

absorption ability. The bandgap energies of as-prepared samples were calculated utilizing Tauc’s 

equation [65]: 

(ahn) = B(hn−Eg)1/2,    (Eq. 4-1) 

where a is the absorption coefficient, h𝜈 is the photon energy, B is a constant, and Eg is the bandgap 

energy. Pristine ZnO NPGs displayed bandgap energy of 3.30 eV, and after the deposition of 8 

SILAR cycles of Ag-Ag2S NPs, this value was reduced (Figure 4-5b). This reduction proved that 

(a) (b) 

(d) (e) 

(c) 
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the deposition of Ag-Ag2S NPs contributes significantly to increasing optical absorption in the 

longer wavelength range. 

 

Figure 4-5. (a) UV–Vis optical absorption spectra of pristine ZnO NPGs and modified samples 

with different SILAR cycles of Ag-Ag2S NPs. (b) The Tauc plots of pristine ZnO NPGs and 

ZnO NPGs/Ag-Ag2S NPs (8). 

4.3.2. Photoelectrochemical performance 

4.3.2.1. Linear sweep voltammetry  

The LSV curves (Figure 4-6a) show the current density of all the studied photoanodes 

under dark (dotted line) and light irradiation (solid lines). Pristine ZnO NRs and ZnO NPGs 

demonstrated small photocurrent densities of 0.38 and 0.57 mA cm−2, respectively, at 1.23 V vs. 

RHE, while the deposition of Ag-Ag2S NPs on ZnO NPGs remarkably boosted the photocurrent 

density. ZnO NPGs/Ag-Ag2S NPs (8) demonstrated the maximum photocurrent density of 2.91 

mA cm−2 at 1.23 V vs. RHE. This remarkably developed photocurrent can be ascribed to the LSPR 

effect of Ag NPs, improved Vis light absorption via sensitization with Ag2S NPs, and ameliorated 

e−/h+ pairs separation that inhibited the rate of charge recombination [64]. SILAR cycles more than 

eight cycles ((e.g., 10) exhibited a reduction in the photocurrent, ascribed to the deposition of a 

thick layer of Ag-Ag2S NPs on the surface of ZnO NPGs causing the increased charge carrier 

recombination [66]. Table 4-1 presents the current densities of all photoanodes under 

dark/irradiation conditions. The transient photocurrent response of bare ZnO NPGs (Figure 4-6b) 

and ZnO NPGs/Ag-Ag2S NPs (8) (Figure 4-6c) was recorded during various on/off runs. As 

anticipated, ZnO NPGs/Ag-Ag2S NPs (8) attained higher photocurrent response than pristine ZnO 

NPGs. It is also noted that the stability of ZnO NPGs/Ag-Ag2S NPs (8) was decreased with 

(a) (b) 
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prolonged determination time. Therefore, it was obvious that the heterojunction of ZnO NPGs and 

Ag-Ag2S NPs facilitated interfacial charge mobility and so remarkably inhibited charge 

recombination in the ZnO NPGs/Ag-Ag2S NPs photoanode. 

4.3.2.2. Electrochemical impedance spectroscopy 

The EIS of pristine ZnO NPGs and ZnO NPGs/Ag-Ag2S NPs (8) were determined in 0.1 

M Na2S/Na2SO3 electrolyte under light irradiation, as shown by the Nyquist plot (Figure 4-6d) 

involving the equivalent circuit models. The Nyquist plot can provide information about the 

conductivity and charge transfer resistance [67]. It can offer qualitative data about the charge 

transfer in bulk and at the interface of the photoanode. ZnO NPGs/Ag-Ag2S NPs (8) displayed a 

smaller arc diameter than pristine ZnO NPGs, verifying the decrease in the charge transfer 

resistance (R2 in the equivalent circuits). The values of R2 were estimated as about 582 and 478 W 

for pristine ZnO NPGs and ZnO NPGs/Ag-Ag2S NPs (8), respectively. The lower Rct value of ZnO 

NPGs/Ag-Ag2S NPs (8) affirmed higher conductivity and fast interfacial charge transfer, which 

improved the PEC performance. Additionally, this confirmed that the heterojunction construction 

among ZnO NPGs and Ag-Ag2S NPs ameliorated charge mobility and reduced the rate of e−/h+ 

pairs recombination. 
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Figure 4-6. (a) LSV curves of all studied photoanodes under dark/irradiation conditions. Transient 

photocurrent responses of (b) pristine ZnO NPGs and (c) ZnO NPGs/Ag-Ag2S NPs (8). (d) EIS 

curves of pristine ZnO NPGs and ZnO NPGs/Ag-Ag2S NPs (8). 

 

 

 

 

 

 

 

 

 

(a) (b) 

(c) 

(d) 



 113 

Table 4-1. The current density of all the studied photoanodes under dark/irradiation conditions at 

1.23 V vs. RHE. 

 

Photoanode 

I / mA cm−2 

(absence of 

light) 

I / mA cm−2 

(presence of light) 

ZnO NRs 0.01 0.38 

ZnO NPGs 0.01 0.57 

ZnO NPGs/Ag-Ag2S NPs (2) 0.34 1.11 

ZnO NPGs/Ag-Ag2S NPs (4) 0.34 1.28 

ZnO NPGs/Ag-Ag2S NPs (6) 0.34 1.93 

ZnO NPGs/Ag-Ag2S NPs (8) 0.64 2.91 

ZnO NPGs/Ag-Ag2S NPs (10) 0.81 2.20 

 

4.3.2.3. Mott–Schottky 

The M-S curves of pristine ZnO NPGs and ZnO NPGs/Ag-Ag2S NPs (8) were determined 

to investigate their charge carrier density and Efb (Figure 4- 7a). The two samples displayed 

positive slopes indicating n-type semiconductor photoelectrodes, which revealed that electrons 

were the major carriers. The Efb displayed a negative shift after Ag-Ag2S NPs deposition which 

confirmed the upward band bending at the semiconductor/electrolyte interface, resulting in 

improving the e−/h+ pairs separation and mobility, followed by inhibiting their recombination [9]. 

4.3.2.4. Photoconversion efficiency 

 The ABPE plots in Figure 4-7b depicted that ZnO NPGs exhibited 0.11% 

photoconversion efficiency at 0.7 V vs. RHE, while the decoration of ZnO NPGs with eight SILAR 

cycles of Ag-Ag2S NPs enhanced the ABPE to 0.43% at 0.6 V vs. RHE. The boosted ABPE of 

ZnO NPGs/Ag-Ag2S NPs (8) was ascribed to the enhanced Vis light absorption and the 

construction of type II heterojunction between ZnO NPGs and Ag-Ag2S NPs resulting in facilitated 

e−/h+ pairs separation and mobility. 

 

4.4. Photoelectrochemical reaction mechanism 

To understand the mechanism of improved PEC performance using ZnO NPGs/Ag-Ag2S 

NPs photoanode, it is important to study the charge transfer mechanism (Figure 4-7c). Under UV–
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Vis irradiation, ZnO NPGs absorb UV light, while Ag2S NPs absorb Vis light followed by the 

photogeneration of electrons and holes in ZnO NPGs and Ag2S NPs. Ag NPs also absorb Vis light 

through the LSPR effect and photogenerate hot electrons, which migrate to the CB of ZnO NPGs 

[68]. The CB of Ag2S is more negative than the CB of ZnO, while the VB of ZnO is more positive 

than the VB of Ag2S [38]. When ZnO, Ag NPs, and Ag2S NPs combine and form a heterojunction, 

under light irradiation, electrons transfer from Ag2S’s CB to Ag and then drift to ZnO’s CB. Then, 

these electrons transport to the FTO substrate and finally to the counter electrode to make reduction 

of water and produce H2. While the holes formed in ZnO NPGs’ VB migrate to the Ag2S’s VB 

and then interact with Na2SO3/Na2S electrolyte. This opposite-direction charge transfer mitigated 

the e−/h+ pairs recombination. Thus, the improved PEC performance of ZnO NPGs/Ag-Ag2S NPs 

photoanodes can be attributed to; (1) the LSPR effect of Ag NPs, (2) the enhanced Vis light 

absorption after Ag2S NPs deposition, and (3) the formation of type II heterojunction between ZnO 

NPGs and Ag-Ag2S NPs that significantly ameliorated e−/h+ pairs separation and inhibited their 

recombination.  

 

Figure 4-7. (a) Mott–Schottky curves and (b) ABPE of pristine ZnO NPGs and ZnO NPGs/Ag-

Ag2S NPs (8). (c) Charge transfer mechanism in ZnO NPGs/Ag-Ag2S NPs photoanode. 

(a) (b) 

(c) 
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4.5. Conclusions 

The unique morphology of ZnO NPGs was successfully fabricated utilizing an aqueous 

chemical downward process. ZnO NPGs were decorated with different quantities of Ag-Ag2S NPs 

utilizing the SILAR procedure. The morphological investigation revealed that the deposited 

quantity of Ag-Ag2S NPs on the surface of ZnO NPGs raised with the number of SILAR cycles 

and covered the whole ZnO NPGs’ surface and edges, keeping them grainy and rough. The 

deposited quantity of Ag-Ag2S NPs on ZnO NPGs considerably affected the PEC performance. 

The deposition of 8 SILAR cycles of Ag-Ag2S NPs on ZnO NPGs displayed the maximum 

photocurrent of 2.91 mA cm−2 at 1.23 V vs. RHE, five folds greater than pristine ZnO NPGs. 

Moreover, it attained the highest ABPE of 0.43% at 0.6 V vs. RHE. This remarkably improved 

PEC efficiency was attributed to the vital role of co-deposited Ag and Ag2S NPs, which 

synergistically increased Vis light absorption and ameliorated e−/h+ pairs separation that inhibited 

their recombination. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 116 

References 

[1] X. Wu, H. Fan, W. Wang, L. Lei, X. Chang, Ordered and Ultralong Graphitic Carbon 
Nitride Nanotubes Obtained via In-Air CVD for Enhanced Photocatalytic Hydrogen 
Evolution, ACS Appl Energy Mater 4 (2021) 13263–13271. 
https://doi.org/10.1021/acsaem.1c02846. 

[2] Z. Masoumi, M. Tayebi, B.-K. Lee, The role of doping molybdenum (Mo) and back-front 
side illumination in enhancing the charge separation of α-Fe2O3 nanorod photoanode for 
solar water splitting, Solar Energy 205 (2020) 126–134. 
https://doi.org/10.1016/j.solener.2020.05.044. 

[3] B. Zhang, L. Wang, Y. Zhang, Y. Ding, Y. Bi, Ultrathin FeOOH Nanolayers with Abundant 
Oxygen Vacancies on BiVO4 Photoanodes for Efficient Water Oxidation, Angewandte 
Chemie International Edition 57 (2018) 2248–2252. 
https://doi.org/10.1002/anie.201712499. 

[4] M. Mohamed Abouelela, G. Kawamura, A. Matsuda, Metal chalcogenide-based 
photoelectrodes for photoelectrochemical water splitting, Journal of Energy Chemistry 73 
(2022) 189–213. https://doi.org/10.1016/j.jechem.2022.05.022. 

[5] M. Farahi, F. Fathirad, T. Shamspur, A. Mostafavi, A novel Z-scheme heterojunction g-
C3N4/WS2@rGONR(x) nanocomposite for efficient photoelectrochemical water splitting, 
Mater Chem Phys 293 (2023) 126941. https://doi.org/10.1016/j.matchemphys.2022.126941. 

[6] T. Li, Y. Zou, Z. Liu, Magnetic-thermal external field activate the pyro-magnetic effect of 
pyroelectric crystal (NaNbO3) to build a promising multi-field coupling-assisted 
photoelectrochemical water splitting system, Appl Catal B 328 (2023) 122486. 
https://doi.org/10.1016/j.apcatb.2023.122486. 

[7] T. Li, M. Ruan, Z. Guo, C. Wang, Z. Liu, Modulation of Lewis and Brønsted Acidic Sites 
to Enhance the Redox Ability of Nb2O5 Photoanodes for Efficient Photoelectrochemical 
Performance, ACS Appl Mater Interfaces 15 (2023) 11914–11926. 
https://doi.org/10.1021/acsami.2c23284. 

[8] T.W. Kim, Y. Ping, G.A. Galli, K.-S. Choi, Simultaneous enhancements in photon 
absorption and charge transport of bismuth vanadate photoanodes for solar water splitting, 
Nat Commun 6 (2015) 8769. https://doi.org/10.1038/ncomms9769. 

[9] J. Yadav, J.P. Singh, WO3/Ag2S type-II hierarchical heterojunction for improved charge 
carrier separation and photoelectrochemical water splitting performance, J Alloys Compd 
925 (2022) 166684. https://doi.org/10.1016/j.jallcom.2022.166684. 

[10] P. Lianos, Review of recent trends in photoelectrocatalytic conversion of solar energy to 
electricity and hydrogen, Appl Catal B 210 (2017) 235–254. 
https://doi.org/10.1016/j.apcatb.2017.03.067. 

[11] C. Ma, Z. Liu, Q. Cai, C. Han, Z. Tong, ZnO photoelectrode simultaneously modified with 
Cu2O and Co-Pi based on broader light absorption and efficiently photogenerated carrier 
separation, Inorg Chem Front 5 (2018) 2571–2578. https://doi.org/10.1039/C8QI00596F. 

[12] S. Wang, P. Liu, C. Meng, Y. Wang, L. Zhang, L. Pan, Z. Yin, N. Tang, J.-J. Zou, Boosting 
photoelectrochemical water splitting by Au@Pt modified ZnO/CdS with synergy of Au-S 
bonds and surface plasmon resonance, J Catal 408 (2022) 196–205. 
https://doi.org/10.1016/j.jcat.2022.03.003. 

[13] S. Zhang, Z. Liu, M. Ruan, Z. Guo, L. E, W. Zhao, D. Zhao, X. Wu, D. Chen, Enhanced 
piezoelectric-effect-assisted photoelectrochemical performance in ZnO modified with dual 
cocatalysts, Appl Catal B 262 (2020) 118279. https://doi.org/10.1016/j.apcatb.2019.118279. 



 117 

[14] J. Lin, X. Han, S. Liu, Y. Lv, X. Li, Y. Zhao, Y. Li, L. Wang, S. Zhu, Nitrogen-doped 
cobalt-iron oxide cocatalyst boosting photoelectrochemical water splitting of BiVO4 
photoanodes, Appl Catal B 320 (2023) 121947. 
https://doi.org/10.1016/j.apcatb.2022.121947. 

[15] Z. Zhou, J. Chen, Q. Wang, X. Jiang, Y. Shen, Enhanced photoelectrochemical water 
splitting using a cobalt-sulfide-decorated BiVO4 photoanode, Chinese Journal of Catalysis 
43 (2022) 433–441. https://doi.org/10.1016/S1872-2067(21)63845-7. 

[16] V. Madhavi, P. Kondaiah, H. Shaik, K.N. Kumar, T.S.S. Kumar Naik, G.M. Rao, P.C. 
Ramamurthy, Fabrication of porous 1D WO3 NRs and WO3/BiVO4 hetero junction 
photoanode for efficient photoelectrochemical water splitting, Mater Chem Phys 274 (2021) 
125095. https://doi.org/10.1016/j.matchemphys.2021.125095. 

[17] J. Xiao, C. Li, X. Jia, B. Du, R. Li, B. Wang, Enabling high low-bias performance of Fe2O3 
photoanode for photoelectrochemical water splitting, J Colloid Interface Sci 633 (2023) 
555–565. https://doi.org/10.1016/j.jcis.2022.11.134. 

[18] X. Zhang, S. Zhang, X. Cui, W. Zhou, W. Cao, D. Cheng, Y. Sun, Recent Advances in 
TiO2‐based Photoanodes for Photoelectrochemical Water Splitting, Chem Asian J 17 (2022). 
https://doi.org/10.1002/asia.202200668. 

[19] N. Khatun, S. Dey, G.C. Behera, S.C. Roy, Ti3C2T MXene functionalization induced 
enhancement of photoelectrochemical performance of TiO2 nanotube arrays, Mater Chem 
Phys 278 (2022) 125651. https://doi.org/10.1016/j.matchemphys.2021.125651. 

[20] Y. Li, Q. Mei, Z. Liu, X. Hu, Z. Zhou, J. Huang, B. Bai, H. Liu, F. Ding, Q. Wang, Fluorine-
doped iron oxyhydroxide cocatalyst: promotion on the WO3 photoanode conducted 
photoelectrochemical water splitting, Appl Catal B 304 (2022) 120995. 
https://doi.org/10.1016/j.apcatb.2021.120995. 

[21] M.M. Abouelela, G. Kawamura, W.K. Tan, A. Matsuda, Anodic nanoporous WO3 modified 
with Bi2S3 quantum dots as a photoanode for photoelectrochemical water splitting, J 
Colloid Interface Sci 629 (2023) 958–970. https://doi.org/10.1016/j.jcis.2022.09.041. 

[22] Y. Li, Z. Liu, Z. Guo, M. Ruan, X. Li, Y. Liu, Efficient WO3 Photoanode Modified by Pt 
Layer and Plasmonic Ag for Enhanced Charge Separation and Transfer To Promote 
Photoelectrochemical Performances, ACS Sustain Chem Eng (2019) 
acssuschemeng.9b02450. https://doi.org/10.1021/acssuschemeng.9b02450. 

[23] X. Xie, R. Wang, Y. Ma, J. Chen, Z. Shi, Q. Cui, Z. Li, C. Xu, Sulfate-Functionalized Core–
Shell ZnO/CdS/Ag2 S Nanorod Arrays with Dual-Charge-Transfer Channels for Enhanced 
Photoelectrochemical Performance, ACS Appl Energy Mater 5 (2022) 6228–6237. 
https://doi.org/10.1021/acsaem.2c00608. 

[24] Z. Kang, H. Si, S. Zhang, J. Wu, Y. Sun, Q. Liao, Z. Zhang, Y. Zhang, Interface Engineering 
for Modulation of Charge Carrier Behavior in ZnO Photoelectrochemical Water Splitting, 
Adv Funct Mater 29 (2019) 1808032. https://doi.org/10.1002/adfm.201808032. 

[25] S. Banerjee, S. Padhan, R. Thangavel, Dopant inculcated ZnO based photoelectrodes for 
revitalizing photoelectrochemical water splitting, Mater Chem Phys 277 (2022) 125548. 
https://doi.org/10.1016/j.matchemphys.2021.125548. 

[26] H. Han, F. Karlicky, S. Pitchaimuthu, S.H.R. Shin, A. Chen, Highly Ordered N‐Doped 
Carbon Dots Photosensitizer on Metal–Organic Framework‐Decorated ZnO Nanotubes for 
Improved Photoelectrochemical Water Splitting, Small 15 (2019) 1902771. 
https://doi.org/10.1002/smll.201902771. 



 118 

[27] X. Long, C. Wang, S. Wei, T. Wang, J. Jin, J. Ma, Layered Double Hydroxide onto 
Perovskite Oxide-Decorated ZnO Nanorods for Modulation of Carrier Transfer Behavior in 
Photoelectrochemical Water Oxidation, ACS Appl Mater Interfaces 12 (2020) 2452–2459. 
https://doi.org/10.1021/acsami.9b17965. 

[28] M. Kolaei, M. Tayebi, Z. Masoumi, B.-K. Lee, A novel approach for improving 
photoelectrochemical water splitting performance of ZnO-CdS photoanodes: Unveiling the 
effect of surface roughness of ZnO nanorods on distribution of CdS nanoparticles, J Alloys 
Compd 906 (2022) 164314. https://doi.org/10.1016/j.jallcom.2022.164314. 

[29] A.P. Yengantiwar, M.S. Deo, A.D. Sheikh, ZnFe2O4/ZnO 0D-1D heterojunction for 
efficient photoelectrochemical water splitting, Materials Science and Engineering: B 284 
(2022) 115854. https://doi.org/10.1016/j.mseb.2022.115854. 

[30] Z. Masoumi, M. Tayebi, M. Kolaei, B.-K. Lee, Improvement of surface light absorption of 
ZnO photoanode using a double heterojunction with α–Fe2O3/g–C3N4 composite to enhance 
photoelectrochemical water splitting, Appl Surf Sci 608 (2023) 154915. 
https://doi.org/10.1016/j.apsusc.2022.154915. 

[31] P.-Y. Kuang, X.-J. Zheng, J. Lin, X.-B. Huang, N. Li, X. Li, Z.-Q. Liu, Facile Construction 
of Dual p–n Junctions in CdS/Cu2 O/ZnO Photoanode with Enhanced Charge Carrier 
Separation and Transfer Ability, ACS Omega 2 (2017) 852–863. 
https://doi.org/10.1021/acsomega.6b00507. 

[32] S.I. Sadovnikov, A.I. Gusev, Recent progress in nanostructured silver sulfide: from 
synthesis and nonstoichiometry to properties, J Mater Chem A Mater 5 (2017) 17676–17704. 
https://doi.org/10.1039/C7TA04949H. 

[33] S. Shuang, R. Lv, X. Cui, Z. Xie, J. Zheng, Z. Zhang, Efficient photocatalysis with graphene 
oxide/Ag/Ag2S–TiO2 nanocomposites under visible light irradiation, RSC Adv 8 (2018) 
5784–5791. https://doi.org/10.1039/C7RA13501G. 

[34] T. ben Nasrallah, H. Dlala, M. Amlouk, S. Belgacem, J.C. Bernède, Some physical 
investigations on Ag2S thin films prepared by sequential thermal evaporation, Synth Met 
151 (2005) 225–230. https://doi.org/10.1016/j.synthmet.2005.05.005. 

[35] J. Xue, J. Liu, Y. Liu, H. Li, Y. Wang, D. Sun, W. Wang, L. Huang, J. Tang, Recent 
advances in synthetic methods and applications of Ag2S-based heterostructure 
photocatalysts, J Mater Chem C Mater 7 (2019) 3988–4003. 
https://doi.org/10.1039/C9TC00008A. 

[36] D. Solís-Cortés, F.M. Jiménez, G. Jauregui, D. Gau, J. Pereyra, R. Henríquez, R.E. Marotti, 
J.R. Ramos-Barrado, E.A. Dalchiele, Optimization of Ag2S Quantum Dots Decorated ZnO 
Nanorod Array Photoanodes for Enhanced Photoelectrochemical Performances, J 
Electrochem Soc 168 (2021) 056516. https://doi.org/10.1149/1945-7111/ac001a. 

[37] Y.-C. Chen, H.-T. Kuo, R. Popescu, Y.-K. Hsu, Ultralow–biased solar 
photoelectrochemical hydrogen generation by Ag2S/ZnO heterojunction with high 
efficiency, J Taiwan Inst Chem Eng 140 (2022) 104554. 
https://doi.org/10.1016/j.jtice.2022.104554. 

[38] A.A. Al-Zahrani, Z. Zainal, Z.A. Talib, H.N. Lim, A.M. Holi, N.N. Bahrudin, Enhanced 
photoelectrochemical performance of Bi2S3/Ag2S/ZnO novel ternary heterostructure 
nanorods, Arabian Journal of Chemistry 13 (2020) 9166–9178. 
https://doi.org/10.1016/j.arabjc.2020.10.040. 

[39] Y. Lan, Z. Liu, G. Liu, Z. Guo, M. Ruan, H. Rong, X. Li, 1D ZnFe2O4 nanorods coupled 
with plasmonic Ag, Ag2S nanoparticles and Co-Pi cocatalysts for efficient 



 119 

photoelectrochemical water splitting, Int J Hydrogen Energy 44 (2019) 19841–19854. 
https://doi.org/10.1016/j.ijhydene.2019.05.184. 

[40] M.Z. Toe, A.T. Le, S.S. Han, K.A.B. Yaacob, S.-Y. Pung, Silver nanoparticles coupled ZnO 
nanorods array prepared using photo-reduction method for localized surface plasmonic 
effect study, J Cryst Growth 547 (2020) 125806. 
https://doi.org/10.1016/j.jcrysgro.2020.125806. 

[41] Y. Liu, N. Jiang, M. Lyu, J. Wei, G. Wei, X. Han, Q. Shang, Q. Zhang, Y. Liu, H. Liu, X. 
Shi, TiO2/black phosphorus heterojunction modified by Ag nanoparticles for efficient 
photoelectrochemical water splitting, Mater Chem Phys 301 (2023) 127624. 
https://doi.org/10.1016/j.matchemphys.2023.127624. 

[42] M.M. Abouelela, G. Kawamura, W.K. Tan, M. Amiruldin, K. Maegawa, J. Nishida, A. 
Matsuda, Ag nanoparticles decorated ZnO nanopagodas for Photoelectrochemical 
application, Electrochem Commun 158 (2024) 107645. 
https://doi.org/10.1016/j.elecom.2023.107645. 

[43] M.M. Abouelela, G. Kawamura, A. Matsuda, A review on plasmonic nanoparticle-
semiconductor photocatalysts for water splitting, J Clean Prod 294 (2021) 126200. 
https://doi.org/10.1016/j.jclepro.2021.126200. 

[44] P. Subramanyam, B. Meena, V. Biju, H. Misawa, S. Challapalli, Emerging materials for 
plasmon-assisted photoelectrochemical water splitting, Journal of Photochemistry and 
Photobiology C: Photochemistry Reviews 51 (2022) 100472. 
https://doi.org/10.1016/j.jphotochemrev.2021.100472. 

[45] P. Peerakiatkhajohn, J.-H. Yun, T. Butburee, W. Nisspa, S. Thaweesak, Surface plasmon-
driven photoelectrochemical water splitting of a Ag/TiO2 nanoplate photoanode, RSC Adv 
12 (2022) 2652–2661. https://doi.org/10.1039/D1RA09070D. 

[46] Ch.V. Reddy, I.N. Reddy, A. Sreedhar, J. Shim, Investigation of dopant and Ag plasmonic 
effect on α-Fe2O3 photoelectrode for photoelectrochemical water splitting activity, Appl 
Surf Sci 488 (2019) 629–638. https://doi.org/10.1016/j.apsusc.2019.05.316. 

[47] S. Qi, Z. Yin, Z. Liu, K. Xu, M. Zhang, Z. Sun, Construction of In2S3/Ag-Ag2 S-AgInS2 
/TNR Nanoarrays with Excellent Photoelectrochemical and Photocatalytic Properties, J 
Electrochem Soc 168 (2021) 126517. https://doi.org/10.1149/1945-7111/ac4056. 

[48] I.-C. Yao, P. Lin, T.-Y. Tseng, Field Emission Properties and Reliability of ZnO Nanorod, 
Nanopagoda, and Nanotip Current Emitters, IEEE Trans Nanotechnol 11 (2012) 746–750. 
https://doi.org/10.1109/TNANO.2012.2195502. 

[49] H.-M. Chiu, J.-M. Wu, Opto-electrical properties and chemisorption reactivity of Ga-doped 
ZnO nanopagodas, J Mater Chem A Mater 1 (2013) 5524. 
https://doi.org/10.1039/c3ta01209c. 

[50] W. Li, S. Gao, L. Li, S. Jiao, H. Li, J. Wang, Q. Yu, Y. Zhang, D. Wang, L. Zhao, 
Hydrothermal synthesis of a 3D double-sided comb-like ZnO nanostructure and its growth 
mechanism analysis, Chemical Communications 52 (2016) 8231–8234. 
https://doi.org/10.1039/C6CC02072K. 

[51] M.A. Desai, A.N. Vyas, G.D. Saratale, S.D. Sartale, Zinc oxide superstructures: Recent 
synthesis approaches and application for hydrogen production via photoelectrochemical 
water splitting, Int J Hydrogen Energy 44 (2019) 2091–2127. 
https://doi.org/10.1016/j.ijhydene.2018.08.042. 



 120 

[52] Y. Kong, H. Sun, W. Fan, L. Wang, H. Zhao, X. Zhao, S. Yuan, Enhanced 
photoelectrochemical performance of tungsten oxide film by bifunctional Au nanoparticles, 
RSC Adv 7 (2017) 15201–15210. https://doi.org/10.1039/C7RA01426K. 

[53] A. Azam, S. Babkair, Low-temperature growth of well-aligned zinc oxide nanorod arrays 
on silicon substrate and their photocatalytic application, Int J Nanomedicine (2014) 2109. 
https://doi.org/10.2147/IJN.S60839. 

[54] D. Solís-Cortés, F.M. Jiménez, G. Jauregui, D. Gau, J. Pereyra, R. Henríquez, R.E. Marotti, 
J.R. Ramos-Barrado, E.A. Dalchiele, Optimization of Ag 2 S Quantum Dots Decorated ZnO 
Nanorod Array Photoanodes for Enhanced Photoelectrochemical Performances, J 
Electrochem Soc 168 (2021) 056516. https://doi.org/10.1149/1945-7111/ac001a. 

[55] J.R. Ansari, N. Singh, S. Mohapatra, R. Ahmad, N.R. Saha, D. Chattopadhyay, M. 
Mukherjee, A. Datta, Enhanced near infrared luminescence in Ag@Ag2S core-shell 
nanoparticles, Appl Surf Sci 463 (2019) 573–580. 
https://doi.org/10.1016/j.apsusc.2018.08.244. 

[56] Y. Du, B. Xu, T. Fu, M. Cai, F. Li, Y. Zhang, Q. Wang, Near-Infrared Photoluminescent 
Ag2S Quantum Dots from a Single Source Precursor, J Am Chem Soc 132 (2010) 1470–
1471. https://doi.org/10.1021/ja909490r. 

[57] T. Majumder, S. Dhar, P. Chakraborty, K. Debnath, S.P. Mondal, Advantages of ZnO 
nanotaper photoanodes in photoelectrochemical cells and graphene quantum dot sensitized 
solar cell applications, Journal of Electroanalytical Chemistry 813 (2018) 92–101. 
https://doi.org/10.1016/j.jelechem.2018.02.015. 

[58] W.K. Tan, K. Abdul Razak, Z. Lockman, G. Kawamura, H. Muto, A. Matsuda, 
Photoluminescence properties of rod-like Ce-doped ZnO nanostructured films formed by 
hot-water treatment of sol–gel derived coating, Opt Mater (Amst) 35 (2013) 1902–1907. 
https://doi.org/10.1016/j.optmat.2013.01.011. 

[59] X. Li, D. Liu, Z. Shi, J. Yang, Effect of Ag2S shell thickness on the photocatalytic properties 
of ZnO/Ag2S core–shell nanorod arrays, J Mater Sci 54 (2019) 1226–1235. 
https://doi.org/10.1007/s10853-018-2930-z. 

[60] W. Fan, S. Jewell, Y. She, M.K.H. Leung, In situ deposition of Ag–Ag2S hybrid 
nanoparticles onto TiO2 nanotube arrays towards fabrication of photoelectrodes with high 
visible light photoelectrochemical properties, Phys. Chem. Chem. Phys. 16 (2014) 676–680. 
https://doi.org/10.1039/C3CP54098G. 

[61] A. Das, T. Deka, P.M. Kumar, M. Bhagavathiachari, R.G. Nair, Ag-modified ZnO nanorods 
and its dual application in visible light-driven photoelectrochemical water oxidation and 
photocatalytic dye degradation: A correlation between optical and electrochemical 
properties, Advanced Powder Technology 33 (2022) 103434. 
https://doi.org/10.1016/j.apt.2022.103434. 

[62] W.K. Tan, H. Muto, T. Ito, G. Kawamura, Z. Lockman, A. Matsuda, Facile Fabrication of 
Plasmonic Enhanced Noble-Metal-Decorated ZnO Nanowire Arrays for Dye-Sensitized 
Solar Cells, J Nanosci Nanotechnol 20 (2020) 359–366. 
https://doi.org/10.1166/jnn.2020.17223. 

[63] J. Feng, Y. Li, Z. Gao, H. Lv, X. Zhang, D. Fan, Q. Wei, Visible-light driven label-free 
photoelectrochemical immunosensor based on TiO2/S-BiVO4@Ag2S nanocomposites for 
sensitive detection OTA, Biosens Bioelectron 99 (2018) 14–20. 
https://doi.org/10.1016/j.bios.2017.07.029. 



 121 

[64] P. Guan, H. Bai, F. Wang, H. Yu, D. Xu, B. Chen, T. Xia, W. Fan, W. Shi, Boosting Water 
Splitting Performance of BiVO4 Photoanode through Selective Surface Decoration of Ag2S, 
ChemCatChem 10 (2018) 4927–4933. https://doi.org/10.1002/cctc.201801199. 

[65] M. Karyaoui, D. ben Jemia, M. Daoudi, A. Bardaoui, A. Boukhachem, M. Amlouk, R. 
Chtourou, Physical properties of graphene oxide GO-doped ZnO thin films for 
optoelectronic application, Applied Physics A 127 (2021) 134. 
https://doi.org/10.1007/s00339-020-04269-9. 

[66] R.K. Chava, M. Kang, Ag2S quantum dot sensitized zinc oxide photoanodes for 
environment friendly photovoltaic devices, Mater Lett 199 (2017) 188–191. 
https://doi.org/10.1016/j.matlet.2017.04.078. 

[67] Y. Liu, X. Yan, Z. Kang, Y. Li, Y. Shen, Y. Sun, L. Wang, Y. Zhang, Synergistic Effect of 
Surface Plasmonic particles and Surface Passivation layer on ZnO Nanorods Array for 
Improved Photoelectrochemical Water Splitting, Sci Rep 6 (2016) 29907. 
https://doi.org/10.1038/srep29907. 

[68] F. Yan, Y. Wang, J. Zhang, Z. Lin, J. Zheng, F. Huang, Schottky or Ohmic Metal-
Semiconductor Contact: Influence on Photocatalytic Efficiency of Ag/ZnO and Pt/ZnO 
Model Systems, ChemSusChem 7 (2014) 101–104. https://doi.org/10.1002/cssc.201300818. 
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 122 

Chapter 5. TiO2 nanotube arrays/Bi2Se3 quantum dots as an efficient and stable 

photoanode for photoelectrochemical H2 generation 

5.1. Introduction 

Utilizing PEC and PC devices to split water using solar energy is seen as a potential 

approach to producing green H2 in a scalable and economically sustainable way [1–6]. PEC-WS 

is more efficient than its PC counterpart due to the following causes: (1) photogenerated electrons 

and holes are migrated in opposite directions, mitigating e−/h+ pairs recombination; (2) active sites 

are separated for water oxidation and reduction to lessen the possibility of the reverse reaction; 

and (3) external bias potential can be applied to enhance the built-in electric field to accelerate 

e−/h+ pairs mobility [7]. The essential component in the PEC-WS cell is the semiconductor 

photoelectrode that can absorb solar energy and produce e−/h+ pairs which are consumed in redox 

reactions. It also significantly affects the solar-to-hydrogen conversion efficiency [8–12]. 

Fujishima and Honda performed the initial research on TiO2 as an electrode for the electrochemical 

photolysis of H2O to H2 and O2 [13]. After that time, various studies have been done using TiO2-

based photoanodes for H2 production from H2O [14–17]. A lot of TiO2 nanostructures such as 

nanotube arrays [18], nanofibers [19], nanoparticles [20], nanorods [21,22], and nanowires [23] 

were applied as photoanodes for PEC-WS. TiO2 nanotube arrays (TNTAs) have distinctive 

properties, such as controlled morphology and minimal contact resistance at the interface between 

NTAs and substrate [24]. As well as a large surface area, promoting the diffusion of light and 

reactants through the full tubular depth with optimized morphology [25,26]. Well-aligned TNTAs 

are created on the Ti foil substrate using the anodization process and have been applied for 

numerous photocatalytic applications [27–30], moreover, the anodization is suitable for 

commercialization and scalability [31]. Though TNTAs have been extensively investigated as 

photoanodes because of their low cost and consistent photoconversion, their properties still need 

to be developed to boost their PEC performance. Great efforts have been made to overcome this 

issue, some studies concentrated on the decrease of the bandgap energy using chemical doping 

[32,33] and heterojunction with narrow bandgap semiconductors to improve the separation 

efficiency of e−/h+ pairs and mitigate their recombination [34,35]. Additionally, sensitization of 

TNTAs with plasmonic metals NPs [36], and QDs materials [27,37] can significantly improve the 
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light absorption ability. Among these diverse approaches, the sensitization of TNTAs with QDs 

materials is an excellent way to increase the efficiency of PEC system owing to the bandgap 

energy's flexibility, which varies according to the size of the QDs [38]. QDs materials have unique 

optoelectronic features due to the quantum confinement effect, involving adjustable bandgap 

energy, high extinction coefficient, and probability for multiple exciton generation [39–41].  

Recently, PEC devices that used QDs-based photoelectrodes have advanced rapidly [42–

44], through synthesizing QDs materials with adequate band structure and light absorption 

capability to improve the solar energy conversion [45], preparation of photoelectrodes with certain 

morphologies [46], improving the deposition techniques of QDs to optimize the loading [47,48], 

and designing the surface of photoelectrodes to ameliorate the charge mobility and maintain 

stability over time [49,50]. QDs photoelectrodes based on Pb and Cd chalcogenides are the most 

widely used in PEC-WS systems [51,52], due to the efficient charge mobility under Vis light 

excitation. Since these QDs are too harmful and unsuitable for large-scale applications, the use of 

QDs based on less hazardous and plentiful materials is necessary [53]. Bismuth-based QDs 

photoelectrodes are favorable due to their low toxicity and excellent electronic properties, such as 

small bandgap and high absorption coefficient [54]. Bi2Se3 has superb physical properties, 

involving adequate bandgap which can absorb a broad portion of the solar spectrum (~1.03–1.7 

eV), and effective charge mobility. Additionally, it is more plentiful and less poisonous [55,56]. 

Recently, Bi2Se3 has gained attention for a variety of uses, including optoelectronics, solar cells, 

and PEC devices [55,57,58]. However, the Bi2Se3 QDs haven't yet been studied as a sensitizer with 

TNTAs for H2 production through the PEC-WS technique. We expected that the heterojunction 

between Bi2Se3 QDs and TNTAs would increase the light absorption to the Vis region, offering 

an efficient photoelectrode for PEC H2 generation. 

In this study, we used a two-step anodization process to synthesize well-ordered TNTAs 

on Ti foil. Following that, we applied the SILAR technique to generate an efficient heterojunction 

with Bi2Se3 QDs. TNTAs/Bi2Se3 QDs photoanode displayed excellent PEC performance. The 

quantity of deposited Bi2Se3 QDs had a direct impact on the generated photocurrent density. The 

TNTAs/Bi2Se3 QDs fabricated by two SILAR cycles (2) achieved the highest photocurrent density 

at 1.23 V vs. RHE. The IPCE was 73% at 345 nm for TNTAs/Bi2Se3 QDs (2) and 53% for pristine 

TNTAs. Moreover, TNTAs/Bi2Se3 QDs (2) extended the light response to the Vis range owing to 
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the superb ability of deposited Bi2Se3 QDs to absorb the Vis light. TNTAs/Bi2Se3 QDs (2) also 

manifested excellent chemical stability for PEC H2 production over 7 hours. It is obvious that the 

type II heterojunction constructed at the interface between TNTAs and Bi2Se3 QDs ameliorated 

the e−/h+ pairs separation and improved the transfer of excited electrons to the Ti substrate, 

resulting in enhancing the PEC performance. 

5.2. Experimental  

5.2.1. Fabrication of TiO2 nanotube arrays 

TNTAs were grown on a Ti foil two-step anodization process [59]. A Ti foil (40 × 25 × 2 

mm3) was sonicated in acetone for 1 hour to be clean and then air dried. The first step of 

anodization was carried out using a two-electrode system, the Ti foil acted as the anode, and a Pt 

rod was used as the cathode. The electrolyte was ethylene glycol comprising 0.08 M NH4F and 1.3 

M deionized (DI) H2O. It was carried out under an applied potential of 60 V and at room 

temperature for 2 hours. The obtained anodized Ti foil was immediately treated in DI H2O under 

sonication for 1 hour to eliminate the formed oxide layer including disordered TNTAs and to gain 

periodic nanovoids on the Ti foil surface. The second step of anodization was carried out using the 

obtained nanovoid Ti foil as the anode and a plain Ti foil as the cathode. The electrolyte was 

ethylene glycol and dimethyl sulfoxide with a 1:1 volume ratio comprising 0.1 M NH4F and 1.5 

M DI H2O. it was carried out at 30 V for 30 minutes at 53°C. Following, the second anodization, 

the anodized Ti foil was kept in the electrolyte under stirring for 8 minutes at 53°C to remove the 

carbon-contaminated surface layer from TNTAs without destroying the nanotube arrays structure. 

This process is named post-anodization treatment [60]. The obtained sample was washed with 2-

propanol, air-dried, and annealed at 550°C for 1 hour in air to enhance the crystallinity of TNTAs. 

Lastly, the sample was washed with an aqueous solution of 0.05 M HCl. 
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5.2.2. Fabrication of TNTAs/Bi2Se3 QDs  

The SILAR process was used to deposit various quantities of Bi2Se3 QDs over TNTAs. It 

included the immersion of TNTAs formed on Ti foil in a cationic precursor of Bi(NO3)3•5H2O and 

an anionic precursor of chemically prepared sodium selenosulfate (Na2SeSO3). Firstly, 0.2 M 

Na2SeSO3 solution was freshly synthesized by refluxing 6.30 g of Na2SO3 and 1.57 g of Se powder 

in 100 mL of DI H2O under vigorous stirring at 70°C for 24 hours. The prepared solution was 

covered and kept overnight. The solution was then filtrated using filter paper to eliminate the 

unwanted sediment and was stored in a dark place for later use. The SILAR procedure involved 

sequential immersion of TNTAs for 1 minute in four solutions at room temperature; (1) cationic 

solution of 50 mM of Bi(NO3)3•5H2O (DI H2O: methanol (40 ml, 1:1 volume ratio)) added with 4 

mL of glycerol to enhance the solubility of Bi(NO3)3. (2) 40 mL of DI H2O: methanol (1:1 volume 

ratio). (3) anionic solution of 50 mM Na2SeSO3 in 40 mL of DI H2O. (4) 40 mL of DI H2O. The 

second and fourth solutions were necessary to remove the unreacted ions leading to the 

homogeneous growth of Bi2Se3 QDs. These four consecutive immersions formed one SILAR cycle.  

We deposited various cycles of Bi2Se3 QDs (one, two, and three) over TNTAs surface and 

expressed them as TNTAs/Bi2Se3 QDs (1), TNTAs/Bi2Se3 QDs (2), and TNTAs/Bi2Se3 QDs (3), 

respectively. To improve the interaction between Bi2Se3 QDs and TNTAs, the prepared 

TNTAs/Bi2Se3 QDs samples were then heated at 100 °C for 1 hour. 

5.2.3. Characterization  

 The crystallographic structure, morphology, Elemental composition, valence states, and 

UV-Vis diffuse reflectance spectroscopy of the prepared samples were investigated using the same 

devices explained in Chapter 2 in section 2.2.2. Moreover, PL properties were studied with the 

same device displayed in Chapter 3 in section 3.2.2. 

5.2.4. Photoelectrochemical measurements  

The PEC performance was investigated using a three-electrode cell with TNTAs or TNTAs 

decorated with Bi2Se3 QDs as the working electrode, Hg/HgO (1 M NaOH) as the reference 

electrode, and Pt coil as the counter electrode. Data were recorded using a potentiostat (BioLogic, 

VSP-300, France). The working electrode was irradiated (1 cm2 irradiated area) from the front side 
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utilizing a 300 W xenon lamp as a solar simulator with an air mass 1.5 global filter, adjusting the 

light intensity to 100 mW cm−2. 0.1 M Na2SO3/Na2S (pH = 12.4) was employed as the electrolyte, 

and it was purged with argon before the PEC determination. The LSV curves were determined at 

a scan rate of 10 mV/s. The EIS was measured at open circuit potential under irradiation and at 

105–10−2 Hz with 10 mV amplitude. The M-S curves were recorded under dark at 1 kHz. The EIS 

and M-S curves were recorded in 0.2 M Na2SO4 aqueous electrolyte (pH = 6.5) using Ag/AgCl (3 

M KCl) as the reference electrode. The rate of H2 production was measured using gas 

chromatography (Shimadzu, GC-8A, Japan) directly linked to a gas circulation apparatus 

(Makuhari Rikagaku Garasu Seisakujo, Japan) with argon as the carrier gas. The 

chronoamperometry test was measured by recording photocurrent-time curves to evaluate the 

stability of the prepared samples. The ABPE was calculated from the LSV results as previously 

explained in Chapter 2 in section 2.3.2.6.  

The IPCE was determined through photocurrent density measurement in a wavelength range 

of 325–850 nm by applying a monochromator light source at 1.23 V vs. RHE and estimated using 

equation (1) [61]: 

IPCE (%) = :'		6$!78
l	63!

	× 	100,                           (Eq. 5-1) 

where 𝑗1	, λ, and 𝐼4 are the photocurrent density, incident wavelength, and light power density, 

respectively. 

The Potential versus RHE was calculated by transforming the applied potential versus 

Hg/HgO and the applied potential versus Ag/AgCl as illustrated in Chapter 2 in section 2.2.3. 

5.3. Results and discussion  

5.3.1. Characterization of prepared samples 

The crystalline structure of pure TNTAs after the annealing process and TNTAs decorated 

with different SILAR cycles (1,2, and 3) of Bi2Se3 QDs was investigated using XRD analysis as 

depicted in Figure 5-1. All investigated samples manifested diffraction peaks regarding to the Ti 

foil substrate (JCPDS no. 44-1294) and the anatase phase of TiO2 (JCPDS no. 73-1764) [62]. 
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However, the distinctive peaks of Bi2Se3 QDs were not noticed maybe owing to their lower amount 

and smaller particle size than TNTAs. 

The morphology of the synthesized samples was studied through SEM analysis. Figure 5-

2a illustrates the successful preparation of TNTAs manifesting well-aligned nanoporous structure 

with 50–60 nm diameter.  The cross-section view showed that TNTAs were grown with a well-

ordered nanoporous surface and vertically aligned nanotubes with ~5 µm length (Figure 5-2b). 

Figure 5-2c–h illustrates the top and cross-section views of TNTAs decorated with different 

SILAR cycles (1,2, and 3). It is obvious that, even after several SILAR cycles, the nanotube array 

structure was preserved, and the TNTAs' surface became rough. This result verified the deposition 

of Bi2Se3 QDs on the internal and external surfaces of TNTAs without significant agglomeration. 

Additionally, TNTAs diameter was noticeably shrunk to 30–50 nm after raising the amount of 

Bi2Se3 QDs (Figure 5-2g). 

 

 
Figure 5-1. XRD patterns of pure TNTAs and TNTAs decorated with different SILAR cycles of 

Bi2Se3 QDs. 
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Figure 5-2. SEM images of (a, b) pure TNTAs, (c, d) one cycle, (e, f) two cycles, and (g, h) three 

cycles of the SILAR process for depositing Bi2Se3 QDs. 

 

(a) 

(c) 

(b) 

(d) 

(e) (f) 

(g) (h) 
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STEM-EDX investigation was carried out to examine the microscopic structure of the 

prepared TNTAs/Bi2Se3 QDs sample. Figure 5-3a–c illustrates the homogeneous dispersion of 

Bi2Se3 QDs on the walls of TNTAs. Bi2Se3 QDs were deposited with particle size less than 2 nm 

without agglomeration. The EDX analysis (Figure 5-3d) confirmed the existence of Bi and Se 

elements. Ti was found in greater quantity than O because Ti foil was utilized as the substrate. 

Additionally, a larger quantity of Bi was found than Se. This point will be elucidated in the next 

section with the discussion of XPS data. 

 

Figure 5-3. STEM-EDX analysis of TNTAs/Bi2Se3 QDs (2). (a) Dark-field STEM image 

overlapped with (b) Bi and (c) Se EDX mappings. (d) Corresponding EDX spectrum.  
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XPS analysis was employed to study the surface composition and elemental chemical states 

of the synthesized samples. The survey spectrum of TNTAs/Bi2Se3 QDs (2) approved the existence 

of Ti, O, Bi, and Se elements in addition to C contaminants, clarifying the successful deposition 

of Bi2Se3 QDs on the surface of TNTAs. Figure 5-4 presents the high-resolution spectrum of all 

present elements. Ti 2p demonstrated two peaks at 464.7 and 458.9 eV matched to Ti 2p1/2 and Ti 

2p3/2, respectively; this was ascribed to the existence of Ti in Ti4+ oxidation state (Figure 5-4a). O 

1s displayed a peak at 530.2 eV attributed to the lattice oxygen from TiO2 (Figure 5-4b). The Bi 

4f peaks split into two doublet states (Figure 5-4c). Bi 4f7/2 peaks at 164.6 and 163.3 eV and Bi 

4f5/2 peaks at 159.4 and 158.0 eV verified the existence of Bi-Se bonding in the Bi3+ oxidation state 

and Bi-O bonding, which has stronger binding energies than Bi-Se [56,63,64]. This data indicated 

that a bismuth oxide thin layer formed on the Bi2Se3 QDs surface during QDs deposition in the 

ambient atmosphere. This result further elucidated the observation that Bi is present in larger 

quantity than Se in the EDX analysis in Figure 5-3d. Se 3d exhibited two peaks at 54 and 53.2 eV 

corresponding to Se 3d3/2 and Se 3d5/2, respectively (Figure 5-4d), approving Se2− presence in 

Bi2Se3 QDs [55]. 

 

Figure 5-4. XPS spectra of TNTAs/Bi2Se3 QDs (2) presenting the high-resolution spectra of (a) 

Ti 2p, (b) O 1s, (c) Bi 4f, and (d) Se 3d elements. 

(a) (b) 

(c) (d) 
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The diffuse reflectance UV-Vis spectra were measured to study the optical properties of 

pure TNTAs, TNTAs/Bi2Se3 QDs (1), TNTAs/Bi2Se3 QDs (2), and TNTAs/Bi2Se3 QDs (3) 

samples as exhibited in Figure 5-5a. The presence of multi-absorption peaks in the UV and Vis 

zones, especially for pure TNTAs and TNTAs/Bi2Se3 QDs (1), was assigned to the periodic 

nanoporous structure of TNTAs, which can cause strong optical interference in the top photonic 

layer of TNTAs [65]. Bi2Se3 QDs deposition over TNTAs, improved the Vis light absorption, 

especially after two and three SILAR cycles. The bandgap energy of bare TNTAs and 

TNTAs/Bi2Se3 QDs (2) was calculated using Kubelka–Munk function [66]. Figure 5-5b reveals 

that the deposition of Bi2Se3 QDs (2) over TNTAs dramatically decreased the bandgap energy 

from 3.2 eV to 1.3 eV, resulting in enhancing Vis light absorption. 

 

Figure 5-5. (a) Diffuse reflectance UV-Vis spectra of pure TNTAs, TNTAs/Bi2Se3 QDs (1), 

TNTAs/Bi2Se3 QDs (2), and TNTAs/Bi2Se3 QDs (3) samples; (b) bandgap energy of pure TNTAs 

and TNTAs/Bi2Se3 QDs (2). 

Figure 5-6 exhibits the PL spectra of pure TNTAs and TNTAs decorated with different 

SILAR (1, 2, and 3) cycles of Bi2Se3 QDs. All investigated samples displayed a broad and strong 

emission peak between 400 and 850 nm. The PL intensity raised in the order of TNTAs/Bi2Se3 

QDs (3) < TNTAs/Bi2Se3 QDs (2) < TNTAs/Bi2Se3 QDs (1) < bare TNTAs. This behavior was 

inversely correlated to the e−/h+ pairs separation efficiency. The e−/h+ pairs separation efficiency 

was the lowest in pure TNTAs and was enhanced by increasing the SILAR cycles of Bi2Se3 QDs. 

This result verified that the recombination rate of e−/h+ pairs decreased with increasing the 

deposited amount of Bi2Se3 QDs. 

(a) (b) 
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Figure 5-6. PL spectra of pure TNTAs, TNTAs/Bi2Se3 QDs (1), TNTAs/Bi2Se3 QDs (2), and 

TNTAs/Bi2Se3 QDs (3). 

5.3.2. Photoelectrochemical performance 

5.3.2.1. Linear sweep voltammetry  

Figure 5-7a presents the LSV curves of pure TNTAs, TNTAs/Bi2Se3 QDs (1), 

TNTAs/Bi2Se3 QDs (2), and TNTAs/Bi2Se3 QDs (3) photoanodes under dark conditions (dot lines) 

and light irradiation (solid lines). All studied samples attained a low current density of ≤ 0.034 

mA cm−2 at 1.23 V vs. RHE under dark conditions. While, under light irradiation, the photocurrent 

density of all investigated samples was significantly enhanced. Pure TNTAs demonstrated the 

lowest photocurrent density (0.46 mA cm−2), however, the deposition of Bi2Se3 QDs remarkably 

improved the photocurrent. TNTAs/Bi2Se3 QDs (1), TNTAs/Bi2Se3 QDs (2), and TNTAs/Bi2Se3 

QDs (3) photoanodes achieved photocurrent density of 1.04, 1.75, and 1.11 mA cm−2, respectively. 

The TNTAs/Bi2Se3 QDs (2) photoanode exhibited the highest photocurrent density which was 

~3.8 times higher than pure TNTAs. This improved photocurrent density can be attributed to the 

extended light absorption to the Vis zone and the developed electronic properties after the 

deposition of Bi2Se3 QDs. Moreover, the onset potential of all samples of TNTAs decorated with 

different cycles of Bi2Se3 QDs was negatively shifted compared to pure TNTAs, confirming that 
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the heterojunction constructed between TNTAs and Bi2Se3 QDs reduced the band bend necessary 

for e−/h+ pairs separation. 

The transient photocurrent versus the applied potential was recorded for pure TNTAs and 

TNTAs decorated with different SILAR cycles (1,2, and 3) of Bi2Se3 QDs as depicted in Figure 

5-7b. Bi2Se3 QDs deposition over TNTAs surface considerably enhanced the photocurrent density. 

It was observed that there is a relationship between the deposited amount of Bi2Se3 QDs and the 

generated photocurrent density. The generated photocurrent density in the case of TNTAs/Bi2Se3 

QDs (2) photoanode was ~ 3.8 folds higher than pure TNTAs. 

5.3.2.2.Photoconversion efficiency 

Figure 5-7c illustrates the ABPE plots as a function of applied potential versus RHE of 

pure TNTAs and TNTAs decorated with different SILAR cycles of Bi2Se3 QDs. Pure TNTAs 

demonstrated the lowest photoconversion efficiency of 0.47% at 0.18 V vs. RHE, and 

TNTAs/Bi2Se3 QDs (2) significantly improved it to 1.13% at 0.38 V vs. RHE. This result is 

consistent with the LSV results and further verified that the Bi2Se3 QDs deposition over TNTAs 

can efficiently boost the PEC performance. Figure 5-7d presents the IPCE of pure TNTAs and 

TNTAs/Bi2Se3 QDs (2) photoanodes with values of 53% and 73%, respectively, at 345 nm. 

Additionally, TNTAs/Bi2Se3 QDs (2) photoanode exhibited the photoresponse until 800 nm. This 

behavior was ascribed to the low charge recombination rate and Vis light absorption provided by 

deposited Bi2Se3 QDs. 
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Figure 5-7. (a) LSV curves; (b) dark/photocurrent density as a variable of applied potential in 

different on/off cycles interrupted illumination; (c) ABPE curves as a variable of the applied 

potential of pure TNTAs and TNTAs decorated with different SILAR cycles for Bi2Se3 QDs; (d) 

IPCE spectra (1.23 V vs. RHE) of pure TNTAs and TNTAs/Bi2Se3 QDs (2). 

5.3.2.3. Mott–Schottky  

The M-S plots were recorded to investigate the type and conductivity of the studied 

samples. Figure 5-8a displays the positive slopes of pure TNTAs and TNTAs/Bi2Se3 QDs (2), 

approving that both photoelectrodes are n-type semiconductors. The Efb of TNTAs and 

TNTAs/Bi2Se3 QDs (2) was 0.20 V and 0.05 V vs. RHE, respectively. The Efb of TNTAs/Bi2Se3 

QDs (2) was negatively shifted dramatically compared to pure TNTAs, indicating that the efficient 

e−/h+ pairs mobility would enhance the PEC performance.  

(a) 

(c) 

(b) 

(d) 
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5.3.2.4.  Electrochemical impedance spectroscopy 

EIS measurement is a powerful technique to investigate interfacial properties between the 

photoelectrode and electrolyte. The Nyquist plots of pure TNTAs and TNTAs/Bi2Se3 QDs (2) 

photoanodes are shown in Figure 5-8b,c, respectively. The recorded data were fitted with the 

ZView software (Scribner Associates, USA) utilizing the corresponding equivalent circuit model, 

which helped in estimating the Rct. The obtained Rct for TNTAs and TNTAs/Bi2Se3 QDs (2) was 

5400 W and 47.72 W, respectively. The smaller Rct of the TNTAs/Bi2Se3 QDs (2) photoanode than 

pure TNTAs approved the facile charge carrier separation and transfer following the deposition of 

Bi2Se3 QDs. 

5.3.2.5.Chronoamperometry and H2 generation 

The photoelectrode's long-term stability is an important factor in reducing the price of the 

PEC H2 generation. Thus, the stability of pure TNTAs and TNTAs/Bi2Se3 QDs (2) photoanodes 

was recorded through the chronoamperometry measurement at 1.23 V vs. RHE under light 

illumination. Figure 5-8d illustrates that pure TNTAs and TNTAs/Bi2Se3 QDs (2) were stable 

over 7 hours. During the chronoamperometry measurement, the H2 production amount using pure 

TNTAs and TNTAs/Bi2Se3 QDs (2) photoanodes was measured as a function of time under light 

irradiation (Figure 5-9a). Regarding TNTAs, the produced amount of H2 increased over time, 

although the quantity was difficult to determine during the first and second hours probably because 

it was very small. The total amount of H2 produced using TNTAs/Bi2Se3 QDs (2) photoanode was 

355.8 µmol after 5 hours, which is ~ 3.3 times higher than pure TNTAs (105.3 µmol). This can be 

attributed to the efficient band alignment, which mitigated e−/h+ pairs recombination. Moreover, 

the deposited Bi2Se3 QDs acted as a photosensitizer transforming the incident photons to electrons, 

resulting in a rise in photocurrent density and H2 production amount.  

5.3.2.6. Characterization of used samples after chronoamperometry test 

After chronoamperometry, the used samples of pure TNTAs and TNTAs/Bi2Se3 QDs (2) 

were studied using XRD and SEM analyses. The XRD pattern (Figure 5-9b) and SEM images of 

TNTAs (Figure 5-9c) and TNTAs/Bi2Se3 QDs (2) (Figure 5-9d) illustrated that the crystal 
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structure and surface morphology of both samples did not deteriorate after 7 hours of PEC 

reactions.  

 

Figure 5-8. (a) Mott–Schottky curves of pure TNTAs and TNTAs/Bi2Se3 QDs (2); Nyquist plots 

of (b) pure TNTAs and (c) TNTAs/Bi2Se3 QDs (2) photoanodes; (d) chronoamperometry 

measurement of pure TNTAs and TNTAs/Bi2Se3 QDs (2) photoanodes.  

 

 

 

 

(a) 

(c) 

(b) 

(d) 
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Figure 5-9. (a) H2 production amount at 1.23 V vs. RHE. (b) XRD pattern and SEM images of (c) 

pure TNTAs, and (d) TNTAs/Bi2Se3 QDs (2) after chronoamperometry test.  

5.3.3. Photoelectrochemical mechanism  

The suggested mechanism of PEC H2 production using the TNTAs/Bi2Se3 QDs photoanode 

is depicted in Figure 5-10. A type II heterojunction was created between TNTAs and Bi2Se3 QDs 

due to their appropriate energy band positions. The photogenerated electrons migrated from the 

CB of Bi2Se3 to the CB of TNTAs and then drifted through the Ti substrate and external circuit to 

the Pt counter electrode to reduce H2O to H2. The photogenerated holes migrated from the VB of 

TNTAs to the VB of Bi2Se3 where they were captured by the sacrificial reagent. The recombination 

rate of e−/h+ pairs was significantly decreased owing to the opposite directions of electrons and 

holes transfer. Consequently, the created type II heterojunction facilitated the e−/h+ pairs mobility 

and inhibited their recombination rate, resulting in boosted PEC performance and increased H2 

production. 

(a) 

(b) 

(c) (d) 



 138 

 

Figure 5-10. Schematic illustration of the PEC H2 production mechanism on TNTAs/Bi2Se3 QDs 

photoanode. 

5.4. Conclusions 

TNTAs were successfully decorated with various quantities of Bi2Se3 QDs using the 

SILAR procedure to construct TNTAs/Bi2Se3 QDs heterojunction composite. STEM-EDX study 

revealed the homogeneous dispersion of Bi2Se3 QDs with particle size less than 2 nm on TNTAs 

walls. Additionally, the PL spectra clarified that the efficiency of e−/h+ pairs separation was 

improved by increasing the SILAR cycles of Bi2Se3 QDs. The type II heterojunction generated at 

the TNTAs/Bi2Se3 QDs interface improved the PEC performance and H2 production. The 

TNTAs/Bi2Se3 QDs (2) photoanode achieved the highest photocurrent density of 1.75 mA cm−2, 

which is 3.8 folds higher than pure TNTAs (0.46 mA cm−2) at 1.23 V vs. RHE. The ABPE and 

IPCE of the TNTAs/Bi2Se3 QDs (2) photoanode were significantly enhanced compared with those 

of pure TNTAs. The M-S plots manifested that the Efb of TNTAs/Bi2Se3 QDs (2) negatively shifted 

remarkably compared with that of pure TNTAs, confirming that the efficient e−/h+ pairs mobility 

enhanced the PEC performance. The EIS determination revealed that TNTAs/Bi2Se3 QDs (2) have 

lower Rct (47.72 W) than pure TNTAs (5400 W) which implied the improvement of e−/h+ pairs 

separation and mobility after the deposition Bi2Se3 QDs. TNTAs/Bi2Se3 QDs (2) extended the light 

response to the Vis zone (up to 800 nm) and boosted the H2 production amount of 355.8 µmol after 

5 hours; this quantity is 3.3 folds greater than in case of pure TNTAs (105.3 µmol) at 1.23 V vs. 

RHE. Moreover, the TNTAs/Bi2Se3 QDs (2) photoanode demonstrated excellent stability for PEC 
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performance over 7 hours. Several characterizations disclosed the fundamental causes for 

improving the PEC performance and H2 production quantity using TNTAs/Bi2Se3 QD photoanode 

as follows; (1) the enhanced Vis light absorption assigned to the deposited Bi2Se3 QDs, (2) the rise 

of charge carrier density and the reduction of the flat band potential, and (3) the decline of the 

charge transfer resistance and facile charge mobility. 
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Chapter 6. General Conclusions  

In this thesis, we focused on improving the PEC performance of metal oxide 

semiconductors through two pathways; (1) plasmonic metal NPs doping. (2) heterojunction with 

MCs QDs materials which have narrow bandgap energy. Chapters 1 to 6 illustrated a general 

overview about PEC-WS technology and various studies for developing efficient photoelectrodes 

and their application for PEC-WS as follows; 

Chapter 1 

This chapter explains an overview about the PEC-WS technique and substance 

requirements to achieve high PEC efficiency. 

Chapter 2 

ANPor WO3 was successfully grown on a W sheet through an anodization process, 

followed by heterojunction formation with Bi2S3 QDs using SILAR procedure, and investigated 

for PEC-WS. The ANPor WO3/Bi2S3 QDs (10) photoanode achieved the highest photocurrent 

density of 16.28 mA cm−2 at 0.95 V vs. RHE, which is ~ 19 folds higher than that of pure ANPor 

WO3 (0.85 mA cm−2). Additionally, it displayed a maximum photoconversion efficiency of 4.1% 

at 0.66 V vs. RHE and formed 3.59 mmol of H2 after 5 h. This was attributed to the suitable 

deposited quantity and uniform distribution of Bi2S3 QDs on the WO3 surface. Furthermore, the 

ANPor WO3/Bi2S3 QDs (10) heterojunction demonstrated higher Vis light absorption capability, 

higher charge density, and lower charge transfer resistance than pure ANPor WO3 verified by UV–

Vis DRS, M-S, and EIS results respectively. This significantly improved PEC-WS performance 

was also due to the generation of type-II heterojunction between ANPor WO3 and Bi2S3 QDs, 

ameliorating the e−/h+ pairs separation and mobility. 

Chapter 3 

A facile and efficient procedure for synthesizing distinct ZnO NPGs by an aqueous 

chemical downward technique was developed. Subsequently, ZnO NPGs were decorated with 

various amounts of Ag NPs using the SILAR procedure. The quantity of Ag NPs was controlled 
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by adjusting the number of SILAR cycles (2, 4, 6, 8, and 10). The quantity of Ag NPs deposited 

on the surface of ZnO NPGs substantially affected the PEC performance. The ZnO NPGs/Ag NPs 

photoanode with an optimum eight cycles deposition of Ag NPs demonstrated the highest 

photocurrent of 2.15 mA cm−2 at 1.23 V vs RHE and remarkably boosted the photoconversion 

efficiency. The hot electrons transfer from Ag NPs to the CB of ZnO NPGs under Vis light due to 

the LSPR effect. The enhanced PEC performance using ZnO NPGs/Ag NPs photoanode was 

attributed to the following reasons: (1) the unique superstructure characteristics of ZnO NPGs that 

increased scattering, enhanced light absorption, and inhibited e−/h+ pairs recombination. (2) The 

deposition of plasmonic Ag NPs ameliorated the interfacial mobility of charge carriers between 

photoelectrode and electrolyte, as well as enhanced the Vis light response owing to their LSPR 

effect. 

Chapter 4 

The unique morphology of ZnO NPGs was decorated with different quantities of Ag-Ag2S 

NPs utilizing the SILAR procedure. The morphological investigation revealed that the deposited 

amount of Ag-Ag2S NPs on the surface of ZnO NPGs raised with the number of SILAR cycles 

and covered the whole ZnO NPGs’ surface and edges, keeping them grainy and rough. The 

deposited quantity of Ag-Ag2S NPs on ZnO NPGs considerably influenced the PEC performance. 

The deposition of 8 SILAR cycles of Ag-Ag2S NPs on ZnO NPGs attained the maximum 

photocurrent of 2.91 mA cm−2 at 1.23 V vs. RHE, five folds greater than pristine ZnO NPGs. 

Moreover, it exhibited the highest ABPE of 0.43% at 0.6 V vs. RHE. This boosted PEC efficiency 

was assigned to the vital role of co-deposited Ag and Ag2S NPs, which synergistically increased 

Vis light absorption and ameliorated e−/h+ pairs separation that inhibited their recombination. 

Chapter 5 

TNTAs were successfully grown on a Ti sheet through two steps anodization process and 

decorated with different quantities of Bi2Se3 QDs using the SILAR procedure to construct 

TNTAs/Bi2Se3 QDs heterojunction composite. STEM-EDX study disclosed the homogeneous 

dispersion of Bi2Se3 QDs with particle size less than 2 nm on TNTAs walls. Additionally, the PL 

spectra clarified that the efficiency of e−/h+ pairs separation was improved by increasing the SILAR 
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cycles of Bi2Se3 QDs. The type II heterojunction generated at the TNTAs/Bi2Se3 QDs interface 

enhanced the PEC performance and H2 production. The TNTAs/Bi2Se3 QDs (2) photoanode 

attained the highest photocurrent density of 1.75 mA cm−2, which is 3.8 folds higher than pure 

TNTAs (0.46 mA cm−2) at 1.23 V vs. RHE. The ABPE and IPCE of the TNTAs/Bi2Se3 QDs (2) 

photoanode were significantly enhanced compared with those of pure TNTAs. The M-S plots 

manifested that the Efb of TNTAs/Bi2Se3 QDs (2) negatively shifted remarkably compared with 

that of pure TNTAs, proving that the efficient mobility of e−/h+ pairs enhanced the PEC 

performance. The EIS measurement revealed that TNTAs/Bi2Se3 QDs (2) have lower Rct (47.72 

W) than pure TNTAs (5400 W) which implied the improvement of e−/h+ pairs separation and 

mobility after the deposition Bi2Se3 QDs. TNTAs/Bi2Se3 QDs (2) extended the light response to 

the Vis zone (up to 800 nm) and boosted the H2 production amount of 355.8 µmol after 5 hours; 

this quantity is ~ 3.3 folds greater than pure TNTAs (105.3 µmol) at 1.23 V vs. RHE. Moreover, 

the TNTAs/Bi2Se3 QDs (2) photoanode exhibited excellent stability for PEC performance over 7 

hours. Several characterizations disclosed the main causes for improving the PEC performance 

and H2 production using TNTAs/Bi2Se3 QDs photoanode as follows; (1) the enhanced Vis light 

absorption assigned to the deposited Bi2Se3 QDs, (2) the rise of charge carrier density and the 

reduction of the Efb, and (3) the decline of the charge transfer resistance and facile charge mobility.  

 

Future perspectives 

1- Design hybrid (organic and inorganic) photoelectrodes to absorb a wide range of solar 

spectrum, demonstrate high stability, and achieve high photoconversion efficiency.  

2- Exploring semiconductors with quantum structures to ameliorate charge carrier 

separation/mobility and reduce charge recombination rate by quantum confinement. 
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