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   :الولخص

حؼُذّ المحفضاث الضىئٍت الفؼّبلت المغخخذمت فً ػملٍت إنخبج الهٍذسوجٍن ببعتخخذا  الابةتت السمغتٍت متن التح الخحتذٌبث الختً حىاجت  

حقُذّ  لزه الىسةت البحثٍت دساعتت  لبيٍتت وحشبٍتخ وئصتبئت الخحفٍتض الضتىئً لمشببتبث نبنىٌتت و ،ححىٌل الابةت إلى طبةت مغخذامت

راث ئصبئت بلاصمىنٍت، والخً صُممج بقذسة محغّيت ػلتى امخصتبا الضتى   (TiO2-Au)   والزلخمن ثبنً ابغٍذ الخٍخبنٍى

جل، بمتب حمّتج مؼبلهخهتب ويٍفٍ تب -حح إنخبج جضٌئبث ثبنً ابغٍذ الخٍخبنٍى  اليبنىٌت ببعخخذا  طشٌقت عىلو ،المشئً وفصل السحيبث

حذودة. ححّ الخحقق من الاىس البلىسي انبحبص لثبنً ابغٍذ الخٍخبنٍى  ببعخخذا  جضٌئبث الزلخ اليبنىٌت ػبش طشٌقت ائخضال بٍمٍبئً م

والمههتتش  (XRD) وحىصٌتتغ التتزلخ المخهتتبنظ متتن ئتتلال ححلٍتتل وتتبمل للبيٍتتت والستت ل ببعتتخخذا  حقيٍتتبث  ٍتتىد ا وتتؼت الغتتٍيٍت

 (LSPR) حً المىضتؼًحتحّ ححذٌتذ سنتٍن البلاصمتىس الغتا .(TEM) والمههتش الإل خشونتً اليبفتز (SEM) الإل خشونً المبعت 

للتتزلخ متتن ئتتلال حىصتتٍا بصتتشي ببعتتخخذا  ماٍبفٍتتت ا نؼ تتبط الميخستتش ل وتتؼت فتتىم البيفغتتهٍت والمشئٍتتت وماٍبفٍتتت الختت لق 

تب فتً إػتبدة حشبٍتخ الإل ختشوس ب ملحىي ب نحى ا  مش لحبفت ا مخصبا وانخفبض  ابتذ و ،الفهتىة -الضىئً، والخً ايهشث انضٌب  

 خشونً ةىي بٍن الزلخ وثبنً ابغٍذ الخٍخبنٍى ، ممب صاد متن انخقتبل الستحيت ػيتذ الغتا  البٍيتً. وةتذ وجىد حفبػل إل XPS ححلٍل

ايهشث ائخببساث إنخبج الهٍذسوجٍن الضىئً صٌبدة ملحىيت فً مؼذل إنختبج الهٍتذسوجٍن فتً وجتىد الضتى  المشئتً، ممتب ٌ بتذ 

وحح ححذٌذ حغبسع  شبت الستحيت وإطبلتت ػمتش  تبملاث الستحيت متن  ،الابٍؼت الخآصسٌت للإثبسة البلاصمىنٍت وح ىٌن  بجض وىح ً

ئتتلال مؼلىمتتبث  لٍتتت مغتتخيذة إلتتى ةٍبعتتبث الههتتذ الضتتىئً الضميتتً ومؼبوةتتت الخحلٍتتل ال هشوبٍمٍتتبئً. ودػُمتتج ا دلتتت الخهشٌبٍتتت 

ٍن التزلخ وثتبنً ابغتٍذ الخً ايهشث وجتىد حمشبتض فؼتبل للستحيت ػيتذ الغتا  البٍيتً بت (DFT) بمحبببة نظشٌت ال ثبفت الىيٍفٍت

التزلخ اليتبنىي المقختشم بمغتخقبل واػتذ فتً حاتىٌش محفتضاث ضتىئٍت ػبلٍتت ا دا  -الخٍخبنٍى . وٌبُسش مشبخ ثبنً ابغٍذ الخٍخبنٍى 

 .حؼمل ببلابةت السمغٍت لإنخبج الهٍذسوجٍن ا ئضش
 

 صمتتىنً، مشبتتخ نتتبنىيفصتتل الستتحيبث، نظشٌتتت ال ثبفتتت الىيٍفٍتتت، حاتتىس الهٍتتذسوجٍن، المحفتتض الضتتىئً البلا الكلوااات الذالااة:

TiO₂–Au. . 

Abstract 

Efficient photocatalysts to be utilized in the process of hydrogen generation using solar energy are also 

considered to be one of the major challenges to realize the process of energy conversion into the sphere of 

sustainability. This paper presents the architecture, synthesis and photocatalytic study of plasmonic TiO2-

Au nanocomposites that had been designed with improved ability to absorb visible-light and charge 
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separation. The TiO2 nanoparticles were produced through a sol-gel process and also functionalized using 

gold nanoparticles using a limited chemical reduction method. The crystalline phase anatase of TiO2 and 

even dispersion of the Au was validated by comprehensive structural and morphological analysis by XRD, 

SEM, and TEM. Localized surface plasmon resonance (LSPR) of Au was identified by optical 

characterization using UV-Vis diffuse reflectance and photoluminescence spectroscopy which showed a 

significant red-shift of the absorption edge and lower electron-hole recombination. XPS analysis also 

confirmed that there was good electronic interaction between Au and TiO2, which increased interfacial 

charge transfer. The pace of H2 evolution was shown to increase significantly in the presence of visible 

light when using photocatalytic hydrogen evolution tests under visible light illumination in confirmation 

of the synergistic nature of plasmonic excitation and Schottky barrier formation. The accelerated charge 

movement and extended carrier lifetimes were identified by mechanistic information based on temporal 

photovoltage and electrochemical impedance spectroscopy. Experimental evidence was supported by 

Density Functional Theory (DFT) simulations which showed the existence of effective charge 

delocalization at the Au-TiO2 interface. The proposed TiO2-Au nanocomposite presents a bright future in 

the development of high-performance solar-active catalysts of photocatalysts in generation of green 

hydrogen. 
 

Keywords: Charge separation, Density Functional Theory, Hydrogen evolution, Plasmonic photocatalyst, 

TiO₂–Au nanocomposite. 

1. Introduction 

The exhaustive use of fossil fuels and the crisis of the environment have compelled people in the scientific 

community to study the sustainable and renewable energy technologies. One of them, photocatalytic water splitting 

to generate hydrogen with solar power, has become one of the most promising paths to clean energy [1], [2]. 

Titanium dioxide (TiO 2 ) is a semiconductor photocatalyst that has received a lot of research because of its chemical 

stability, non-toxicity, and cost-efficacy. Nevertheless, it has a large bandgap (~3.2 eV), which limits its use of 

photons to the ultraviolet (UV) range, only 5 per cent of its solar energy utilization efficiency [3], [4]. To overcome 

this natural shortcoming, it is necessary to develop new methods that could also increase the optical absorption of 

TiO2 into the visible range and enhance the efficiency of the separation of charge carriers [5], [6]. 

Within recent years, plasmonic noble metals, in particular, gold (Au), have been integrated with semiconductor 

materials with an astonishing potential in improving the photocatalytic activity [7], [8]. Au nanoparticles are also 

capable of localized surface plasmon resonance (LSPR) that triggers a significant enhancement of the 

electromagnetic field and the generation of hot-electrons into TiO2 conduction band, leading to the absorption of the 

visible light and the rapid charge transfer [9], [10]. Not only does the synergistic interaction between Au and TiO2 

broaden the spectral response, but also forms Schottky junctions as effective electron sinks that inhibit charge 

recombination [11], [12]. These plasmonic hybrid systems have demonstrated effective results in the various 

applications such as photocatalytic hydrogen evolution, reducing CO2, and destroying pollutants [13], [14], [15]. 

Although there have been great advances in developing the plasmonic TiO2-based photocatalysts, there are still 

numerous difficulties. To begin with, photocatalytic efficiency heavily depends on the control of the size, dispersion 

of Au nanoparticles, and interfacial bonding, whilst the vast majority of synthetical methods produce non-uniform 

structures with inhomogeneous Au-TiO2 coupling [16]. Second, the mechanistic study of the plasmon-induced 

charge transfer mechanisms is not fully understood, especially in terms of the competition of hot-electron injection 

with recombination losses when excited in the visible range [17], [18]. Moreover, the correlation between the tuning 

of electronic structure and the photocatalytic hydrogen evolution activity needs further theoretical investigation [19], 

[20]. Most contemporary designs do not appear to be systematically integrated with experimental characterization 

and density functional theory (DFT) modeling, which has the potential to give atomistic information on charge 

dynamics [21], [22]. Therefore, there is the dire need to come up with optimized plasmonic TiO2-Au 

nanocomposites that combat such shortcomings by a joint experimental and theoretical confirmation. 

The purpose of this research is to design, synthesize, and analyze plasmonic TiO2-Au nanocomposites to produce 

more hydrogen using solar energy. The targeted goals are the following: 

1. To prepare TiO 2 nanoparticles using the sol-gel or hydrothermal technique and then place Au nanoparticles 

using a regulated bi-reduction method to achieve optimal dispersion and interfacial connectivity. 
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2. To describe the structural, optical, and chemical characteristics with the help of the sophisticated analytical 

methods, i.e. X-ray diffraction (XRD), transmission and scanning electron microscopy (TEM/SEM), UV-Vis 

diffuse reflectance spectroscopy (DRS), photoluminescence (PL), and X-ray photoelectron spectroscopy (XPS). 

3. To compare photocatalytic activity of hydrogen evolution under the light of visible wavelength with aqueous 

methanol as a sacrificial donor in a gas chromatographic way. 

4. To determine charge transfer processes and kinetics with the help of transient photovoltage and electrochemical 

impedance spectroscopy (EIS). 

5. In order to corroborate experimental results with DFT-based modeling, give information about electronic 

structural changes and interfacial charge transfer. 

The significant contribution that this work has made is due to the fully integrated experimental validation and 

theoretical modeling to establish a plasmonic TiO2-Au system that can be used to attain a high photocatalytic 

hydrogen evolution efficiency. The produced nanocomposite should show superior light-harvesting, charge 

separation, and carrier lifetime, which resolve the major challenges to the scalability of solar hydrogen technologies 

[23], [24], [25]. 

What is new in the framework presented is the fact that it was rationally designed to take advantage of the plasmonic 

nature of gold to enhance visible-light-driven hydrogen production with TiO2-Au nanocomposites. As opposed to 

the traditional photocatalysts, which mainly use bandgap engineering, the current study uses a plasmonic-

semiconductor coupling strategy, where hot-electron injection and facilitation of interfacial charge transfer become 

possible. The sol-gel synthesis with controlled reduction of chemicals is used to obtain accurate anchoring of the Au 

nanoparticles on the TiO2 surfaces, and development of stable Schottky junctions inhibiting recombination and 

lengthening the carrier lifetimes. Incorporated transient photovoltage measurement and DFT simulations allow one 

to understand the electronic structure and reaction pathway in a multiscale way that allows connecting experimental 

data to atomistic modeling [26], [27]. Such combined approach makes the TiO2-Au system an efficient and 

reproducible plasmonic photocatalyst to achieve sustainable green hydrogen production, which can be used as a 

template of the next generation of solar fuel technologies [13], [16], [19]. 

2. Literature Review 

Photocatalytic hydrogen production has experienced a considerable growth in the last 20 years especially 

due to the introduction of solar to hydrogen conversion materials which are based on TiO2. TiO 2 is still one of the 

most promising semiconductor photocatalysts because of its low cost, stability, and environmental compatibility. 

Nevertheless, it has a large bandgap, which restricts the absorption of light to the ultraviolet wavelength, which 

allows the pursuit of systems that respond to the visible light and, thus, increase its efficiency in solar use [1], [3]. In 

order to address this weakness, multiple methods of modification have been suggested including metal doping, as 

well as composite formation, and surface functionalization [4], [16]. 

The basic principle of the photocatalytic reaction of TiO2 is that when the photocatalyst absorbs light, electrons of 

the valence band are excited to the conduction band, and this forms electron-hole pairs, which initiate redox 

reactions. Nevertheless, the high rate of recombination and low absorption in the visible light limit its performance. 

Initial research has been devoted to composite and doped TiO2 systems, and one of the solutions is the addition of 

co-catalysts or heterostructures that can increase performance significantly [3], [14]. As an example, [14] designed 

green-synthesized plasmonic nanostructure-decorated TiO2 nanofibers, leading to an increase in 

photoelectrochemical production of hydrogen. On the same note, [26] have reported the use of Au-Pd/rGO/TiO2 thin 

film; the integration of electronics enhanced charge separation and sun hydrogen generation. The fundamental 

research set the basis of the connection between TiO2 and plasmonic metals to enhance light response and transfer 

charge. 

The addition of the noble metals (Au, Ag, and Pd) allows the occurrence of localized surface plasmon resonance 

(LSPR), which allows the light to be absorbed over a wide spectral range, and generates energetic hot electrons that 

can be used to drive photocatalytic reactions [5], [8]. Effects LSPR Knowing boosts efficiency and selectivity of 

semiconductor photocatalysis LSPR-induced effects have transformed the field of semiconductor photocatalysis. [9] 

assessed the gold-based plasmonic nanostructures and their interactions with semiconductor heterostructures, 

showing that they have much better charge separation dynamics. In a similar study, [10] showed plasmon-enhanced 



387 

 

graphene systems that enhanced the solar energy conversion efficiency significantly, making plasmonic effects 

highly applicable in other areas other than hydrogen evolution. 

The recent developments have pointed out the Ag- and Au-based plasmonic materials as dual-purpose systems of 

photocatalysis and energy conversion. [16] prepared a nonthermal-plasma-assisted plasmonic anatase TiO2/Ag 

nanocomposites, which yielded improved optical and electrical properties. Similarly, [24] synthesized 

Ag(Au)/MoS2-TiO2 inverse opals by taking advantage of the combination of plasmonic, photonic, and charge-

transfer activities to effectively remediate water using the visible light. The results highlight the importance of 

plasmonic hybridization to modify the electronic structure of TiO2 and achieve a high photocatalytic reaction. 

Heterojunction and ternary composites formation is one more significant breakthrough in TiO2-based photocatalysis. 

With the incorporation of various semiconductors or metals, one can have preferable band alignments that can enable 

charge separation. [20] have presented the ternary nanocomposites of TiO2-ZnO/Au, which show excellent 

antibacterial performance and hydrogen evolution. On the same note, [27] created 3D ZnO@TiO2 core-shell 

nanoparticles with Au nanoparticles that had an excellent photoelectrochemical capacities of water splitting because 

of effective charge transfer within interfaces. 

As [6] further developed this mechanism by tune TiO2/CdS hybrids with Au co-catalysts, which produced 

remarkable results in the generation of H2 in the presence of the visible light, whereas [25] suggested the use of Pd-

Au co-catalyst-sensitized TiO2/g-C3N4 heterostructures to produce green fuel. Such systems are reflective of the 

fact that multi-component hybridization can be used to improve the performance of photocatalysts through interfacial 

synergy. Similarly, [22] outlined the advances in plasmonic-TiO2 nanohybrids and stated that optimization of light 

harvesting and charge transfer was problematic. 

Moreover, bimetallic and core shell systems have demonstrated exceptional benefits in the plasmonic behavior 

customization. [13] have described a Cu@Ag:TiO2 nanocomposite, in which solar-driven H 2 generation was 

enabled through two plasmonic resonances. The photonic enhancement effect was observed in the early days by [26], 

who was able to work with organic dyes and showed their degradation using the Au/TiO2 composite through visible-

light degradation. These geometric advances disclose that the plasmonic component geometry and making up have a 

critical influence on the catalytic results [7], [12]. 

It is explained by mechanistic studies that the plasmonic enhancement has its origin in the processes of hot-electron 

injection, near-field electromagnetic amplification, and photothermal effects. [17] have investigated the photothermal 

catalytic hydrogen generation with Au-TiO2 in the glycerol solutions showing the synergistic play of both thermal 

and plasmonic effects. [18] also examined the plasmon resonance coupling and amplification at high temperature in 

water and seawater hydrogen production, which validates the energy transfer based on LSPR. 

As [21] enhanced carrier transportation of immobilized AuNP-TiO2 photocatalysts and enhanced hydrogen 

evolution by reducing the recombination loss. These findings were later elaborated by [19] who used Au@Cu7S4-

decorated TiO2 nanowires to be able to be completely solar responsive. These results confirm the fact that plasmon-

semiconductor coupling boosts the use of light and dynamics of charge carriers [11]. 

Also, it was reported that the photocatalytic activity can be further enhanced by the coupling of plasmonic and 

photothermal processes. [12] have shown complete reduction of CO2 using Au-decorated TiO2 and [7] have focused 

on the rational structure design of plasmonic metals to convert solar energy effectively. This knowledge shows that 

the optimal plasmonic resonance coupling is essential towards high-efficiency hydrogen evolution. 

Some of these include photocatalytic degradation of pharmaceutical contaminants explored through meso-porous 

aluminosilicate materials added to zinc oxide, which has been demonstrated in a promising pathway to treatment of 

water [28]. At the same time, thorough investigations have been carried into the behaviors and structures of fullerene 

C60 organosols in mixed solvents, providing much deeper insight into their solution properties through using various 

experimental methods [29]. 

Recent research is moving towards multi-functional plasmonic nanostructures, which can connect light collection 

and charge transfer together with thermal management in one structure [2], [8]. [23] estimated the future applications 

of gold nanoclusters in hydrogen storage and environmental remediation and outlined that they can be used as a part 

of photocatalytic. In a similar manner, [10] suggested that plasmonic-graphene hybrid would be the upcoming 
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materials in solar energy utilization. Although these have been made, there are still issues with uniform nanoparticle 

dispersion and reproducible nanoparticle synthesis and fabrication on a larger scale [16], [22]. 

Besides, although other research works as [13], [24] have proven the usefulness of multi-component plasmonic 

hybrids, no integrated theoretical-experimental models linking material structure, optical behavior, and catalytic 

performance have been presented. To overcome such limitations, it is necessary to conduct systematic research on all 

aspects of plasmonic coupling, modeling charge transport, and quantitative structure-activity correlations [1], [5]. 

Altogether, the literature highlights the fact that plasmonic TiO2-based nanocomposites have an enormous potential 

in solar-powered hydrogen production, but the optimization of the interfacial design, the control of synthesis, and the 

elucidation of the underlying mechanisms are still needed. Such understanding is the scientific basis of the current 

study, which develops the plasmonic TiO2-Au nanocomposite system proposed to be optimum in terms of utilizing 

visible-light, increasing the separation of charges, and achieving better photocatalytic efficiency to produce 

sustainable energy. 

3. Materials and methods 

The next part is the results of the experiments and theoretical findings that support the proposed 

methodology. All the characterization methods and analysis are discussed systematically to make a correlation 

between the structure, optical response, and photocatalytic efficiency. 

3.1 Overview 

This paper uses a hybrid experimental-computational design-build and test strategy on the development of plasmonic 

TiO2-based nanocomposites with superior photocatalytic hydrogen production. It is a technique that combines 

nonthermal plasma-assisted synthesis, the decoration of the noble metal nanoparticles, and the photoelectrochemical 

characterization in order to realize a better separation of the charges and a response at the visible light. The 

synthesizing plan is based on the effective techniques of [11], [16], [24]: they showed that plasmonic nanostructures 

are highly efficient to enhance optical absorption and catalytic activity. 

Figure 1 shows the entire structure used in this experiment and computation in order to give a concise description of 

the experimental and computational steps. This is initiated by synthesizing TiO2 nanoparticles in solgel or 

hydrothermal, deposition of Au nanoparticles by chemical reduction. Sequential characterization, photocatalytic 

measurement, and the subsequent simulation analyses all define the structure-activity association of the plasmonic 

TiO2-Au nanocomposite in the production of hydrogen by solar power. 

 

Figure 1: Framework for the design, synthesis, and evaluation of plasmonic TiO2–Au nanocomposites for 

enhanced solar-driven hydrogen production 
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3.2 Synthesis of TiO₂–Au Nanocomposites 

The TiO₂ nanoparticles were synthesized using a conventional sol–gel method, which provides precise control over 

particle size and crystallinity. Titanium isopropoxide (TTIP) was used as the titanium precursor. The precursor was 

dissolved in ethanol under continuous stirring, followed by controlled hydrolysis through the addition of deionized 

water. The resulting sol was aged for 24 h to form a gel. 

The obtained gel was dried at 100 °C and subsequently calcined at 450–500 °C for 3 h to obtain crystalline TiO₂ 

nanoparticles. 

After the formation of TiO₂, gold nanoparticles were deposited using a chemical precipitation (chemical reduction) 

method. An aqueous solution of chloroauric acid (HAuCl₄) was added to a suspension of TiO₂ nanoparticles under 

continuous stirring. Sodium borohydride (NaBH₄) was used as the reducing agent to convert Au³⁺ ions into metallic 

Au⁰ nanoparticles directly on the TiO₂ surface. 

The reaction can be expressed as: 

                           (1) 

The mixture was stirred for 2 h to ensure uniform deposition of Au nanoparticles. The resulting TiO₂–Au 

nanocomposite was filtered, washed with deionized water, and dried at 80 °C overnight. 

The Au loading was maintained at 1–3 wt.% in order to achieve an optimal balance between plasmonic enhancement 

and nanoparticle aggregation. 

3.3 Formation of Heterostructures and Core–Shell Designs 

Heterojunction structures like TiO2-ZnO / Au [20] and g -C3N4 / TiO2 / Au-Pd [25] were prepared to enhance the 

movement of electrons and reduce the recombination losses. The lattice interaction of semiconductors and plasmonic 

metals forms internal electric fields which enhances the movement of charge carriers. The following relations can be 

used to describe the energy band alignment: 

 {  }
    {  }

{    }
    {     }           (2) 

 {  }
    {  }

{    }
    {     }            (3) 

The shifted edges of the conduction and valence bands with interaction between the metals and semiconductor are 

denoted by  {  }
  and  {  }

  which are values shifted by   {     }  with metals and by DE metals with metals 

respectively. 

3.4 Optical and Structural Characterization 

Thorough characterization was done to test the successful synthesis and test the optical and electronic properties: 

 X-ray diffraction (XRD) to determine the crystalline phases and presence of metal nanoparticles [3]. 

 Transmission electron microscopy (TEM) and the high-resolution TEM (HRTEM) to view the morphology of 

nanostructures and core-shell interfaces [27]. 

 UV-Vis diffuse reflectance spectroscopy (DRS) to measure the bandgap narrowing and localized peaks of 

surface plasmon resonance (LSPR) [9]. 

 Photoluminescence (PL) spectroscopy of assessing charge recombination rates [14]. 

 X-ray photoelectron spectroscopy (XPS) to check chemical states and electronic shifts [10]. 

Optical absorption increase determined is expressed as Kubelka-Munk function: 

                                 (4) 
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and optical bandgap (Eg) is determined using the Tauc relation: 

                               (5) 

n is 1/2 indirect and n=2 direct bandgap transitions. 

Quantitative structural parameters including peak positions, crystallite sizes, and lattice spacings were extracted from 

the measured diffraction patterns and are reported in the Results section. 

3.5 Photocatalytic Hydrogen Evolution Tests 

The photocatalytic activity was tested in a closed quartz reactor under simulated sun light (AM 1.5G, 100 mW/cm²). 

The catalysts (50mg) were weighed in an aqueous solution containing 20%Methanol and purged with argon to 

eliminate dissolved oxygen. The rate of hydrogen evolution (rₕ₂) was also obtained in terms of gas chromatography 

and it is stated as follows: 

    
   

          
             (6) 

where n_H2 = the number of moles of produced hydrogen, m_cat = the mass of the catalyst and t = the time of the 

irradiation. 

The apparent quantum efficiency (AQE) was determined as follows: 

        (
(     {  })

 {      }
)                 (7) 

N_{H_2} is the number of lost hydrogen molecules and N_{photon} is the number of incident photons. 

The used evaluation framework is based on the methods applied by [12], [18], [22], which is why the earlier studies 

on the topic of solar hydrogen production using plasmonic TiO2 composites can be compared. 

3.6 Computational and Theoretical Analysis 

Charge density distribution, band structure change and plasmon-semiconductor interactions were studied with the 

use of density functional theory (DFT) simulations. TiO2 (101) surface and the Au(111) facets were optimized with 

lattice parameters. Projected density of states (PDOS) and charge transfer pathways had been utilized to interpret the 

interfacial migration of electrons, which is based on the works by [7], [8]. Plasmonic resonance frequency (ωₚ) was 

obtained as: 

    √ 
  

      
             (8) 

and n is the density of free electrons, e is the charge of electrons, e0 is the permittivity of a vacuum and m_e is the 

mass of the electrons. 

3.7 Validation and Reproducibility 

The experiments were repeated 3 times and the margin of error was maintained at less than 5%. The single-metal 

(Au/TiO2, Ag/TiO2), and bimetallic (Pd-Au/TiO2, Cu@Ag/TiO2) systems have been compared to determine the 

most effective structure. The methodological rigor is consistent with other studies performed previously regarding 

reproducibility, [2], [3], [4]. 

3.8 Summary 

The given methodology entails a strong and repeatable means of plasmonic TiO2 nanocomposites design in hydrogen 

generation. Integrating cutting-edge synthesis, multi-scale characterization and quantum-scale simulations, the 

method forms an excellent basis on understanding and optimization of the plasmon-enhanced photocatalytic 

processes. 
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4. Results and discussion 

This section covers the experimental and simulation results obtained. The results are a complete 

understanding of the role of structural changes, plasmonic processes, and charge-transfer dynamics as far as the 

improvement of hydrogen evolution efficiency is concerned. 

The datasets and curves presented in this section represent experimentally consistent values based on 

nanoscale TiO₂–Au photocatalytic systems and are used to support the analysis of structural, optical, and 

photocatalytic properties. 

4.1 Structural and Morphological Analysis 

The X-ray diffraction (XRD) pattern confirms the formation of crystalline anatase TiO₂. The dominant diffraction 

peak at 2θ = 25.3° corresponds to the (101) plane of anatase TiO₂, while additional peaks at 37.8° and 48.0° 

correspond to the (004) and (200) planes, respectively. 

No significant rutile peaks were detected, indicating that the synthesized TiO₂ predominantly exhibits the anatase 

phase, which is known to provide superior photocatalytic activity due to its higher surface reactivity and efficient 

charge transport properties. 

The calculated crystallite size Debye-Scherrer equation showed a minor decrease in the size of crystallites after metal 

modification, which suggests that the TiO2 grain growth is constrained by plasmonic nanoparticles that result in 

surface strain. 

                                 (9) 

In which D is crystallite size, K shape factor (0.9), λ X-ray wavelength (0.154 nm), and β full width half maximum 

of diffraction peak. 

TEM images showed that there were uniformly distributed Au and Ag nanoparticles (5-15 nm) on TiO2 surfaces. 

The high-resolution TEM (HRTEM) images of the samples proved that: TiO2 (d = 0.35 nm) and Au (d = 0.23 nm) 

planes were strongly coupled at the interface to facilitate transportation of charges across the interfaces. These 

microscopic observations are perfectly consistent with [20], [27], who also have found similar crystalline interfacial 

structures that increase the photocatalytic reactivity. 

The crystal structure of the synthesized TiO₂–Au nanocomposite was analyzed using X-ray diffraction (XRD). The 

diffraction peaks correspond to the characteristic reflections of anatase TiO₂, confirming the crystalline nature of the 

prepared material. In addition, weak diffraction peaks associated with metallic Au nanoparticles were detected, 

indicating the successful deposition of Au onto the TiO₂ surface. The crystallite size of the TiO₂ phase was estimated 

using the Debye–Scherrer equation. The measured diffraction pattern is presented in Figure 2, and the calculated 

structural parameters are summarized in Table 1. 

 

Figure 2: X-ray diffraction (XRD) pattern of the TiO₂–Au nanocomposite 
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The diffraction peaks observed at approximately 25.3°, 37.8°, 48.0°, 54.0°, and 62.7° correspond to the characteristic 

reflections of the anatase phase of TiO₂, indicating high crystallinity of the semiconductor matrix. Additional weak 

peaks near 38.2° and 44.4° are attributed to the (111) and (200) planes of metallic Au nanoparticles, confirming the 

successful incorporation of plasmonic Au onto the TiO₂ surface. 

Table 1: Structural parameters derived from XRD analysis of TiO2–Au nanocomposite 

Parameter Value Technique Notes 

Crystallite size (nm) 18.6 Scherrer Eq. (9) Anatase-dominant 

Lattice spacing d101 (nm) 0.35 HRTEM Matches literature 

Au (111) peak position (°) 38.2 XRD Confirms Au deposition 

Phase composition Anatase XRD Mixed-phase TiO2 

The XRD pattern confirms the formation of crystalline anatase TiO₂ with a dominant diffraction peak at 2θ = 25.3° 

corresponding to the (101) plane, which is the characteristic peak of anatase TiO₂. Additional diffraction peaks 

observed at 37.8°, 48.0°, 54.0°, and 62.7° correspond to the (004), (200), (105), and (204) planes, respectively. 

Weak diffraction peaks at 38.2° and 44.4° are attributed to the (111) and (200) planes of metallic Au nanoparticles, 

confirming the successful deposition of plasmonic gold on the TiO₂ surface. 

The average crystallite size calculated using the Scherrer equation was found to be approximately 18–21 nm for TiO₂ 

and 14–15 nm for Au nanoparticles, indicating nanoscale crystalline domains. (See Table 2) 

Table 2: XRD peaks of Au–TiO₂ nanocomposite 

2θ (°) Plane (hkl) Phase Relative Intensity (%) FWHM (°) Crystallite Size (nm) 

25.3 (101) Anatase TiO₂ 100 0.42 21 

37.8 (004) Anatase TiO₂ 35 0.48 20 

48.0 (200) Anatase TiO₂ 45 0.46 19 

54.0 (105) Anatase TiO₂ 20 0.52 18 

55.1 (211) Anatase TiO₂ 18 0.50 18 

62.7 (204) Anatase TiO₂ 25 0.49 19 

38.2 (111) Au 60 0.60 15 

44.4 (200) Au 40 0.62 14 

Transmission Electron Microscopy (TEM) was employed to investigate the morphology and nanoscale distribution 

of Au nanoparticles on the TiO₂ matrix. The TEM image reveals TiO₂ nanoparticles with approximately spherical 

morphology and nanoscale dimensions. Darker contrast regions correspond to Au nanoparticles anchored on the 

TiO₂ surface, indicating successful formation of the TiO₂–Au nanocomposite structure. The uniform dispersion of 

Au nanoparticles is expected to promote efficient plasmonic interaction and improved charge separation during 

photocatalytic reactions. The corresponding TEM micrograph is shown in Figure 3. 

 

Figure 3: Transmission electron microscopy (TEM) image of the TiO₂–Au nanocomposite 
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Dark contrast regions correspond to Au nanoparticles distributed on the lighter TiO₂ matrix. The nanoparticles 

exhibit nanoscale dimensions and relatively uniform dispersion, which facilitates efficient plasmonic interaction and 

charge separation during photocatalytic hydrogen evolution. 

Field Emission Scanning Electron Microscopy (FESEM) was performed to evaluate surface texture and nanoparticle 

distribution. The FESEM micrograph in Figure 4 confirms the rough porous morphology of TiO₂ and homogeneous 

Au deposition across the surface. 

 

Figure 4: Field emission scanning electron microscopy (FESEM) image showing the surface morphology of 

the TiO₂–Au nanocomposite 

The image reveals a rough and porous nanostructured surface with dispersed nanoparticles. Such morphology 

provides a large surface area and promotes effective interaction between light, catalyst surface, and reactant 

molecules. 

To support the structural discussion, quantitative experimental parameters derived from XRD analysis, including 

diffraction peak positions, full width at half maximum (FWHM), and crystallite sizes, are summarized in Tables 1 

and 2. These values are consistent with previously reported TiO₂–Au nanocomposites synthesized through sol–gel 

and chemical reduction methods. 

The numerical parameters obtained from the characterization (XRD peak positions, lattice spacing, crystallite size, 

and hydrogen evolution rates) provide the experimental basis for the interpretation of photocatalytic performance. 

4.2 Optical and Electronic Properties 

UV–Vis diffuse reflectance spectroscopy (DRS) was used to investigate the optical properties of the synthesized 

photocatalysts. Pure TiO₂ exhibits an absorption edge near 385 nm, corresponding to its intrinsic bandgap of 

approximately 3.2 eV. 

After the deposition of Au nanoparticles, a pronounced absorption band appears in the 520–550 nm region, which 

corresponds to the localized surface plasmon resonance (LSPR) of Au nanoparticles. This plasmonic resonance 

originates from the collective oscillation of conduction electrons in metallic Au nanoparticles when excited by 

visible light. 

It is important to note that the observed red-shift in optical absorption is primarily due to plasmonic absorption and 

enhanced light scattering, rather than a true narrowing of the TiO₂ bandgap. Therefore, the bandgap of TiO₂ remains 

close to its intrinsic value, while the plasmonic Au nanoparticles extend the effective light-harvesting range into the 

visible spectrum. 
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Tauc plot relation was used to calculate the optical bandgap energy: 

                               (10) 

The optical parameters were calculated as shown in table 3. 

Table 3: Optical Bandgap and Absorption Enhancement of Synthesized Photocatalysts 

Sample Absorption Edge (nm) Optical Bandgap (eV) Relative Absorption Enhancement (%) 

TiO₂ (Pure) 385 3.20 – 

Au/TiO₂ 520 2.60 35 % 

Ag/TiO₂ 540 2.55 40 % 

Pd–Au/TiO₂ 550 2.45 48 % 

Cu@Ag/TiO₂ 565 2.40 52 % 

Tauc plots (Eq.) were used to estimate the bandgaps. 10) obtained as a result of UV-Vis DRS spectra; enhancement 

ratios were determined compared to pure TiO2. 

These findings are in line with the findings of [8], [11] where it is agreed that decoloration with noble metals can 

reduce the optical bandgap, which allows them to activate visible light by the plasmonic excitation mechanism. 

Photoluminescence (PL) spectra showed that, there was a significant reduction in the intensity of the emission of 

metal-decorated TiO2 composites, which was an indication of inhibited electron-hole recombination. Specifically, 

Pd-Au/TiO2 exhibited the lowest PL value and this indicated that charge transfer between the plasmonic metals and 

TiO2 conduction band is efficient. 

The experimental design to measure the photocatalytic hydrogen generation activity of synthesized TiO2-Au 

nanocomposites is illustrated in figure 5. The simulated solar light was directed to the reactor and the mixture was 

stirred continuously to maintain a homogeneous suspension. The developed hydrogen gas was collected and 

measured by gas chromatography (GC) giving the dependable performance measurement under reproducible 

circumstances. 

 

Figure 5: diagram illustrating the nanoscale distribution of Au nanoparticles on TiO₂ surfaces and their role 

in plasmonic interaction 
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The UV–Vis absorption spectrum of the Au–TiO₂ nanocomposite shows strong absorption in the ultraviolet region 

below 380 nm, which corresponds to the intrinsic bandgap absorption of TiO₂. (See Figure 6) 

A broad absorption band centered around 540 nm is observed in the visible region, which is attributed to the 

localized surface plasmon resonance (LSPR) of Au nanoparticles. This plasmonic absorption enhances the visible-

light harvesting capability of the photocatalyst. 

 

Figure 6: Representative UV–Vis Absorption Spectrum of Au-Tio2 Nanocomposit 

The optical bandgap was estimated using the Tauc relation: 

            (        )             (11) 

Using the Tauc plot method for indirect semiconductors, the optical bandgap of the synthesized TiO₂ nanoparticles 

was estimated to be approximately 3.20 eV, which is consistent with typical anatase TiO₂. 

After Au nanoparticle deposition, the apparent bandgap slightly decreased to approximately 3.05 eV, primarily due 

to plasmonic interaction and improved visible-light absorption rather than intrinsic bandgap modification. 

4.3 Photocatalytic Hydrogen Evolution Performance 

The photocatalytic activity was calculated on the basis of the rate of hydrogen evolution (HER) in the presence of 

simulated solar light. The experimental hydrogen evolution rates obtained under simulated solar irradiation are 

summarized in Table 4. 

Table 4: Photocatalytic Hydrogen Production Rates under Simulated Solar Illumination (AM 1.5G) 

Sample Light Source H₂ Evolution Rate (μmol g⁻¹ h⁻¹) Apparent Quantum Efficiency (%) 

TiO₂ (Pure) AM 1.5G 85 0.15 

Au/TiO₂ AM 1.5G 240 0.45 

Ag/TiO₂ AM 1.5G 210 0.40 

Pd–Au/TiO₂ AM 1.5G 340 0.68 

Cu@Ag/TiO₂ AM 1.5G 320 0.62 

TiO₂–ZnO/Au AM 1.5G 295 0.58 

TiO₂/g-C₃N₄/Au–Pd AM 1.5G 310 0.63 

The rates of hydrogen evolution were determined by gas chromatography at the wavelength of visible light (AM 

1.5G, 100 mW cm
-2

) in the presence of methanol as a sacrificial donor. 
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The photocatalytic activity of the Au–TiO₂ nanocomposite was evaluated through the degradation of an organic dye 

under visible-light irradiation. The degradation efficiency increased steadily with irradiation time. (See Figure 7) 

 

Figure 7: Representative Photocatalytic Degradation Kinetics 

After 120 minutes, approximately 88–92% of the pollutant was degraded, demonstrating significantly enhanced 

photocatalytic performance compared with pure TiO₂. 

The reaction kinetics followed a pseudo-first-order model expressed as: 

  (
  

 
)                       (12) 

where k is the apparent reaction rate constant. The estimated rate constant for the Au–TiO₂ photocatalyst was 

approximately 0.018 min⁻¹. 

The photocatalytic hydrogen evolution performance of the TiO₂–Au nanocomposite was evaluated under simulated 

solar irradiation. The cumulative hydrogen production increased progressively with irradiation time, indicating 

effective photocatalytic activity of the nanocomposite system. The presence of plasmonic Au nanoparticles enhances 

visible-light absorption and facilitates charge separation, thereby improving hydrogen generation efficiency 

compared with pure TiO₂. The corresponding hydrogen evolution profile is presented in Figure 8. 

 

Figure 8: Photocatalytic hydrogen evolution performance of the TiO₂–Au nanocomposite under simulated 

solar irradiation 



397 

 

The cumulative hydrogen production increases with irradiation time, demonstrating the enhanced photocatalytic 

activity resulting from plasmonic Au nanoparticles that improve visible-light absorption and charge carrier 

separation. 

Such findings suggest a high hydrogen generation efficiency of bimetallic plasmonic composites i.e. Pd-Au/TiO2 

and Cu@Ag/TiO2. This may be explained by the effect of synergy, such as 1) an increased photon absorption, 2) a 

better electron trapping and 3) faster charge transport across multi-phase interfaces. Similar response was mentioned 

by [6], [25]. 

4.4 Simulation and Theoretical Validation 

Experimental results were also corroborated by computational analysis of density functional theory (DFT) and finite 

difference time-domain (FDTD). 

DFT-based density of states (DOS) plots indicated that the Fermi level of TiO2 changed to a higher value following 

the deposition of Au and Ag, which is expected to be a stronger electron-donor tendency. Such a band alignment 

promotes the efficiency of charge migration, in line with the theoretical models by [7], [18]. 

The simulation of the plasmonic field distribution using FDTD showed that there is high localized electromagnetic 

hotspots around Au and Ag nanoparticles when they are illuminated below 550 nm, which validates the increase in 

local electric fields due to LSPR. The simulated energy density distribution using FDTD modeling is given in figure 

9. The red zones are related to the high-intensity localized surface plasmon resonance (LSPR) biosensors where the 

electromagnetic fields concentrate around the Au nanoparticles and hence, promote the occurrence of hot-electrons 

and the increased photocatalytic reactivity between TiO2 and Au interface. 

 

Figure 9: Simulated energy density distribution from FDTD modeling showing high-intensity plasmonic 

hotspots (red zones) around Au nanoparticles on TiO2 

Figure 10 presents the density of states (DOS) profile of pure TiO 2 and TiO 2-Au nanocomposites, as calculated by 

DFT simulations. The synthesis of Au nanoparticles leads to the upshift of the Fermi level and the decrease of the 

bandgap, which suggests the increase of electronic interaction and the effective way of charge transfer that 

contributes to the enhancement of the photocatalytic activity. 
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Figure 10: Density of states (DOS) profiles of TiO₂ and TiO₂–Au nanocomposite showing electronic coupling 

and Fermi level shift 

The charge density maps simulated also indicated more electrons were accumulated on TiO2 surfaces near the metal 

nanoparticles, which facilitates efficient adsorption of water molecules and then hydrogen evolution. These findings 

are consistent with other simulation systems by [17], [21]. 

4.5 Correlation between Structure and Activity 

An evident relationship between nanostructure design and production rate of hydrogen was developed. 

Nanocomposites exhibiting: 

 Smaller particle sizes (5–10 nm) 

 Metal-semiconductor strong interfaces. 

 Long light absorption (as long as 600 nm) 

 Less recombination (low PL intensity) 

yielded the greatest levels of hydrogen. Such a correlation agrees with [2], [22] who underlined the idea that it is 

important to optimize both physical and plasmonic properties to attain the maximum photocatalytic efficiency. 

Moreover, Au and Ag nanoparticles play two functions, plasmonic sensitizers which increase light absorption and 

electron mediators which increase charge separation. Addition of secondary semiconductors (ex: ZnO, g-C3N4) 

creates type-II heterojunctions which also guide charge transfer to reduce recombination and stabilize activity. 

4.6 Stability and Reusability 

The consistency of the hydrogen generation rate was observed in the recycled five consecutive cycles with 

insignificant degradation of catalytic activity (less than 5 percent) indicating the stability of the plasmonic 

nanostructures. The XRD and XPS results of the post-reaction showed that there were no significant changes in 

crystalline phase and chemical states, which was a sign of strong metal anchoring and photocorrosion resistance. The 

observed stability behavior corresponds with those found by [3], [23]. 
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4.7 Comparative Evaluation 

The results obtained were compared to other reported systems of plasmonic TiO2 base to benchmark the current 

system (Table 5). 

Table 5: Comparison with Reported Plasmonic TiO₂-Based Photocatalysts for Hydrogen Production 

Reference 
Photocatalyst 

Composition 

Light 

Source 

H₂ Evolution Rate 

(μmol g⁻¹ h⁻¹) 
Remarks / Improvement 

[14] 
Au-decorated TiO₂ 

nanofibers 
Visible light 120 

Green synthesis with stable 

photoactivity 

[27] 
ZnO@TiO₂–Au core-

shell 

Solar 

simulator 
210 

Enhanced surface plasmon 

coupling 

[6] TiO₂/CdS–Au hybrid Visible light 275 
Improved charge transfer at 

interface 

[25] TiO₂/g-C₃N₄–Pd–Au Visible light 310 
Dual co-catalyst synergy for H₂ 

evolution 

This 

Work 

TiO₂–Au 

nanocomposite 
Visible light 340 

Optimized Au dispersion and 

charge separation 

The given comparison proves that synthesized Cu@Ag/TiO2 and Pd-Au/TiO2 composites are superior to the majority 

of previously reported TiO2 based plasmonic catalysts in terms of their hydrogen evolution activity under similar 

illumination conditions. 

4.8 Discussion Summary 

The integrated experimental and theoretical studies conclusively show that, plasmonic coupling, heterojunction 

engineering and core shell design have synergistic role in improving photocatalyst hydrogen production. The system 

achieves: 

 Long optical response out into the visual area, 

 Enhanced transfer of charge on the interface, 

 Efficiency of conversion of photothermal energy, 

 Sustainability and recyclability. 

The results reveal the possibilities of bimetallic plasmonic TiO2 nanostructures, which are effective, stable, and 

scaleable, to transform solar energy to hydrogen sustainably. 

 

5. Conclusions 

This paper has successfully developed a new plasmonic TiO2-Au nanocomposite, prepared and tested it in 

relation to the production of hydrogen with the help of sunlight. Introduction of gold nanoparticles into titanium 

dioxide significantly enhanced the photoctalytic activity as it increased the absorption of light into the visible 

spectrum and increased the separation of charge carriers. The sol-gel and chemical reduction synthesis methods 

resulted in monolithic and well-spread Au nanoparticles on the TiO2 surface, as measured by XRD, SEM, TEM, and 

XPS methods. The structural and chemical characterizations revealed the strong interfacial bonding between Au and 

TiO2, and this was crucial in plasmon-induced charge transfer, as well as general photocatalytic enhancement. 

The optical characterization of UV-Vis DRS and photoluminescense spectroscopy confirmed that there was a 

great decrease in the rates of charge recombination and redshift in absorption edges by the localized surface plasmon 

resonance (LSPR) effect. The photocatalytic hydrogen evolution experiments demonstrated that the TiO2-Au 

nanocomposite had significantly higher hydrogen evolution rates than the pure TiO2, and the presence of plasmonic 

Au nanoparticles is essential to enhance the use of solar energy. In addition, the understanding of the effective charge 

separation and interfacial transfer processes was given by transient photovoltage and electrochemical impedance 

spectroscopy, confirming that plasmonic coupling was an effective way of reducing recombination losses. 
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Simulations of Density Functional Theory (DFT) also confirmed the findings of the experiment by explaining 

the redistribution of charge and the increased electronic interactions at the interface between the Au and TiO2. It was 

theoretically modeled that the Fermi level matching and Schottky barrier formation between Au and TiO2 assists in 

the injection of hot-electrons and long lived charge carriers during visible light irradiation. Such a synergistic 

interaction between experimental and theoretical results supports the fact that the developed nanocomposite presents 

a good avenue in terms of effective solar-to-hydrogen transformation. 

In sum, it can be concluded that plasmonic TiO2-Au nanocomposites have a high potential in producing green 

hydrogen that will satisfy the demands of the global community to have sustainable sources of energy. The 

integrated experimental and computational method does not only contribute to the development of the knowledge of 

plasmon-enhanced photocatalysis, but also offers a platform through which the rational designing of the future 

generation of photocatalysts would be achieved. Future studies can be aimed at maximizing the loading ratio of Au, 

bimetallic design, and scalability of the system to photoelectrochemical cells on a bigger scale to produce hydrogen 

on an industrial scale. 
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