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Abstract 

The transition toward sustainable and green chemical processes is crucial for addressing the 

environmental, economic, and societal challenges associated with fossil-based production. 

Green catalysis plays a fundamental role in reducing greenhouse gas emissions, lowering 

energy consumption, and fostering a circular economy by utilizing renewable feedstocks and 

optimizing resource efficiency. Among renewable carbon sources, biomass offers significant 

potential for producing high-value chemicals, fuels, and materials, supporting the shift toward 

carbon-neutral industrial practices. However, achieving efficient and selective biomass 

valorization requires the development of advanced catalytic strategies that maximize energy 

efficiency while minimizing byproduct formation. 

This dissertation explores innovative green catalytic processes, with a focus on integrating 

light-enhanced catalysis into scalable technologies for sustainable chemical production. 

Chapter 1 provides a comprehensive overview of biomass valorization, highlighting key 

platform chemicals such as ketones, aldehydes, and biofuels. Various catalytic approaches, 

including thermal catalysis, enzymatic catalysis, electrocatalysis, and photocatalysis, are 

analyzed for their potential to enhance biomass upgrading efficiency. The role of solar-driven 

catalysis in utilizing renewable solar energy for selective transformations is also discussed, 

setting the foundation for subsequent chapters. 

Chapter 2 investigates the photoinduced enhancement of reactant adsorption on AuPd alloy 

surfaces for the selective hydrogenation of ketones. Through surface plasmon resonance effects, 

this study demonstrates improved adsorption and reaction kinetics, leading to increased 

catalytic efficiency and selectivity under mild conditions. 

Chapter 3 presents an unbiased tandem photoelectrochemical (PEC) system designed for 

simultaneous biomass oxidation. This system integrates a Ru-doped CuBi2O4 photocathode 

with a NiOOH-modified BiVO4 photoanode, achieving ultrahigh Faradaic efficiency for the 

selective conversion of 5-hydroxymethylfurfural (HMF) into value-added products. The 

synergistic interaction between hydroxyl radicals and superoxide species, combined with a 

continuous-flow configuration, enhances scalability and minimizes undesired byproduct 

formation. 



 

XXV 

 

Chapter 4 focuses on heterojunction-engineered PEC glycerol oxidation, coupled with on-site 

hydrogen peroxide (H2O2) production. By designing an optimized heterojunction architecture, 

this work demonstrates improved charge carrier separation and redox efficiency, enabling the 

simultaneous generation of high-value chemicals and H2O2 under ambient conditions. This 

strategy offers a cost-effective and sustainable approach to biomass upgrading, with 

implications for industrial applications. 

Chapter 5 presents the summary and outlook of this dissertation, highlighting advancements in 

green catalysis through the integration of light-enhanced catalytic processes with scalable 

reaction systems. By leveraging photocatalysis, photoelectrocatalysis, and heterojunction 

engineering, this work explores new pathways for sustainable chemical production with high 

efficiency, selectivity, and minimal environmental impact. These findings contribute to the 

ongoing development of carbon-neutral technologies and provide a scientific foundation for 

the future implementation of green catalytic processes in industrial applications. 
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Chapter 1 – Introduction 

1.1 Green catalysis and sustainability 

The transition to sustainable and green chemical processes is an urgent and pivotal response to 

the growing environmental, economic, and societal challenges posed by traditional chemical 

production.1-3 the global population and industrial activities continue to expand, the 

environmental impacts of conventional processes, characterized by their reliance on fossil fuels, 

high energy demands, and significant waste generation, have become increasingly untenable.4 

These processes contribute to greenhouse gas emissions, resource depletion, and ecosystem 

degradation, necessitating the adoption of more sustainable approaches that align with the 

principles of green chemistry and the circular economy.5 

Sustainable chemical processes emphasize the use of renewable feedstocks, such as biomass 

and waste materials, to replace finite resources like fossil fuels.6 By integrating atom economy 

and selectivity into process design, these approaches minimize byproducts and reduce waste, 

leading to more efficient utilization of materials.7 This resource efficiency not only mitigates 

the depletion of nonrenewable inputs but also addresses critical issues of waste management 

and environmental contamination.8 Moreover, the adoption of green chemical processes is 

essential for achieving global climate targets, as they significantly reduce carbon emissions by 

improving energy efficiency and transitioning to renewable energy-powered reactions.9 

The depletion of finite natural resources further underscores the necessity for sustainable 

approaches. Green chemical processes provide innovative solutions by leveraging abundant 

and renewable resources, enhancing reaction efficiency, and fostering closed-loop systems 

through recycling and upcycling technologies.10,11 These innovations are particularly important 

in the context of a circular economy, where the focus is on maximizing resource recovery, 

minimizing waste, and ensuring the continuous reuse of materials.12 By implementing these 

strategies, industries can significantly reduce their dependence on virgin materials while 

aligning with societal demands for sustainable production and consumption. 

Economic considerations also play a critical role in driving the adoption of sustainable 

chemical processes.13,14 While the initial transition to green technologies may require 

substantial investment, the long-term benefits are profound. Improved process efficiency 
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reduces operational costs, particularly in terms of energy consumption and waste management. 

Furthermore, the utilization of low-cost renewable feedstocks and the creation of value-added 

products from waste streams open new economic opportunities.15,16 Industries adopting green 

chemistry principles gain a competitive edge in emerging markets for bio-based and carbon-

neutral products,17 ensuring economic resilience in a rapidly evolving global landscape. 

Advances in technology have made sustainable chemical processes increasingly feasible and 

scalable.18 Innovations in catalysis, including the development of biocatalysts, electrocatalysts, 

photocatalysts, and photoelectro-catalysts, enable selective and energy-efficient 

transformations.19,20 The integration of renewable energy sources, such as solar and wind power, 

into chemical production processes reduces reliance on fossil fuels and lowers the carbon 

footprint of industrial activities.21,22 Technologies for CO2 capture and utilization transform a 

major greenhouse gas into valuable products,23,24 while engineered microbes and enzymes 

enable the sustainable production of chemicals and fuels from bio-based resources.25,26 These 

technological breakthroughs are not only critical for reducing environmental impacts but also 

for addressing the growing demand for sustainable industrial solutions. 

Policy and regulatory frameworks further accelerate the transition to sustainable chemical 

processes.27 Governments and international organizations are implementing stringent 

environmental regulations, carbon pricing mechanisms, and climate action plans to incentivize 

the adoption of green technologies.28 Subsidies and grants for renewable energy integration, 

alongside commitments under international agreements such as the Paris Agreement, 

encourage industries to align with global sustainability goals.29,30 These policy measures create 

a conducive environment for innovation and ensure that the chemical industry remains a key 

player in achieving a low-carbon, sustainable future. 

The transition to sustainable and green chemical processes is not merely an environmental 

imperative but a fundamental transformation that redefines the chemical industry’s role in a 

sustainable global economy. By integrating renewable resources, innovative technologies, and 

robust regulatory frameworks, green chemical processes offer a path toward reducing 

environmental impacts, conserving resources, and fostering economic resilience. This shift 

represents a profound opportunity to achieve a balance between industrial progress and 

ecological preservation, ensuring a sustainable and equitable future for generations to come. 
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1.2 Biomass 

Biomass, a renewable and abundant source of carbon-based materials, has emerged as a pivotal 

feedstock for sustainable chemical production and energy applications.31,32 Derived from plant, 

animal, and microbial origins, biomass provides a diverse array of compounds, including 

ketones, aldehydes, and biofuels, which serve as intermediates for producing high-value 

chemicals, materials, and energy carriers.33,34 Biomass valorization—converting these 

feedstocks into useful products—aligns with global efforts to reduce dependence on fossil fuels, 

mitigate greenhouse gas emissions, and promote a circular economy.35 Among the various 

components of biomass, ketones,36,37 aldehydes,38,39 and biofuels40,41 play distinct roles in 

driving innovation in green chemistry (Figure 0-1). 

 

Figure 0-1. A schematic representation of the potential of biomass in driving green 

chemistry and renewable energy applications. 

1.2.1 Biomass model compound 

1.2.1.1 Ketones: Acetophenone as a model compound 

Ketones derived from biomass, such as acetophenone, represent a versatile class of compounds 

with significant industrial applications.42 Acetophenone, a key intermediate in the production 

of fragrances, pharmaceuticals, and resins, is typically obtained through the oxidative 

degradation of lignin, a major component of lignocellulosic biomass.43 The selective 
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hydrogenation of acetophenone to produce alcohols, or its functionalization to synthesize fine 

chemicals, highlights its value in green chemistry. The reactivity of ketones, particularly their 

susceptibility to hydrogenation and oxidation, makes them ideal candidates for exploring 

catalytic and upgrading strategies, demonstrating the potential to replace fossil-derived 

feedstocks with renewable alternatives. 

1.2.1.2 Aldehydes: 5-Hydroxymethylfurfural (HMF) as a platform chemical 

Aldehydes, exemplified by 5-hydroxymethylfurfural (HMF), are critical intermediates in 

biomass conversion.44 HMF is derived from the dehydration of hexose sugars found in 

cellulose and hemicellulose and is considered one of the most promising platform chemicals 

for producing bio-based materials and fuels.44 Its versatility lies in its ability to be further 

oxidized to produce 2,5-furandicarboxylic acid (FDCA), a precursor to bio-based polymers, or 

reduced to yield 2,5-dimethylfuran (DMF), a high-energy-density biofuel.45 The selective 

oxidation or reduction of HMF presents challenges in terms of catalyst design and reaction 

optimization, but its potential as a renewable intermediate for high-value products underscores 

its importance in biomass valorization.46 

1.2.1.3 Biofuels: Glycerol as a Key Byproduct of Biodiesel Production 

Biofuels are central to the energy transition, and glycerol, a byproduct of biodiesel production, 

stands out as a valuable resource for further upgrading.47 As the biodiesel industry grows, the 

surplus of glycerol presents an opportunity to convert this low-cost, renewable feedstock into 

high-value chemicals such as dihydroxyacetone (DHA), glyceric acid, and glycolic acid.48 The 

selective oxidation of glycerol is particularly attractive, as it allows for the production of fine 

chemicals under mild and sustainable conditions. Moreover, glycerol can be transformed into 

hydrogen and syngas through reforming processes, contributing to the development of 

renewable energy carriers.49 The versatility of glycerol highlights its dual role as a biofuel and 

a platform for chemical synthesis, making it a cornerstone of biomass valorization. 

1.2.2 Biomass upgrading 

Biomass upgrading is a transformative strategy in sustainable chemistry that focuses on 

converting low-value or waste materials into high-value products such as fuels, chemicals, and 

advanced materials.36,50 This approach addresses critical global challenges, including resource 

scarcity, environmental degradation, and the need for sustainable industrial practices. By 

utilizing renewable feedstocks, chemical upgrading not only reduces dependence on finite 
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fossil resources but also promotes circular economy principles, enabling waste materials to be 

reused in value-added applications (Figure 0-2). 

 

Figure 0-2. Upgrading biomass via different catalysis methods. 

1.2.2.1 Catalytic Technologies for Biomass Upgrading 

1. Thermal catalysis 

Thermal catalysis represents a vital approach to biomass upgrading, enabling the 

transformation of low-value feedstocks into high-value fuels, chemicals, and materials through 

the application of heat and catalysts. By leveraging processes such as catalytic pyrolysis, 

hydrothermal liquefaction, hydrogenation, and reforming, this technology provides versatile 

solutions for addressing global challenges related to resource scarcity and sustainability (Figure 

0-3). Catalysts play a crucial role in enhancing reaction rates, improving product selectivity, 

and reducing energy consumption, making thermal catalysis an industrially relevant and 

efficient strategy for biomass valorization. 
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Figure 0-3. Biomass thermal conversion via different methods. 

This review explores the diverse materials employed in the hydrothermal valorization of 

biomass, focusing on their catalytic performance and limitations in converting biomass-derived 

compounds (Table 0-1). In Figure 0-4, carbon-based catalysts, with their high surface area and 

porosity, excel in reactant adsorption and product desorption.51 However, they are prone to 

fouling from humin formation, which blocks active sites and reduces durability.52 Zeolite-based 

catalysts offer high thermal stability and dual-acid sites suitable for sugar isomerization and 

dehydration, but they are sensitive to harsh reaction environments and suffer from humin 

deposition over time.53 Similarly, silica-based catalysts, particularly those functionalized with 

acidic or basic groups, provide excellent selectivity and activity in reactions like HMF 

production but are prone to leaching of active components and structural degradation under 

prolonged use.54 Metal oxide-based catalysts leverage their Lewis/Brønsted acid sites and 

oxygen vacancies to facilitate redox reactions, such as glucose oxidation and sugar 

hydrogenation, but are often limited by metal leaching or aggregation.55 Other catalysts, such 

as hydrotalcite, resins, and natural minerals, bring diverse active sites and tailored properties 

for specific reactions but vary in stability and regeneration efficiency. Across all categories, 

deactivation due to fouling, leaching, and structural instability remains a critical challenge. 
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Figure 0-4.  (a) Glucose isomerization to fructose on OMC@MgO-1.0.51 (b) Bifunctional 

carbon-based solid acid catalyst derived from waste bio-tar for glucose upgrading.52 (c-d) 

Biomass-derived compounds upgrading by Hierarchical ZSM-5 zeolites.53 (e) Glucose 

dehydration over Sn-containing dendritic mesoporous silica.54 (f) Brønsted-base and 

Brønsted-acid catalysts for glucose isomerization into fructose.55 

Table 0-1. Thermal catalysis for biomass-derived compounds upgrading. 

Catalyst Biomass substrate Reaction Ref. 

Al-Ti/SAPC Glucose Oxidation 52 

ZSM-5 5-Hydroxymethylfurfural Oxidation 53 

Sn-20DMS-SO3H Glucose Dehydration 54 

Ti-Al2O3 Glucose Oxidation 56 
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Ru/α-HfP Lignocellulose Reduction 57 

Mn4Ce0.05Ox Xylose Oxidation 58 

Yb(OTf)2/PhSO3H-

MPR 
Glucose Oxidation 59 

Nb-MMT Glucose Oxidation 60 

Au/R-CeO2 Glucose Oxidation 61 

LDMCC-900 Fructose Dehydration 62 

Future advancements in thermal catalysis lie in the development of robust, selective, and cost-

effective catalysts that resist deactivation, as well as in integrating renewable energy sources 

to minimize carbon footprints. Innovations in process intensification, such as combining 

pyrolysis and upgrading in a single step, and the exploration of hybrid systems that merge 

thermal catalysis with photocatalysis or electrocatalysis, hold promise for further enhancing 

efficiency and sustainability. By addressing these challenges, thermal catalysis can continue to 

evolve as a cornerstone of green chemistry, contributing significantly to the global transition 

toward a circular economy and carbon-neutral industrial practices. 

2. Enzymatic catalysis 

Enzymatic catalysis stands as a highly selective and environmentally friendly approach for 

biomass upgrading, leveraging the unique catalytic properties of enzymes to convert renewable 

feedstocks into high-value products such as biofuels, bioplastics, and fine chemicals. Operating 

under mild conditions, enzymatic processes significantly reduce energy consumption and 

minimize environmental impact compared to traditional catalytic methods.63 As shown in 

Figure 0-5a, hydrolysis of lignocellulosic biomass using magnetically immobilized enzymes, 

enhances enzyme stability and reusability while maintaining high catalytic efficiency. In 

addition, fructose was efficiently produced by one-pot enzymatic oxidation of glucose, 

combined with Ni/C-catalyzed hydrogenation, with a fructose yield of 77% (Figure 0-5b). This 

method can be extended to α-cellulose and starch, providing a selective and efficient route for 

synthesizing fructose from biomass.64 Zong et al. pointed out that glucuronoyl esterases (GEs) 

play a key role in reducing lignocellulose recalcitrance through their unique catalytic 

machinery (Figure 0-5c). These studies reveal deacylation as the rate-limiting step and 
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highlight the critical roles of enzyme, offering insights for enzyme engineering to enhance 

biomass conversion efficiency.65 

 

Figure 0-5. (a) The hydrolysis process of lignocellulosic biomass using magnetically 

immobilized enzymes.63 (b) Combined enzymatic and heterogeneous catalysis for one-pot 

fructose production from glucose.64 (c) The catalytic mechanism involved in the 

hydrolysis of a glucuronic acid methyl ester, with the sugar component represented as R, 

by OtCE15A.65 
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Key applications include the enzymatic hydrolysis of lignocellulose into fermentable sugars, 

lipase-catalyzed biodiesel production, and the synthesis of aromatic compounds and 

biopolymer precursors, showcasing the versatility of this technology in sustainable chemistry 

(Table 0-2). 

Table 0-2. Enzymatic catalysis for biomass-derived compounds upgrading. 

Catalyst Biomass substrate Reaction Ref. 

NAD Glycerol 3-Phosphate Dehydrogenase 66 

Glucose isomerase Glucose Reduction/Oxidation 67 

DyP-type peroxidases Lignin Oxidation 68 

Glutathione-

dependent β-etherases 
Lignin Oxidation 69 

Cellobiohydrolase Lignocellulose Oxidation 70 

Enzyme catalysis technology presents a highly promising approach for biomass conversion, 

offering environmentally friendly, energy-efficient processes with high substrate specificity 

and reduced by-product formation. Enzymes operate under mild conditions, avoiding the use 

of corrosive chemicals and minimizing energy consumption. Enzyme immobilization 

techniques further enhance their potential by improving enzyme stability, reusability, and 

tolerance to inhibitors such as furans, phenolics, and organic acids, commonly derived during 

biomass pretreatment. This also facilitates continuous processing, which reduces costs and 

enables efficient production of biofuels and high-value bioproducts from lignocellulosic 

feedstocks, including agricultural residues and industrial waste.71 Despite these advantages, 

several challenges hinder broader industrial implementation. The high cost of enzyme 

production and immobilization materials, such as nanoparticles or 3D-printed supports, 

remains a significant economic barrier.71 Additionally, mass transfer limitations in the 

hydrolysis of complex lignocellulosic substrates reduce efficiency, particularly with fixed-bed 

and encapsulated systems.72 Immobilization may also lead to partial enzyme inactivation due 

to suboptimal interactions with support materials. Furthermore, most current studies use 

simplified substrates, such as carboxymethyl cellulose, which do not fully represent the 

structural and compositional complexities of real lignocellulosic biomass. Future 
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advancements should focus on developing cost-effective immobilization strategies using novel 

materials with open porous structures, enhancing enzyme activity and stability under industrial 

conditions, and designing tailored bioreactors capable of addressing the rheological challenges 

of high-viscosity, solid-laden biomass suspensions. 

3. Electrocatalytic catalysis 

Electrocatalytic technologies offer a transformative approach to biomass upgrading, leveraging 

electrical energy to convert renewable feedstocks into high-value products such as biofuels, 

fine chemicals, and advanced materials. By enabling selective redox reactions under mild 

conditions, these systems combine energy efficiency with precision, addressing the limitations 

of traditional thermal and chemical processes. Key applications include the oxidation of 

biomass-derived compounds like glycerol to dihydroxyacetone, and the hydrogenation of 

furfural to furfuryl alcohol (Table 1-3). 

Table 0-3. Electrocatalytic catalysis for biomass-derived compounds upgrading. 

Catalyst Biomass substrate Reaction Ref. 

Au/C Furfural Oxidation 73 

Ru/RGO Furfural Reduction/Oxidation 74 

Cu2O/Cu foam 5-Hydroxymethylfurfural Oxidation 75 

NixSey 5-Hydroxymethylfurfural Oxidation 76 

Cu/Cu foam Furfural Oxidation 77 

Ag2O@Ni foam Furfural Oxidation 78 

Bi-Co3O4 Glycerol Oxidation 79 

PtSA-NiCo Glycerol Oxidation 80 

Rh/CF Furfural alcohol Hydrogenation 81 

Cu 4-Hydroxybenzaldehyde Hydrogenation 82 

In Figure 1-6, carbon-based materials, including functionalized carbon and graphene, improve 
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catalyst dispersion and stability, making them economically viable options, though fouling can 

limit their longevity.83 Noble metal-based catalysts, such as Pt, Au, and Ru, demonstrate 

exceptional activity and selectivity for reactions like furfural oxidation to 2-furoic acid. 

However, their high cost and limited availability restrict scalability.73 Non-noble metal 

catalysts, Such as Ni-based and Cu-based systems, excel in selective hydrogenation of furfural 

to furfuryl alcohol or 2-methylfuran but suffer from deactivation due to surface oxidation.74,75 

While noble metals provide unmatched efficiency, non-noble alternatives and emerging 

materials present opportunities for scalable and sustainable electrocatalytic biomass upgrading. 

Emerging materials like metal phosphides (e.g., Ni2P) and selenides (e.g., NixSey) enhance 

performance by increasing active sites and promoting electron transfer, offering cost-effective 

alternatives despite stability challenges.76,84 Bimetallic systems, such as Ni-Co and Co-Mo, 

harness synergistic effects to boost activity and durability, requiring precise control over 

composition.80,85 By coupling the hydrogen evolution reaction (HER) with value-added 

oxidation reactions, the electrocatalytic process can become more environmentally friendly. 

Recent advances in membrane technology, such as anion exchange membranes (AEM), along 

with innovations in material chemistry and nanotechnology, have enabled the development of 

dual-chamber electrolyzers (Figure 1-5e).86 Additionally, metal oxides (e.g., MnO2) and 

layered double hydroxides show promise due to their oxygen vacancies and catalytic activity 

but remain sensitive to harsh reaction environments.75,87 Future efforts should focus on 

enhancing catalyst stability, optimizing composition, and advancing regeneration techniques to 

enable industrial applications. 
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Figure 0-6. (a) Conversion of biomass to formic acid from water electrolysis.83 

(b)  Mechanisms of electrocatalytic HMF reduction on Ru1Cu and Cu.88 (c) NixSey 

nanowire arrays shelled with NiFe LDH nanosheets as an electrocatalyst for efficient 

upgrading of biomass-derived HMF and furfural.76 (d) Coupled CO2 reduction and HMF 

oxidation system by Cu1Bi cathodic and NiCo LDHs anodic catalysts.89 (e) 
Electrochemical cell for the simultaneous production of H2 and biomass-derived 

compounds oxidation.86 (f) Comparison of recent electrolysis performances of biomass-

derived compounds oxidation-coupled hydrogen production.75 (g) Electrocatalysis HMF 

oxidation over the CF-Cu(OH)2 catalysts.87 

4. Solar-driven catalysis 

The growing demand for sustainable and green chemical processes has catalyzed the 

development of innovative strategies that address environmental challenges, resource 

limitations, and the need for scalable, energy-efficient solutions. Among these, solar-mediated 

catalytic strategies have emerged as a transformative alternative, leveraging the abundant, 

renewable energy of sunlight to drive chemical reactions. These approaches present an 

opportunity to not only reduce the dependency on fossil fuels and lower greenhouse gas 

emissions but also align with the principles of green chemistry by enabling highly selective 

and efficient reactions under mild, environmentally friendly conditions. In the following 
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session, this part will be explained in detail. 

1.2.2.2 Challenges in biomass upgrading 

Biomass upgrading offers immense potential for sustainable chemical and energy production; 

however, existing technologies face significant limitations that demand innovative solutions. 

Thermal catalysis, despite its high efficiency and compatibility with diverse feedstocks, is 

hindered by substantial energy requirements, catalyst deactivation due to fouling and impurities, 

and challenges in optimizing processes for variable biomass compositions. These energy-

intensive processes often rely on non-renewable sources, leading to concerns about greenhouse 

gas emissions and environmental sustainability. 

Similarly, enzymatic catalysis, known for its high specificity and environmentally friendly 

operation, encounters challenges such as enzyme instability, slow reaction rates, and high 

production costs.90 The heterogeneous nature of biomass feedstocks necessitates extensive 

pretreatment, further increasing complexity and cost. While advances in enzyme engineering 

and immobilization have improved enzyme performance and recyclability, scalability remains 

a critical barrier to industrial adoption.91 

Electrocatalytic technologies, which leverage renewable electricity for redox transformations, 

face hurdles such as catalyst deactivation, sluggish reaction kinetics, and reliance on expensive 

noble metals.92 Feedstock variability complicates reaction control, and the high cost of catalysts 

limits scalability. However, advancements in the use of earth-abundant materials and hybrid 

catalytic systems combining electrocatalysis with other methods offer promising improvements. 

These challenges across thermal, enzymatic, and electrocatalytic processes highlight the need 

for alternative approaches that combine efficiency with environmental sustainability. Solar-

driven biomass conversion emerges as a green and transformative solution, directly harnessing 

abundant and renewable solar energy to drive catalytic processes. By utilizing photocatalysis, 

photoelectrocatalysis, or hybrid solar systems, this approach minimizes reliance on fossil fuels, 

reduces greenhouse gas emissions, and lowers energy inputs. Solar-driven technologies not 

only address the limitations of existing methods but also pave the way for an eco-friendly and 

economically viable pathway for biomass valorization, aligning with global efforts toward 

carbon neutrality and sustainable development. 
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1.3 Future direction: Solar-mediated biomass upgrading 

The growing demand for sustainable and green chemical processes has catalyzed the 

development of innovative strategies that address environmental challenges, resource 

limitations, and the need for scalable, energy-efficient solutions.93 Among these, solar-

mediated catalytic strategies have emerged as a transformative alternative, leveraging the 

abundant, renewable energy of sunlight to drive chemical reactions.94 These approaches present 

an opportunity to not only reduce the dependency on fossil fuels and lower greenhouse gas 

emissions but also align with the principles of green chemistry by enabling highly selective 

and efficient reactions under mild, environmentally friendly conditions. 

Solar-mediated catalysis encompasses a range of techniques, including traditional 

photocatalysis, plasmonic photocatalysis, and photoelectrocatalysis, each harnessing solar 

energy in unique ways to power chemical transformations. Traditional photocatalysis utilizes 

semiconductor materials to absorb sunlight and generate charge carriers that directly participate 

in chemical reactions.95,96 PEC combines photoactive electrodes with an external bias to drive 

energy-intensive processes like water splitting and CO2 reduction.97 Plasmonic photocatalysis, 

on the other hand, exploits solar energy to generate localized hot electrons, enhancing reaction 

rates and improving catalyst efficiency.98 Together, these approaches provide a versatile 

platform for tackling some of the most pressing challenges in chemical synthesis and energy 

conversion. 

The potential of solar-mediated catalytic strategies is particularly significant in addressing 

issues of resource efficiency and environmental sustainability. By utilizing sunlight, a virtually 

limitless and clean energy source, these technologies offer a pathway to reduce the carbon 

footprint of industrial processes.99 Solar-driven systems also enable the utilization of renewable 

feedstocks to produce valuable chemicals and fuels.100 For instance, the photocatalytic 

conversion of biomass into fine chemicals offers a dual benefit of valorizing waste materials 

while reducing dependence on nonrenewable resources.101 Similarly, solar-assisted biomass 

upgrading directly contributes to the development of sustainable energy carriers like hydrogen 

and carbon-neutral fuels.102 

In addition to the environmental benefits, solar-mediated strategies are well-suited to address 

the economic and scalability challenges associated with traditional catalytic processes.103 The 

integration of solar energy reduces reliance on costly external energy sources, while advances 
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in material design, such as heterojunction catalysts and plasmonic nanostructures, improve the 

efficiency and durability of solar-driven systems.104,105 These innovations enhance light 

absorption, charge separation, and catalytic performance, ensuring that solar-mediated 

processes can meet the rigorous demands of industrial applications. 

The development and optimization of solar-mediated catalytic systems are also closely aligned 

with global climate and sustainability goals. By providing carbon-neutral and resource-efficient 

solutions, these technologies support international efforts to achieve net-zero emissions and 

transition to a circular economy. Moreover, the versatility of solar-mediated catalysis makes it 

applicable across a wide range of reactions, from energy conversion to the selective synthesis 

of high-value chemicals, highlighting its potential as a cornerstone technology in the future of 

green chemistry. 

1.3.1 Traditional Photocatalysis 

Photocatalysis upgrading utilizes light energy to induce and facilitate chemical reactions, 

leading to the production of valuable chemical compounds.106 This approach offers unique 

advantages, including the ability to operate under mild conditions and achieve high selectivity 

in the production of target products.107 In this section, we will explore the mechanisms, benefits, 

and diverse applications of solar-mediated biomass upgrading. 

1.3.1.1 Principles of Photocatalysis 

Photocatalysis is a light-driven chemical process that accelerates reactions through the use of 

a photocatalyst, typically a semiconductor, without the catalyst itself undergoing permanent 

changes.108 The process involves the absorption of light with energy equal to or greater than 

the bandgap of the photocatalyst, resulting in the generation of electron-hole pairs. These 

charge carriers play a crucial role in initiating redox reactions.109 Upon light absorption, an 

electron is excited from the valence band to the conduction band, leaving behind a positively 

charged hole. The separation and migration of these charge carriers to the photocatalyst’s 

surface are critical to their participation in reduction and oxidation reactions. Electrons in the 

conduction band reduce adsorbed species such as oxygen or protons, while holes in the valence 

band oxidize adsorbed species like water or organic compounds, producing reactive 

intermediates such as hydroxyl radicals or superoxide radicals.110 Efficient photocatalysis 

requires optimal bandgap energy for light absorption, effective charge carrier separation to 

minimize recombination, and a high surface area with active sites to enhance reactant 



1   Introduction 

42 

 

1 

adsorption and reaction kinetics. 

The efficiency of photocatalysis depends on various factors, including the photocatalyst's 

material properties, the light source, and the reaction environment. The bandgap energy 

determines the wavelength of light that the photocatalyst can absorb, with narrow bandgap 

materials being able to utilize visible light, while wide-bandgap materials are restricted to 

ultraviolet light.111 Effective charge carrier dynamics are essential, as the recombination of 

electrons and holes reduces the efficiency of the reaction.112 Surface properties, such as 

morphology, porosity, and the density of active sites, significantly influence the adsorption of 

reactants and the desorption of products.113 Additionally, the intensity and wavelength of the 

light source, along with environmental conditions such as pH, temperature, and the presence 

of co-catalysts, play vital roles in determining photocatalytic performance. 

By utilizing renewable solar energy, photocatalysis operates under mild conditions and 

eliminates the need for harsh chemical reagents, making it an environmentally friendly 

alternative to conventional chemical processes. This combination of renewable energy 

utilization, broad applicability, and operational efficiency underscores photocatalysis as a 

promising solution for addressing global challenges in energy, environment, and industrial 

sustainability. 

1.3.1.2 Key components and mechanisms in solar-driven chemical transformations 

Solar-driven chemical transformations harness sunlight to drive reactions that convert biomass 

derivatives into high-value products like fuels, chemicals, or materials. These transformations 

rely on the interplay of key components, including light-absorbing materials, catalytic systems, 

and reaction interfaces, which work together to ensure efficient light capture, charge separation, 

and reaction pathways.113 The mechanisms underpinning solar-driven transformations involve 

multiple interconnected processes, from photon absorption to product formation. A detailed 

examination of the key components and mechanisms is outlined below. 

1. Light-absorbing materials 

(1) Organic materials 

Currently, organic materials have been widely used in photocatalysis, such as metal-organic 

frameworks (MOFs) and covalent organic frameworks (COFs). For the MOF substrates, the 

selection criteria are mainly based on the following three aspects 114,115: a) possessing a large 
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specific surface area, which is conducive to the adsorption of reactants; b) exhibiting optical 

activity, which can generate photo-induced carriers to participate in the photocatalytic reaction; 

c) providing pore confinement, which can prevent the aggregation of metal with a relatively 

high metal loading. For example, the Pt1/SnO2/UiO-66-NH2 catalysts were successfully 

synthesized by Sui et al., applying for the visible-light-driven HER.116 The obtained 

Pt1/SnO2/UiO-66-NH2 photocatalysts showed a superior H2 evolution rate of 2167 µmol g-1 h-

1. Further, Li et al. synthesized MOF-808-EDTA with implanted Pt single-atoms (SAs),117 

which exhibited an excellent photocatalytic H2 evolution rate (68.33 mmol g-1 h-1) under visible 

light irradiation (Figure 1-7a). 

As for the COFs, SAs can be confined within the COF through the coordination interaction 

between the metal atom and the binding groups in COF.118 Moreover, COFs possess 

heteroatom-rich pore walls that can facilitate reactant adsorption and charge transfer, resulting 

in more efficient photocatalytic reactions.119 Therefore, the utilization of COFs as the substrates 

to capture SAs is expected to bring new opportunities for the development of photocatalysts. 

For example, Dong et al. reported a two-dimensional β-ketoenamine-linked COF supporting 

Pt SAs (Pt1@TpPa-1) for photocatalytic HER.120 TpPa-1-COF showed special holes and 

dispersed unsaturated coordinating nitrogen atoms, which made the Pt SAs highly dispersed. 

The optimal 3% Pt1@TpPa-1 showed the best H2 evolution rate of 99.86 mmol gPt
-1 h-1 (Figure 

1-7b). Besides Pt, the active Mo SAs were also impregnated in the TPBPY-type COF to get 

Mo-COF, realizing an efficient photocatalytic reduction of CO2 to produce C2H4 (3.57 μmol g-

1 h-1) 121. 

(2) Inorganic materials 

To date, metal oxides are the most used inorganic substrate for photocatalysis. The SAs can 

also be anchored on metal oxides through the metal-oxygen bonds or be stabilized through 

oxygen vacancies, contributing to the enhanced stability of the photocatalysts. For instance, 

Hu et al. demonstrated that the Pt SAs could incorporate defective TiO2 nanosheets (Pt SA/Def-

s-TiO2) for photocatalytic water splitting (Figure 1-7c).122 The surface oxygen vacancies could 

efficiently stabilize the Pt SAs by forming a three-center Ti-Pt-Ti structure, which also 

contributed to the enhanced charge transfer processes. As a result, greatly enhanced 

photocatalytic HER was evidenced. Notably, the Pt SA/Def-s-TiO2 SAPs exhibited an 

enhanced H2 evolution performance (13460.7 μmol h-1 g-1), which was 29.0 times higher than 

that of TiO2 nanosheets. 
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Similar to metal oxides, the unsaturated coordinates sulfur atoms in metal sulfides could also 

bond with metal SAs to form photocatalysts. For instance, Li et al. synthesized CdS-Pd SAPs 

through the photoreduction method.123 It was demonstrated that the CdS-Pd SAPs exhibited 

considerable structural stability and photocatalytic HER performance due to the synergistic 

interaction between CdS and Pd, achieving an efficient charge transfer process to the catalysts’ 

surface. The obtained H2 evolution rate (947.93 μmol g-1 h-1) was about 110 times higher than 

that of pure CdS NPs (8.64 μmol g-1 h-1). 

Besides the metal oxides and sulfides, recently, halide perovskite materials are also 

demonstrated to be a potential substrate material to synthesize the photocatalysts. Halide 

perovskites possess fascinating properties such as broad light absorption, long charge carrier 

migration lengths, etc. 124. Currently, the halide perovskites are demonstrated with excellent 

photocatalytic performance, besides being applied in the photovoltaic fields. In this regard, 

synthesizing halide perovskites-based photocatalysts is promising to obtain extraordinary 

catalytic performance. For instance, Wu et al. successfully anchored Pt SAs onto FAPbBr3-xIx 

(Pt/FAPbBr3-xIx) with high dispersibility and stability (Figure 1-7e).125 The obtained 

Pt/FAPbBr3-xIx SAPs showed enhanced photocatalytic hydrogen production activity, reaching 

682.6 μmol h-1 (100 mg). In addition, Hu et al. demonstrated that the Pt SAs could be deposited 

onto the CsPbBr3 NCs (Pt-SA/CsPbBr3) through the formation of Pt-O and Pt-Br bonds.126 

Compared to pristine CsPbBr3 NCs, the trap levels exhibited in the Pt-SA/CsPbBr3 were 

ascribed to the deposition of Pt SAs, leading to an enhanced separation capability of the 

photogenerated carriers. Due to the fast carrier transfer from CsPbBr3 to Pt SAs, the Pt-

SA/CsPbBr3 exhibited a superior activity towards the photocatalytic propyne semi-

hydrogenation (TOF=122.0 h-1). 

(3) Carbon-based materials 

Because of the excellent conductivity of graphene, carbon-based substrates have been widely 

used not only in electrocatalysis,127-130 but also in the photocatalysis field.131 Similar to organic 

and inorganic substrates, structurally modified graphene can bind with SAs through 

coordination interactions with oxygen or nitrogen-containing functional groups. For instance, 

Gao et al. used oxidized graphene nanosheets as the substrates to immobilize the isolated Co 

SAs (Co1-G). Under this circumstance, the graphene acted as a bridge to connect the Ru(bpy)3 

photosensitizer and the Co SAs, thereby realizing effective charge transfer and CO2 

reduction.132 It was demonstrated that the Co SAs were coordinated with the carbon and residue 
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oxygen on the graphene surface and exhibited outstanding TON (678) and TOF (3.77 min-1) 

towards photocatalytic CO2 reduction. In addition, N-doped carbon substrates are also widely 

applied in photocatalysis, which provide rich coordination sites for the anchoring of the SAs.133 

For instance, Zhao et al. demonstrated that the Ni SAs decorated N-graphene/CdS (Ni-NG/CdS) 

could be efficient for photocatalytic HER.134 As a result, the Ni-NG/CdS received an 

outstanding photocatalytic HER performance with a quantum efficiency of 48.2% at 420 nm. 

 

Figure 0-7. Schematic illustration of (a) metal/SnO2/UiO-66-NH2.116 (b) Pt single-atom 

anchored on TpPa-1-COF over water splitting.120 (c) Pt SA/Def-s-TiO2 for photocatalytic 

H2 evolution.122 Copyright 2021, Elsevier. (d) Pd single-atom on CdS over water 

splitting.123 (e) Pt/FAPbBr3-xIx for H2 evolution.125 (f) Co1-G catalyst synthetic 

procedure.132. 

2. Mechanisms in traditional photocatalytic transformations 

The process begins with the absorption of solar photons by light-harvesting materials. Photons 

with energy equal to or greater than the material’s bandgap excite electrons from the valence 
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band (VB) to the conduction band (CB), leaving behind holes in the VB. This process generates 

electron-hole pairs (e-/h+), which are the primary energy carriers for subsequent reactions 

(Figure 1-8). 

 

Figure 0-8. Scheme of photocatalysis mechanism. 

(1) Charge Separation and Transport 

Efficient charge separation is critical to preventing recombination, which would release energy 

as heat or light. Electrons and holes must migrate to the surface of the material or catalytic sites 

to participate in redox reactions. Transport efficiency is influenced by the conductivity of the 

material and the presence of defects or grain boundaries.135 In materials like heterojunctions or 

Schottky junctions, internal electric fields separate electrons and holes, directing them to 

different reaction sites.136 

(2) Surface Adsorption and Activation 

Reactants must adsorb onto the catalyst surface for activation. 

Electron Reduction Sites: Electrons in the CB reduce species such as CO2, protons (H+), or 

oxygen (O2). 

Hole Oxidation Sites: Holes in the VB oxidize species such as water, glycerol, or organic 

substrates, generating oxygen or oxygen-containing intermediates like hydroxyl radicals (⋅OH). 

(3) Reaction pathways and selectivity 



1   Introduction 

47 

 

1 

The pathways and selectivity of solar-driven reactions depend on the catalyst’s ability to 

stabilize reaction intermediates and lower energy barriers. 

Besides, several highly reactive oxygen species (ROS) play crucial roles in the upgrading of 

various biomass derivatives in photocatalysis. Among these, the hydroxyl radical (·OH), with 

its high oxidative potential, serves as a key component in photodegradation reactions, 

particularly for species with weak adsorption affinity to the semiconductor surface. ·OH is 

primarily generated through the oxidation of surface hydroxyl groups or adsorbed water. 

However, recent studies suggest that the role of ·OH radicals may be underestimated, as for 

many organic compounds, the primary oxidation pathway is likely initiated by free or trapped 

holes, highlighting the complex interplay between different reactive species in oxidation 

processes. Superoxide anions (·O2
-), another important ROS, are produced through the 

reduction of molecular oxygen by photoinduced electrons. In acidic environments, these anions 

can be protonated to form hydroperoxide radicals (HO2˙), further contributing to the reaction 

dynamics. Although ·O2
- is less involved in initiating oxidation reactions, it plays a significant 

role in the overall reaction mechanism. It reacts with organic peroxyl radicals and undergoes 

disproportionation to produce hydrogen peroxide (H2O2), which can act as an intermediate or 

terminal oxidant in various pathways. Additionally, ozone-like species (O3
-) form through 

interactions between photogenerated hole centers on lattice oxygen (OL) and molecular oxygen, 

adding another layer of reactivity to the system. Singlet molecular oxygen (1O2), a highly 

reactive ROS, is typically produced via energy transfer from the triplet state of dyes to 

molecular oxygen or through the oxidation of ·O2
- by photogenerated holes on semiconductor 

surfaces. This species is particularly important in driving selective oxidation reactions, given 

its strong reactivity and specificity. 

The generation, control, and utilization of ROS are central to the success of heterogeneous 

photocatalysis. Effective regulation of these species is critical for optimizing reaction pathways 

and achieving selective organic photocatalytic oxidation. Understanding the mechanisms of 

ROS formation and their roles in the catalytic process provides a foundation for rational 

catalyst design and the development of more efficient photocatalytic systems. 

(4) Product Desorption and Regeneration 

After the reaction, products desorb from the catalyst surface, regenerating active sites for the 

next cycle. Efficient product desorption is essential to maintaining catalyst activity and stability. 
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1.3.1.3 Biomass upgrading in traditional photocatalysis 

Building upon the understanding of mechanisms in solar-driven transformations, biomass 

upgrading in traditional photocatalysis emerges as a significant avenue for converting 

renewable biomass feedstocks into valuable chemicals and fuels. Wang et al. demonstrated a 

record-breaking ethylene glycol formation rate of 34 mmol g-1 h-1 with 84% selectivity using a 

single-atom catalyst denoted as RhSA-WZZn0.67Cd0.33S under illumination.137 The 

wurtzite/zinc-blende heterojunction structure enhances charge-carrier separation and migration, 

while Rh single atoms selectively deposited on wurtzite segments facilitate methanol 

adsorption and C-H activation. The catalyst achieved a stable EG yield of 37% in 60 hours, 

surpassing previous reports, highlighting its potential for industrially relevant bulk chemical 

synthesis via photocatalysis (Figure 1-9a and 1-9b). Solar-driven catalytic oxidation of HMF 

to DFF coupled with H2 evolution has been achieved using ultrathin graphitic carbon nitride 

(UCNT), which demonstrates 95% DFF selectivity and robust cycling stability. The strong 

interaction between HMF and UCNT, facilitated by its twisted molecular structure, lowers the 

dehydrogenation energy barrier, enhancing reaction efficiency (Figure 1-9c).138 Building on 

advancements in photocatalytic biomass upgrading, Zhang et al. utilized MAPbBr3 lead-halide 

perovskite as an efficient photocatalyst for selective oxidation of HMF to DFF under visible 

light, achieving 100% conversion and over 90% DFF selectivity (Figure 1-9d).139 Expanding 

on advancements in photocatalytic HMF oxidation, Xia et al. introduced a Ru complex 

anchored on CdS quantum dots, enabling highly selective oxidation of HMF to DFF or 

HMFCA with over 81% conversion and 90% selectivity under different atmospheres (Figure 

1-9e). The system leverages the controlled generation of oxygen radicals and achieves tunable 

product selectivity even under natural sunlight.140 Luo et al. studied the Ru-doped ZnIn2S4 

photocatalyst for visible-light-driven coproduction of H2 and diesel fuel precursors (DFPs) 

from lignocellulose-derived methylfurans (Figure 1-9f). The system achieves exceptional DFP 

selectivity (>96%) and efficient H2 production by enhancing charge separation and accelerating 

C-H activation, offering a sustainable pathway for solar fuel and chemical synthesis.141 In 

addition to the above, other applications are outlined in Table 0-4. 
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Figure 0-9. (a) Comparison of ethylene glycol formation rates over different 

photocatalysts and (b) catalytic performance of RhSA-WZ/Zn0.67Cd0.33S.137 (c) Proposed 

mechanism of selective photocatalytic HMF oxidation coupled with H2 evolution over 

UCNT.138 (d) Mechanism on the photocatalytic selective oxidation of HMF by 

MAPbBr3.139 (e) Schematic mechanism for photocatalytic selective oxidation of HMF by 

Ru-CdS.140 (f) Photocatalytic dehydrocoupling of 2,5-DMF mechanism by Ru-ZnIn2S4.141 

Table 0-4. Application of traditional photocatalysts in biomass upgrading. 

Catalyst Biomass substrate Reaction Ref. 

MOF-901 HMF Oxidation 142 

COF-Mo Furfural Oxidation 143 

Ut-OCN Fructose Oxidation 144 

TiO2 Furfural Oxidation 145 
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MnO2-NRs HMF Oxidation 146 

MAPbBr3 HMF Oxidation 139 

NiS/Zn3In2S6 HMF Oxidation 147 

ZnxCd1-xS Glucose Oxidation 148 

N-Ta2O5 Alcohol Oxidation 149 

PdPSA CdS Bioethanol Oxidation 150 

1.3.1.4 Challenges and opportunities in traditional photocatalysis 

While solar-driven chemical transformations hold immense potential, challenges such as low 

photon utilization efficiency, rapid charge recombination, and limited product selectivity 

remain.151 To achieve highly selective photo-reforming of biomass, it is essential to explore 

photocatalyst optimization strategies with broad applicability. 

(1) Synthesis methods 

The synthesis process significantly impacts photocatalyst performance, influencing 

crystallinity and particle size.152 Nguyen et al. demonstrated that fabricating g-C3N4 from 

various precursors, such as melamine, urea, and thiourea, showed that melamine-derived g-

C3N4 exhibited superior photocatalytic stability and the highest hydrogen evolution rates.153 Its 

enhanced performance was attributed to improved crystallinity and chemical resistance, 

emphasizing the importance of precursor selection and structural properties for advancing 

photocatalytic processes in hydrogen production and plastic waste conversion. 

(2) Morphology engineering 

Nanomaterials have proven effective in minimizing charge recombination and enhancing 

photocatalytic efficiency due to their high surface area and reduced charge transport distances. 

Advances include nanostructures like nanospheres, nanodots, and quantum dots (e.g., 

CdS/CdOx),154 as well as nanosheets like d-NiPS3/CdS, which exhibit notable hydrogen 

evolution activity.155 This highlights the critical role of photocatalyst morphology in biomass 

upgrading. 

(3) Material hybrid approaches 
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Hybridizing semiconductors with materials like carbon-based compounds or metal oxides 

leverages their combined properties for improved light absorption, catalytic activity, and 

selectivity. For instance, coupling CN with CNTs enhanced electron transfer due to CNTs’ π-

conjugative structure. Further improvement was achieved by incorporating NiMo nanoparticles 

into the CNT-CN system, boosting electron transfer and photocatalytic efficiency.156 

(4) Cocatalyst integration 

Adding metal cocatalysts can enhance charge transfer at interfaces and utilize surface plasmon 

resonance (SPR) to modulate redox potential. Zerjav et al. studied Pt-based cocatalysts on WO3, 

revealing their dual role in overall water splitting.157 This part will detail an explanation in the 

following session 1.3.2. 

(5) Band engineering 

Regulating the energy band structure can create an electric field at the photocatalyst surface, 

improving charge carrier transfer and photocatalytic performance. Techniques such as 

heterojunction construction are a vital strategy in photocatalysis to enhance the separation and 

transfer efficiency of photogenerated charge carriers (electrons and holes), directly impacting 

catalytic performance.158 By creating a space charge region at the interface of two 

semiconductors, heterojunctions enable energy band bending, facilitating charge transfer and 

reducing recombination rates. Band engineering plays a crucial role by aligning the conduction 

and valence bands of semiconductors, ensuring effective redox reactions and improved light 

absorption. Most heterojunctions created through synthesis can generally be categorized into 

two types. Type II heterojunctions, facilitate charge separation where electrons and holes 

migrate to opposite materials, enhancing redox reactions. For example, composites like 

W18O49/g-C3N4 have demonstrated improved efficiency in oxidizing biomass-derived alcohols 

due to enhanced charge mobility.159 Another one is Z-Scheme heterojunctions, which enable 

efficient spatial separation of redox sites, retaining high redox potential. Examples include 

CdS/g-C3N4 composites, which significantly improve photocatalytic hydrogen evolution and 

selective oxidation.160 

(6) Surface defect engineering 

Introducing surface defects or heteroatoms can increase active sites, optimize energy band 

structures, and reduce energy barriers, thereby enhancing photocatalytic activity.161 For 
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example, defect-rich chalcogenide-coupled photocatalysts like d-NiPS3/CdS demonstrated 

efficient plastic waste conversion into hydrogen and valuable chemicals through effective 

electron-hole separation and redox reactions at defect-activated sites.155 

These strategies provide valuable insights for designing advanced photocatalysts to sustainably 

convert plastic waste into green fuels and high-value products. 

1.3.2 Plasmonic photocatalysis 

1.3.2.1 Introduction to plasmonic photocatalysis 

Plasmonic photocatalysis is a cutting-edge approach in photocatalysis that leverages localized 

surface plasmon resonance (LSPR) properties of noble metal nanoparticles (such as gold, silver, 

or copper) to drive or enhance chemical reactions under light illumination (Figure 1-10).162 

This technique utilizes the unique ability of plasmonic materials to interact with light in a way 

that produces highly energetic hot electrons, and localized electromagnetic fields, enabling 

efficient energy conversion and catalytic activity.163 It represents a powerful and versatile tool 

for applications in environmental remediation, chemical synthesis, and energy production. 

 

Figure 0-10. Plasmonic photocatalysis mechanism and LSPR evolution in the LSPR metal 

nanoparticles (NP) under illumination. 

1.3.2.2 Benefits of plasmonic photocatalysis 

Plasmonic photocatalysis is based on the phenomenon of LSPR, which occurs when conduction 
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electrons on the surface of metal nanoparticles oscillate collectively in response to incident 

light.164 This resonance effect generates unique properties that are exploited in plasmonic 

photocatalysis as below. 

1. Enhanced light absorption 

Plasmonic photocatalysts enhance light absorption through the LSPR effect, a phenomenon 

where conduction band electrons in metallic nanoparticles oscillate collectively upon 

interaction with light.165 

2. Generation of hot electrons 

Upon light excitation, plasmonic nanoparticles produce high-energy electrons (hot electrons) 

and holes. These charge carriers can participate directly in redox reactions or be transferred to 

adjacent catalytic active sites/materials.166 

3. Localized electromagnetic field enhancement 

LSPR creates intense, localized electromagnetic fields near the nanoparticle surface, enhancing 

the interaction between light and nearby molecules. This effect facilitates the activation of 

reactants and intermediates.167 

1.3.2.3 Materials for plasmonic photocatalysis 

Gold (Au), silver (Ag), and copper (Cu) are the most prominent plasmonic materials used in 

photocatalysis due to their distinct optical and catalytic properties, which make them well-

suited for driving light-induced chemical transformations.168 Au is widely recognized for its 

robust LSPR within the visible spectrum, enabling efficient absorption of solar energy.169 Its 

chemical inertness ensures exceptional stability under various reaction conditions, making it 

highly reliable for long-term applications. Moreover, Au's ability to generate and transfer hot 

electrons to nearby semiconductors or reactants plays a crucial role in enhancing photocatalytic 

activity. However, its high cost and scarcity remain significant limitations, restricting its large-

scale application. 

Ag often considered the most efficient plasmonic material, exhibits the strongest LSPR 

intensity among noble metals.170 This results in superior visible light absorption and high rates 

of hot electron generation, which can significantly boost reaction kinetics. Ag's sharper and 

more intense plasmon peaks compared to Au make it ideal for applications requiring high light 
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utilization efficiency. Despite these advantages, Ag's poor chemical stability, particularly its 

susceptibility to surface oxidation and tarnishing, severely limits its durability, posing 

challenges for long-term catalytic processes. 

Cu is gaining attention as a cost-effective and earth-abundant alternative to Au and Ag for 

plasmonic photocatalysis. Cu exhibits LSPR in the visible spectrum and is capable of driving 

light-induced reactions effectively.171 Its low cost makes it attractive for scalable applications, 

particularly in large-scale industrial processes. However, Cu's LSPR intensity is weaker than 

Ag, and its stability is considerably lower due to its high susceptibility to oxidation and 

corrosion under ambient conditions. These stability issues often necessitate protective coatings 

or composite designs to mitigate degradation and extend operational lifetimes. 

Aluminum (Al) and magnesium (Mg) are emerging as promising non-noble metal candidates 

for plasmonic photocatalysis due to their abundance and cost-effectiveness, despite some 

inherent limitations.172 Al supports strong LSPR in both the ultraviolet (UV) and visible 

spectral ranges, making it suitable for photocatalytic applications that require high-energy 

photon absorption.173 Additionally, its low cost compared to noble metals like gold and silver 

makes it attractive for scalable industrial applications. However, Al suffers from poor chemical 

stability and rapid oxidation under ambient conditions, which can diminish its plasmonic 

performance. Efforts to overcome these challenges include the use of protective coatings, such 

as oxide layers or encapsulation in inert matrices, to prevent surface degradation while 

maintaining its plasmonic properties.174 

Mg is gaining attention as a lightweight, earth-abundant material capable of supporting LSPR 

in the UV-visible spectrum.175 Mg offers plasmonic properties, making it a viable candidate for 

photocatalytic applications such as water splitting and organic transformations. However, its 

high reactivity and susceptibility to corrosion necessitate protective layers or passivation 

strategies to prevent degradation in catalytic environments. Recent advancements have 

demonstrated the incorporation of Mg into hybrid plasmonic-semiconductor systems, where 

Mg serves as both a plasmonic enhancer and an electron donor, improving charge separation 

and enhancing catalytic activity.176 

1.3.2.4 Applications in biomass conversion 

Plasmonic photocatalysis has demonstrated significant potential in biomass-derived compound 

conversion, with several detailed examples showcasing its ability to enhance reaction 
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efficiency and selectivity through LSPR effects. For instance, a plasmonic Au/ZnO catalyst 

facilitates the photocatalytic oxidation of HMF to FDCA under visible light irradiation (Figure 

1-11 a).177 The unique integration of LSPR from Au nanoparticles with oxygen vacancies on 

ZnO significantly enhances light absorption and charge separation, leading to efficient catalytic 

performance. Specifically, the catalyst achieved a remarkable FDCA selectivity of 96.9% and 

demonstrated excellent stability over multiple cycles. Similarly, on the photocatalytic oxidation 

of biomass-derived HMF into high-value HMFCA using Ag/TiO2 plasmonic photocatalysts 

under visible light (Figure 1-11b).178 The Ag nanoparticles (NPs) supported on TiO2 exhibit an 

LSPR effect, significantly enhancing visible light absorption and promoting the separation of 

photogenerated charge carriers. The optimized 2.5%Ag/ TiO2 catalyst achieves a high HMFCA 

selectivity of 96.7%, showcasing its efficiency in leveraging LSPR effects for selective biomass 

conversion 

In addition to the above-mentioned mono-metal plasmonic catalysts, bimetallic plasmonic 

catalyst, comprising palladium (Pd) and Au nanoparticles supported on mesoporous carbon 

nanospheres (MCN), for the selective photo-oxidation of biomass-derived alcohols under 

ambient conditions.179 The Pd-Au/MCN catalyst exploits the LSPR effect of Au to generate hot 

electrons, which are efficiently transferred to adjacent Pd nanoparticles, enhancing catalytic 

activity. This finite-difference time-domain (FDTD) simulation gives evidence that the 

synergistic system demonstrates superior efficiency compared to monometallic catalysts, 

achieving significantly higher conversion rates for a range of alcohols while maintaining high 

selectivity. The bimetallic design underscores the advantages of combining plasmonic and 

catalytic metals, offering a promising route for sustainable solar-driven chemical 

transformations. 
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Figure 0-11. (a) Schematic of the photocatalytic oxidation of HMF to FDCA by Au/ZnO 

under irradiation.177 (b) The interfacial enhanced effect in the photocatalytic selective 

oxidation of HMF to HMFCA by Ag/TiO2 catalysts.178 The FDTD simulated spatial 

enhancement of the local electric field induced by LSPR effects under irradiation for (c) 

Au/MCN, (d) Pd/MCN, and (e) Pd-Au/MCN. Conversion of (f) Cinnamyl alcohol, and (g) 

3-Methoxybenzyl alcohol over Pd-Au/MCN (red), Pd/MCN (green) and Au/MCN (blue) 

under light radiation. (h) Schematic mechanism of the oxidation of alcohols over Pd-

Au/MCN induced by the spatial local electric field.179 

Further summary examples underline the versatility of plasmonic photocatalysis in biomass 

valorization (Table 0-5), showcasing its ability to optimize light utilization, drive specific 

reaction pathways, and achieve high yields of value-added products under sustainable and mild 

conditions. 

Table 0-5. Application of plasmonic photocatalysts in biomass upgrading. 

Catalyst Biomass substrate Reaction Ref. 

Ru/HY-SO3H Cellulose Oxidation 180 

3DOM TiO2-Au Glucose Oxidation 181 
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Ag/TiO2 Fructose Oxidation 178 

Au/TiO2 Glycerol Oxidation 182 

Ni-Au/g-C3N4 Furfural-alcohol Oxidation 183 

Au/TiO2 HMF Oxidation 184 

AuPt/TiO2 Glycerol Oxidation 185 

Ag/G-Al2O3 Glucose Oxidation 186 

Cu-TiO2 Glycerol Oxidation 187 

Cu NPs/CdS/In2O3 Furfural-alcohol Oxidation 46 

1.3.3 Photoelectrocatalysis 

Photoelectrocatalytic (PEC) strategies are innovative approaches that combine light-driven 

photocatalysis with electrocatalysis, leveraging both solar energy and applied electrical bias to 

enable and enhance chemical transformations.188 These systems utilize photoactive electrodes 

to absorb photons, generate charge carriers, and drive redox reactions with high efficiency and 

precision (Figure 0-12.  The typical redox reaction of a PEC system, (a) photoanode, (b) 

photocathode, and (c) dual-photoelectrode tandem configuration.Figure 0-12). PEC strategies 

are increasingly recognized as critical tools in the transition to sustainable energy and chemical 

processes, particularly for applications such as water splitting, CO₂ reduction, pollutant 

degradation, and fine chemical synthesis.189,190 By integrating light and electricity, PEC 

systems overcome the limitations of standalone photocatalysis or electrocatalysis, offering 

improved control, efficiency, and scalability. 

 

Figure 0-12.  The typical redox reaction of a PEC system, (a) photoanode, (b) 
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photocathode, and (c) dual-photoelectrode tandem configuration. 

1.3.3.1 Fundamentals of photoelectrocatalysis 

1. Photoelectrodes 

Photoelectrodes are the core components of PEC systems, serving as light absorbers and charge 

transport mediums.191 These are typically classified into photoanodes and photocathodes. 

Photoanodes: Materials such as TiO2, BiVO4, or α-Fe2O3 are commonly used for their wide 

bandgaps and stability. They absorb light to generate electron-hole pairs, with holes 

participating in oxidation reactions like water oxidation or organic pollutant degradation.192 

Photocathodes: Materials like Cu2O, Si, or MoS₂ are used to reduce species such as CO2 or 

protons, generating value-added products like methane, methanol, or hydrogen.193 

2. Electrolytes 

Electrolytes facilitate ionic transport between the photoanode and photocathode, maintaining 

charge balance in the system.194 Aqueous electrolytes are commonly used for water splitting, 

while non-aqueous or ionic liquids are employed for specialized reactions, such as CO2 

reduction. 

3. External Bias 

An applied electrical bias complements the energy provided by light, facilitating charge carrier 

separation and enabling reactions that would otherwise require higher activation energy.195 This 

external energy input is critical for driving thermodynamically demanding processes. 

1.3.3.2 Advantages over traditional photocatalysis 

1. Enhanced efficiency 

The combination of light and bias improves charge separation, reduces recombination losses, 

and increases overall reaction rates.196 

2. Tunable reaction pathways/ selectivity 

PEC systems offer precise control over reaction pathways by adjusting the applied bias, light 

intensity, and catalytic properties.197 This flexibility extends to regulating the generation of 
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reactive species, such as radicals, on the catalyst surface, which play a pivotal role in driving 

selective transformations. For example, photogenerated hydroxyl radicals (⋅OH) at the 

photoanode can be tuned to selectively oxidize glycerol to dihydroxyacetone (DHA).198 

Advanced catalyst designs, including bimetallic systems and surface modifications, further 

enhance radical-mediated reactions and product specificity.63 

By optimizing reaction environments such as pH, light intensity, and electrolyte composition, 

photoelectrocatalytic systems effectively suppress side reactions while maximizing 

selectivity.199,200 This tunability is particularly advantageous for processing complex biomass-

derived feedstocks, enabling efficient conversion into high-value products. 

3. Dual Reaction Functionality 

Photoelectrocatalysis excels in its dual reaction functionality, enabling simultaneous redox 

reactions at the photoanode and photocathode, which maximizes resource utilization and 

enhances overall system efficiency.201 At the photoanode, oxidation reactions such as the 

conversion of biomass-derived compounds take place, while the photocathode facilitates 

reduction reactions like hydrogen evolution, CO2 reduction, or H2O2 production. This 

integrated process ensures that both photogenerated electrons and holes are actively utilized, 

minimizing energy loss through recombination and improving the efficiency of solar energy 

conversion. 

This dual functionality not only increases energy utilization but also enables the production of 

valuable co-products, enhancing the economic viability of the system. For instance, anodic 

biomass oxidation can yield fine chemicals, while cathodic reduction generates sustainable 

energy carriers like hydrogen or industrial chemicals like hydrogen peroxide. By integrating 

two complementary reactions in a single system, photoelectrocatalysis reduces the need for 

separate processes, aligning with green chemistry principles and promoting scalability. Despite 

challenges such as reaction coupling and product separation, continued advancements in 

material design and system integration highlight the transformative potential of this technology 

for sustainable chemical production and renewable energy applications. 

1.3.3.3 Case Studies in biomass upgrading 

This introduction systematically explores PEC applications for key compounds such as 

glycerol, glucose, and HMF, emphasizing how material innovations and tailored designs 
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address the specific challenges associated with each reaction. 

Glycerol oxidation has been extensively studied in PEC systems, with BiVO4-based 

photoanodes emerging as a leading material due to their strong visible-light absorption and 

appropriate valence band position.202 Lu et al. developed Bi-rich BiVO4-x photoanodes with 

engineered bismuth-rich domains and oxygen vacancies, significantly improving glycerol 

oxidation to DHA (Figure 1-13a).203 Enhancements such as NiOOH cocatalysts significantly 

improve reaction kinetics by facilitating hydroxyl radical generation, which is crucial for 

selective DHA production (Figure 1-13b).204  Heterojunction structures like FeOOH/BiVO4 

further boost charge separation efficiency and photostability, reducing recombination losses 

and enabling high glycerol oxidation activity (Figure 1-13c).205 

Glucose oxidation in PEC systems primarily targets the production of gluconic acid, a valuable 

intermediate for pharmaceuticals and fine chemicals. Materials like WO3 and BiVO4,206,207 

often combined with cocatalysts or plasmonic nanoparticles (e.g., Au or Ag),208 enhance 

catalytic performance by improving surface adsorption of glucose and charge transfer 

efficiency. Layered double hydroxides (LDHs) also play a key role by providing tunable active 

sites and improving the stability of the PEC system under operating conditions.198 

HMF oxidation represents another critical application, with PEC systems enabling its 

transformation into products such as HMFCA and FDCA. LDH-modified BiVO4 and other 

hybrid photoanodes have shown remarkable Faradaic efficiencies and product selectivity due 

to their optimized band alignment and robust catalytic interfaces (Figures 1-13d and 1-13e).209 
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Figure 0-13. (a) PEC selective glycerol oxidation using Bi-rich BiVO4-x photoanode.203 (b) 

Schematic diagram of the PEC generation and participation of adsorbed ·OH by NiCo-

LDH.204 (c) Proposed mechanism for the PEC GLY conversion by FeOOH/BiVO4.205 (d) 

Band structure of LDH/BiVO4 photoanode and (e) scheme of the TEMPO-mediated PEC 

oxidation of HMF over 1-LDH/BiVO4 photoanode.209 

These summary systems effectively address the challenges of overoxidation and low selectivity 

by stabilizing intermediate products and facilitating efficient charge transfer (Table 0-6). These 

advancements also position PEC technology as a sustainable and scalable solution for biomass 

valorization, bridging the gap between renewable energy utilization and green chemical 

production. 
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Table 0-6. Application of photoelectrocatalytic catalysts in biomass upgrading. 

Catalyst Biomass substrate Reaction Ref. 

Au/C3N4 Glycerol Oxidation 210 

Bi2O3/TiO2 Glycerol Oxidation 63 

SnO2/BVO-400 Glycerol Oxidation 211 

Mo–BVO–TiCoNO–

CoFeOxy 
Benzyl alcohol Oxidation 212 

Bi2MoO6@TiO2NTA Benzyl alcohol Oxidation 213 

FLP-P-BFO HMF Oxidation 214 

NiFeOx-NF Glucose Oxidation 215 

α-Fe2O3/Nb2O5/C HMF Oxidation 216 

Au/α-Fe2O3/RGO Furfural Oxidation 217 

TiO2 NTs Glucose Oxidation 218 

1.4 Summary and outlook 

The introduction of this thesis provides a detailed exploration of the critical role of green 

catalysis in addressing global challenges, including resource depletion, environmental 

degradation, and the transition toward sustainable energy and materials. Biomass, as a 

renewable and abundant feedstock, is highlighted for its potential to replace fossil-based 

resources in producing high-value chemicals, fuels, and materials. The text emphasizes the 

importance of specific biomass-derived compounds such as ketones (e.g., acetophenone), 

aldehydes (e.g., 5-hydroxymethylfurfural, HMF), and biofuels (e.g., glycerol), which serve as 

platform chemicals for developing renewable and sustainable industrial processes. These 

compounds are noted for their versatility in being transformed into valuable intermediates for 

bioplastics, bio-based fuels, and specialty chemicals, offering a promising route to 

decarbonizing the chemical industry. 
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The discussion also examines advancements in various catalytic technologies tailored for 

biomass upgrading. Thermal catalysis is recognized for its industrial applicability and high 

efficiency, but challenges such as energy-intensive operations and catalyst deactivation are 

highlighted. Enzymatic catalysis, celebrated for its unmatched specificity and ability to operate 

under mild conditions, faces significant barriers related to enzyme stability and scalability. 

Electrocatalysis is presented as a promising method that leverages renewable electricity to 

drive oxidation and reduction reactions, though catalyst durability and reaction kinetics remain 

areas of active research. Solar-mediated catalysis, including photocatalysis and 

photoelectrocatalysis, is portrayed as a cutting-edge approach that uses solar energy to drive 

selective and efficient chemical transformations, significantly reducing environmental impacts. 

These technologies collectively underscore the potential of advanced catalytic systems in 

enabling biomass valorization and the broader shift toward carbon-neutral chemical production. 

The future of biomass valorization through advanced catalytic technologies holds immense 

potential for addressing global sustainability challenges, but significant efforts are needed to 

overcome current limitations. One key direction is the development of robust and cost-effective 

catalysts with enhanced stability, selectivity, and activity. Innovations such as defect 

engineering, heterostructure design, and the use of earth-abundant materials are crucial to 

reducing reliance on expensive or scarce components while improving catalytic performance. 

Integrating renewable energy sources into catalytic processes will also play a pivotal role. 

Solar-driven catalytic technologies, such as photocatalysis and photoelectrocatalysis, offer a 

transformative pathway for biomass upgrading by utilizing abundant sunlight to drive reactions 

under mild conditions. Coupling these systems with renewable electricity from wind or solar 

power in electrocatalytic processes can further enhance efficiency and scalability, contributing 

to the broader goal of achieving carbon-neutral production systems. 

The outlook of this thesis emphasizes the need for a multidisciplinary approach to address the 

limitations of existing catalytic technologies and advance the field of sustainable biomass 

upgrading. Key methods are included below. 

(1) Development of robust catalysts 

Designing catalysts with enhanced stability, selectivity, and reusability is critical. This includes 

the exploration of earth-abundant materials, hybrid catalysts, and defect-engineered surfaces 

to improve reaction efficiencies and reduce costs. 
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(2) Integration of Renewable Energy 

Combining catalytic processes with renewable energy sources such as solar, wind, or 

hydropower is essential to achieve carbon-neutral production systems. Solar-driven catalytic 

technologies, in particular, are positioned as transformative tools for reducing energy demands 

and enhancing sustainability. 

(3) Circular economy and waste valorization 

Emphasis is placed on adopting circular economy principles, where waste biomass streams are 

upgraded into high-value products. This approach not only reduces waste but also contributes 

to resource efficiency and economic viability. 

(4) Advancing reactor design 

Innovations in reactor design, including flow reactors and hybrid systems, are needed to 

improve scalability and operational efficiency. Modular reactor systems that integrate catalytic, 

electrochemical, and solar processes are highlighted as future directions. 

The outlook section proposes future directions, focusing on integrating renewable energy, 

designing robust and cost-effective catalysts, and adopting circular economy principles. It 

highlights the need for interdisciplinary collaboration and policy support to drive the industrial 

adoption of sustainable technologies, positioning solar-driven biomass upgrading as a key 

player in achieving carbon neutrality and green industrial transformation.



2   Photo-Enhancement of Reactants Adsorption on AuPd Alloy Surface in Selective Hydrogenation of Ketones 

65 

 

2 

Chapter 2 – Photo-Enhancement of Reactants 

Adsorption on AuPd Alloy Surface in Selective 

Hydrogenation of Ketones 

Abstract 

In heterogeneous catalysis, the adsorption kinetics and the interaction of reactants with the 

catalyst surface play a crucial role in determining the catalytic performance. In the 

hydrogenation of ketones, enhancing the adsorption kinetics of both hydrogen and ketone can 

affect the performance of the hydrogenation reaction and product selectivity. While significant 

knowledge has been gained about the plasmonic enhancement of AuPd photocatalysts, 

relatively little is known about the effect of light on the reactants’s adsorption. Here we used 

AuPd alloys for the photocatalytic hydrogenation of ketones to unveil the contribution of light 

on the adsorption of reactants. We discovered enhanced hydrogen dissociation on the AuPd 

surface via localized surface plasmon resonance (LSPR) of illuminated Au, forming AuPd-H 

species on the alloy surface, which increases the charge heterogeneity of the surface. This is 

followed by an enhanced adsorption of C=O bonds of ketone, which is directly evidenced by 

in-situ XAS characterization. In-situ XAS provides new insights into the significantly 

enhanced selective adsorption of C=O bond on the surface AuPd-H species and subsequently 

induced superior selective hydrogenation reaction at mild conditions. These synergetic effects 

of merging enhanced electron density and charge heterogeneity and increased hot electron 

generation upon light irradiation enable AuPd nanoalloys to achieve high conversion and 

chemoselectivity across various ketone substrates with visible light. 

2.1 Introduction 

The chemoselective hydrogenation of unsaturated aldehydes and ketones to unsaturated 

alcohols is essential for producing high-value pharmaceuticals but contributes notably to 

greenhouse gas emissions. Within the European Union, the healthcare sector alone accounts 

for 4.7% of total emissions.219,220 Supported metal catalysts are industrially prevalent for 

hydrogenating unsaturated carbonyl compounds,221,222 yet they often suffer from 

thermodynamic competition between C=C and C=O bond hydrogenation,223 resulting in 
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undesired by-products and increased purification costs. Previous research has shown that the 

presence of base/acid sites on the support material can induce a unique ionic effect (IE) by 

extracting electrons from the metal nanoparticles, influencing the electronic state of the metal 

nanoparticles, and regulating the hydrogenation process, which can be tailored to enhance 

hydrogenation rates without compromising chemoselectivity.224-226 However, this 

hydrogenation process needs to be performed generally under heating using fossil fuel 

resources. 

Solar-driven plasmonic metal nanocatalysts present an ideal platform for this,227,228 as hot 

electrons can be predominantly generated under solar irradiation of plasmonic metal 

nanoparticles through localized surface plasmon resonance (LSPR) effect.229 Plasmonic 

monometallic photocatalysts like Au, Ag, and Cu often show limited reaction activity due to 

their deep d-band structure, where antibonding modes reside below the Fermi level, inhibiting 

the effective adsorption of reactant molecules.230 To address this, we propose transferring hot 

electrons generated by the plasmonic metal to the active metal surface via injection into 

neighboring metal sites within the alloy structure.231 The homogeneous solid solution alloy 

catalyst, AuPd, is employed for plasmon-driven hydrogenation, exploring the potential of 

bimetallic catalysts to enhance activity beyond LSPR amplification. However, the introduction 

of Pd into Au nanoparticles inherently suppresses the LSPR intensity due to the damping effect 

of Pd,232 resulting in reduced light absorption. Despite the weakened plasmon effect, the AuPd 

alloy shows significantly enhanced efficiency compared to pure Au,233,234 highlighting that 

enhancing the LSPR intensity is not the only way to improve photocatalytic activity. 

Herein, we design a hydrogenation of the C=O bond of ketones over the AuPd nanoalloy 

surface, leveraging the mechanism of reactant adsorption enhancement on plasmonic AuPd 

alloy. The role of light irradiation in the increased reactant adsorption is visualized by in-situ 

X-ray absorption spectroscopy (XAS) experiments, which provide novel insight into the pre-

catalytic step of the hydrogenation reaction, especially with the stimulation by light. 

2.2 Experimental Section 

2.2.1 Materials 

Ethanol (Ajax Finechem, 99.5%), aluminum nitrate nonahydrate (Chem-supply, >98%), 30% 

ammonia aqueous (Chem-supply), Gold (III) chloride trihydrate (Sigma-Aldrich, >99.9%), 

sodium chloride (Chem-supply, >99.7%), Palladium (II) chloride (Sigma-Aldrich, >99.9%), 
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sodium borohydride (Aladdin, >98%), isopropanol (Ajax Finechem, 99.8%), acetophenone 

(Acros Organics, >99.9%), 1-phenylethanol (Sigma-Aldrich, >98.5%), 4’-

methylacetophenone (Sigma-Aldrich, >95%), 4’-methoxyacetophenone (Sigma-

Aldrich, >99%), 4’-Chloroacetophenone (Sigma-Aldrich, >97%), 4’-bromoacetophenone 

(Sigma-Aldrich, >98%), 2-Acetonaphthone (Sigma-Aldrich, >99%), benzophenone (Sigma-

Aldrich, >99%), 4-Acetylpyridine (Sigma-Aldrich, >97%), cyclohexanone (Sigma-

Aldrich, >99.8%), cyclopentanone (Sigma-Aldrich, >99%). 

2.2.2 The synthesis of catalysts 

2.2.2.1 Preparation of AuPd-γ-Al2O3 

45g Al (NO3)3·9H2O was dissolved in 75 ml deionized water and stirred for 30 min. To the 

above Al (NO3)3·9H2O solution, 10 wt% ammonia aqueous solution was added dropwise at a 

speed of 5mL/min (~1 drop per second), the titration was ended when the pH value of the 

mixture reached 5.00, then kept stirring in the air at room temperature for 1 h. The obtained 

white gel was vacuum filtrated for 2 h to receive a relatively dry gel cake, which weighed 

116.22 g, and transferred evenly into 6 glass vials of 20 mL. Then loaded glass vials were 

transferred into 120 mL Teflon vessels where 2ml ultrapure water was poured to the bottom of 

each vessel. The Teflon vessels were heated at 170 oC for 48 h. The resulting white material 

was washed with ultrapure water 3 times and alcohol once and recovered by centrifuge (3500 

rpm, 30 min). The final product was dried at 60°C for two days. The calcined Boehmite in a 

tube furnace for 4.5 h at 450 oC called γ-Al2O3. 

2.0 g of γ-Al2O3 powder was dispersed into 49 mL of an aqueous solution containing 0.01 M 

of HAuCl4 and 49 mL of an aqueous solution containing 0.01 M of NaPdCl3. To prepare the 

NaPdCl3 solution, 0.05 g of PdCl2 was dissolved in 28.3 mL of an aqueous solution containing 

0.02 M of NaCl under stirring. The mixture was then stirred magnetically. Subsequently, 20 

mL of an aqueous solution containing 0.53 M of lysine was added to the mixture with vigorous 

stirring for 30 min. Following this, 10 mL of an aqueous solution containing 0.35 M of NaBH4 

was added dropwise over 20 min. The mixture was allowed to age overnight and the solid was 

then separated, washed twice with water and once with ethanol, and dried at 60 °C to obtain 

AuPd-γ-Al2O3. 

2.2.2.2 Preparation of Catalysts Au@Pd-γ-Al2O3 

The addition of 49 ml of ultra-pure water was stirred magnetically while 2.0 g of γ-Al2O3 
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powder was distributed in 0.01 M HAuCl4 aqueous solution. After vigorously swirling the 

mixture for 30 min, 20 mL of 0.53 M lysine was added. 10 mL of a 0.35 M NaBH4 solution 

was added dropwise to this suspension in 20 min. The mixture was aged for an overnight period, 

after which the solid was separated, three times washed with water and once with ethanol, and 

finally dried at 60 oC to produce Au-γ-Al2O3 powder. 

In 49 mL of 0.01 M NaPdCl3 aqueous solution and 49 mL of ultra-pure water, 2.0 g of Au-γ-

Al2O3 powder was well mixed for 30 min. In 20 min, 10 mL of a 0.35 M NaBH4 solution was 

added dropwise to this suspension. Au@Pd-γ-Al2O3 was produced by aging the combination 

overnight, separating the solid, and then washing it with water and ethanol. 

2.2.3 Photocatalytic hydrogenation test 

During the photocatalytic hydrogenation, 20 mg as-synthesized catalysts and 0.5 mmol 

substrates were dispersed in 10 mL isopropanol (IPA). The mixture was transferred into a 100 

mL sealed autoclave, vacuumed, and bubbled with Ar gas to ensure complete degassing. Finally, 

the autoclave was filled with ultra-high purity H2 gas to reach 3 bar pressure at ambient 

temperature. This procedure was performed in complete darkness. An LED light (720 lm, 7.5 

W, Osram MR16) was used as the light source to simulate the solar light irradiation. Products 

were sampled and analyzed by a gas chromatograph (GC-2010, Shimazu) equipped with a 

flame ionization detector (FID) using high-purity argon (99.99%) as a carrier gas. Five 

consecutive runs of photocatalytic ACE hydrogenation were used to assess the catalyst stability. 

Between each cycle, the autoclave was vacuumed and refilled with 3 bar H2. 

𝐴𝑄𝑌 =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚𝑒𝑑 𝑎𝑐𝑒𝑡𝑜𝑝ℎ𝑒𝑛𝑜𝑛𝑒

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
=

𝑀×NA

𝑁
                        (Equation 2.1) 

𝑁 =
𝐸𝜆

ℎ𝑐
=

𝐼×𝐴×𝑡×𝜆

ℎ×𝑐
                                                        (Equation 2.2) 

The number of incident photons (N) was calculated by Equation 2, where I is the light intensity, 

A is the irradiation area of the catalyst suspension, t is the light incident time, λ is the 

wavenumber of the incident light, h is the Planck constant, c is the lightspeed, M represents the 

amount of transformed toluene, and NA represents the Avogadro’s constant. 

2.2.4 Hot filtration test 

A hot filtration test has been used to investigate the recyclability and stability of the as-prepared 
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catalyst, Normally, a mixture of ACE (0.5 mmol), catalyst (20 mg), and isopropanol (10 mL) 

was introduced into the 100 mL stainless-steel autoclave and the reaction mixture was stirred 

at 21-22 oC under 3 bar H2 pressure. After 30 min, the catalyst was separated from the hot 

reaction mixture, and the as-obtained filtrate solution was analyzed using a Shimazu GC-2010. 

Then at the same reaction conditions, the hydrogenation reaction was carried out for 4h with 

sampling at each 1h. 

2.2.5 Characterization 

Transmission electron microscope (TEM) data were recorded with JEOL 2200FS and Zeiss 

Sigma VP HD instruments. High-resolution transmission electron microscopy (HRTEM) and 

high-angle annular dark-field scanning transmission microscopy (HAADF-STEM) images of 

the samples were acquired using a FEI Themis Z (STEM) equipped with a double spherical 

aberration corrector operating at 300 kV. Dual electron energy loss spectroscopy (dual-EELS) 

was conducted on a Themis Z equipped with a double spherical aberration corrector and Gatan 

magnetic electron prism. The energy dispersion of each channel was 0.1 eV. During the test, 

the acceleration high tension of the incident electron beam was 300 kV. X-ray diffraction (XRD) 

measurements were recorded on a Rigaku D max-3C diffractometer using Cu Kα radiation (40 

kV, 20 mA, λ = 0.15408 nm). X-ray photoelectron spectroscopy (XPS) measurements were 

performed using a Thermo Fisher ESCALAB 250Xi spectrometer with a focus monochromatic 

Al Kα-rays (1486.6 eV) source. The samples were tested under a vacuum below 5.0 × 10−10 

Mbar, and energy resolution spectra were collected using a pass energy of 20 eV. Peak fitting 

of the high-resolution data was carried out using the Thermo Advantage 5.976 surface chemical 

analysis software. The Solid-state UV–vis absorption spectra of the samples were measured on 

a SHIMADZU UV-3600i PLUS Spectrophotometer. The Au and Pd contents were analyzed by 

inductively coupled plasma-atomic emission spectrometry (ICP-OES) on an R4 Perkin Elmer 

ICP-OES 8300DV. Before analysis, the powder samples were digested by aqua regia dissolved 

in 70% HNO3, and diluted by deionized water. The X-ray absorption spectroscopy (XAS) was 

obtained from the XAS beamline of the Australian Synchrotron, ANSTO, and processed with 

the Athena program.235 These powder samples were all probed by the Pd K-edge (24350 eV). 

XAS was conducted in transmission mode with simultaneous measurements of Pd foil as 

reference materials for each scan.  A photoluminescence (PL) study was recorded on a Horiba 

Fluoro max-4 spectrofluorometer. The excitation and emission slit width were fixed to 5 nm 

each with an excitation wavelength of 450 nm. Working electrodes were prepared over a 

fluorine-doped tin oxide (FTO) glass by the drop-casting method. The FTO glass was cleaned 
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properly with deionized water and ethanol by ultra-sonication and then dried in the oven. 1 mg 

photocatalyst along with 400 μL ethanol, 50 μL Nafion and 125 μL distilled water, was 

sonicated for 30 min, and then the slurry was coated on the conducting surface of the FTO 

glass. For electrochemical measurements, a three-electrode cell was used, where platinum acted 

as the counter electrode. An Ag/AgCl electrode was used as the reference electrode and sample-

coated FTO acted as the working electrode. All the measurements were carried out with an CHI 

660E electrochemical workstation and performed in 0.5 M Na2SO4 aqueous solutions. The 

temperature of the reaction mixture, consisting of catalyst particles suspended in the liquid 

phase (IPA/ACE) (20 mg catalyst, 0.5 mmol ACE, 10 mL isopropanol (IPA), was measured at 

three locations using a thermal imaging camera (FLIR ONE Gen 3). The images were taken in-

situ after 1 and 4 hours of reaction corresponding to different ACE conversions. 

2.2.6 DFT calculation 

The first-principles calculations were performed based on the spin-polarized density functional 

theory (DFT) as implemented in the Vienna ab initio simulation package (VASP).236,237 The 

Perdew-Burke-Ernzerhof (PBE) form of the generalized gradient approximation (GGA) was 

employed for describing the exchange and correlation functional,238 and the spin-orbit coupling 

(SOC) was included. The van der Waals (vdW) interactions based on the Tkatchenko-Scheffler 

(TS) scheme were considered for the calculations.239 The plane wave cutoff was set at 500 eV. 

The bulk lattice constants were optimized with a Monkhorst–Pack sampling of a 10 × 10 × 10 

k-point grid for the face-centered-cubic (FCC) Au, Pd, and AuPd alloy (1:1) unit cell. The 

4 × 4 slab of 3 layers separated by 20 Å of vacuum in periodic cells was adopted for the Au, 

Pd, and AuPd alloy (111) surface models. Surface calculations were performed with a 

Monkhorst–Pack sampling of a 2×2×1 k-point grid. All the geometries were fully relaxed until 

the forces on each atom were less than 0.01 eV/Å. The atomic structures reported in this study 

were visualized using VESTA, and the post-processing of data was based on VASPKIT.240 

Adsorption energy 𝐸𝑎𝑑𝑠 of A group on the surface of substrates was calculated as follows: 

𝐸𝑎𝑑𝑠 = 𝐸𝑡𝑜𝑡 − (𝐸𝑠𝑢𝑏 + 𝐸𝐴)                                   (Equation 2.3) 

where 𝐸𝑡𝑜𝑡  stands for the total energy of the adsorption system, 𝐸𝑠𝑢𝑏  for the energy of 

adsorbates (the bare substrates), and 𝐸𝐴 for the energy of the A group (catalyst). 

The Gibbs free energy of each species was calculated as follows: 
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𝐺 = 𝐸𝐷𝐹𝑇 + 𝐸𝑍𝑃𝐸 + ∫ 𝐶𝑝𝑑𝑇 − 𝑇𝑆 

where 𝐸𝐷𝐹𝑇 is the electronic energy directly obtained from DFT calculations, 𝐸𝑍𝑃𝐸 is the zero-

point vibrational energy and was computed from the vibrational frequencies of adsorbed 

species with fixed supports, 𝐶𝑝 is the heat capacity, 𝑇 is the room temperature (300 K), and 𝑆 

is the entropy. 

2.3 Results 

Figure 1 illustrates the morphology and structure of two types of Au and Pd nanocomposites 

loaded on alumina nanofiber support: AuPd nanoalloy (AuPd-γ-Al2O3) and bimetallic AuPd 

nanoparticles (Au@Pd-γ-Al2O3). The morphology of AuPd-γ-Al2O3 and Au@Pd-γ-Al2O3 

shows the uniform metal nanoparticles distributed on the γ-Al2O3 surface with an average size 

of around 4.5 nm (Figure 0-1a and Figure 0-1b). High-resolution transmission electron 

microscopy (HR-TEM) imaging (Figure 0-2) confirms successful AuPd nanoalloy formation 

(lattice spacings of 2.31 Å). Line profile analysis further supports the formation of the AuPd 

nanoalloy (Figure 0-1c). 
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Figure 0-1. (a-b) TEM images of AuPd-γ-Al2O3 and Au@Pd-γ-Al2O3. (c-d) HAADF 

images (line-scan inserted) of AuPd-γ-Al2O3 and Au@Pd-γ-Al2O3. (e) XRD pattern. (f) 

Wavelet-transform (WT) plots for Pd K-edge of AuPd-γ-Al2O3, Au@Pd-γ-Al2O3, and Pd 

foil. 

 

Figure 0-2. HR-TEM of AuPd-γ-Al2O3. 

In contrast, the scanning transmission electron microscope (STEM) image of Au@Pd-γ-Al2O3 

reveals surface Pd islands on the Au core (Figure 0-1d), with evident component segregation 

as shown by high resolution high angle annular dark field STEM (HR-HAADF-STEM) images 
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(Figure 0-3). Lattice spacings of 2.36 Å and 2.24 Å correspond to the (111) planes of Au and 

Pd, respectively (Figure 0-4). Component segregation is further evidenced by the line profile 

of Au@Pd-γ-Al2O3 (Figure 0-1d). The Au/Pd ratios were determined through inductively 

coupled plasma (ICP) measurements for the AuPd nanoalloy, and bimetallic nanoparticles are 

approximately 1.0 and 0.7, respectively (Table 0-1). X-ray diffraction (XRD) patterns of the 

AuPd-γ-Al2O3, Au@Pd-γ-Al2O3, and their monometallic control samples were recorded 

(Figure 0-1e). Diffraction peaks at 38.01o and 77.28o correspond to the (111) and (311) planes 

of Au (PDF #04-0784), confirming the presence of nanocrystalline Au. The absence of distinct 

Pd diffraction peaks suggests the small Pd nanoparticle size in the catalysts. Notably, a positive 

shift of (311) peak in the AuPd-γ-Al2O3 indicates a contracted lattice structure,241 suggesting 

that Pd replaces Au242,243, forming an AuPd alloy.244 

 

Figure 0-3. Large scale range of HAADF-EDS mapping image of Au@Pd-γ-Al2O3 (blue 

is Pd element and yellow is Au element). 
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Figure 0-4. HR-STEM of Au@Pd-γ-Al2O3. 

Table 0-1. Summary of elemental concentration of Au and Pd in different catalysts 

measured by ICP-OES. 

Samples Au (mol%) Pd (mol%) 

AuPd-γ-Al2O3 0.045 0.049 

Au@Pd-γ-Al2O3 0.032 0.045 

Au-γ-Al2O3 0.038 / 

Pd-γ-Al2O3 / 0.049 

The X-ray absorption near-edge structure (XANES) reveals a noticeable positive shift in the 

whiteline edge for both AuPd-γ-Al2O3 and Au@Pd-γ-Al2O3 compared to Pd foil (Figure 0-5), 

indicating that both the AuPd nanoalloy and AuPd bimetallic nanoparticles have induced 

significant alterations in the surface electronic property of the pure Pd lattice.245,246 Similar 

shifts at the Au L₃-edge further confirm alloy formation in AuPd-γ-Al2O3 (Figure 0-6).247 

Wavelet transform (WT) analysis of the Pd K-edge for Pd foil exhibit maxima at approximately 

(6.96 Å-1, 2.65 Å), representing Pd-Pd scattering (Figure 0-1f). For both AuPd-γ-Al2O3 and 

Au@Pd-γ-Al2O3, a new distinct maximum emerged at (3.97 Å-1, 2.69 Å), corresponding to the 

Au-Pd scattering. Particularly, AuPd-γ-Al2O3 displays an additional maximum at (7.81 Å-1, 

2.75 Å), attributed to the alloying effect, which shifted the Pd-Pd scattering maxima. WT 
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analysis of the Au L3 edge provides additional confirmation about the AuPd alloy formation 

(Figure 0-7).248 The fitting results are shown in  
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Table 0-2 and 
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Table 0-3. These XAS results highlight the structural differences between the AuPd nanoalloy 

and bimetallic Au@Pd, with profound implications for their catalytic behavior, as discussed in 

subsequent sections. The nanoalloy catalysts, AuPd-γ-Al2O3, show a significantly enhanced 

acetophenone (ACE) conversion (92%) under irradiation with 100 % selectivity for 1-

phenylethanol (0.46 mmol) at 21 oC, whereas dark conditions reached only 25% conversion. 

Au-γ-Al2O3 displayed negligible activity, indicating that Au is inactive for the ACE 

hydrogenation. Pd-γ-Al2O3 demonstrated moderate ACE hydrogenation activity, identifying Pd 

as the active site. Calculating the turnover number (TON) for the catalyst, AuPd-γ-Al2O3 

showed a remarkably high TON of 2500 under irradiation, 3.7 times higher than that under 

dark conditions (TON = 679) (Figure 0-8a and 



2   Photo-Enhancement of Reactants Adsorption on AuPd Alloy Surface in Selective Hydrogenation of Ketones 

78 

 

2 

Table 0-4). 

 

Figure 0-5. Pd K edge XANE spectra of AuPd-γ-Al2O3, Au@Pd-γ-Al2O3, and Pd-γ-Al2O3 

catalysts. 

 

Figure 0-6. Au L3-edge XANE spectra of AuPd-γ-Al2O3, Au@Pd-γ-Al2O3, and Au-γ-Al2O3 

catalysts. 
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Figure 0-7. Wavelet-transform (WT) plots for Au L3-edge of AuPd-γ-Al2O3, Au@Pd-γ-

Al2O3, and Au foil. 
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Table 0-2. Fit results of the k3χ(k) spectra at the Pd K-edge of each catalyst and PdO 

reference. 

Catalyst Bond N R (Å) σ2 ΔE (eV) 
R-factor 

(%) 

AuPd-γ-Al2O3 

Pd-Pd 4.40±1.85 2.78±0.05 0.016 3.45±1.81 2.3 

Pd-Au 4.42±1.76 2.78±0.03 0.016 3.45±1.81 2.3 

Au@Pd-γ-Al2O3 

Pd-Pd 2.86±1.58 2.73±0.04 0.012 0.92±2.02 2.9 

Pd-Au 1.94±0.94 2.73±0.06 0.012 0.92±2.02 2.9 

Pd-γ-Al2O3 Pd-Pd 3.28±0.62 2.74 ±0.01 0.017 3.37±1.26 3.3 

PdO 

Pd-Pd 4.41±0.76 2.02±0.02 0.0004 0.06±2.64 4.8 

Pd-O 6.84±1.45 3.03±0.03 0.0004 0.06±2.64 4.8 
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Table 0-3. Fit results of the k3χ(k) spectra at the Au L3-edge of each catalyst. 

Catalyst Bond N R (Å) σ2 ΔE (eV) 
R-factor 

(%) 

AuPd-γ-Al2O3 

Au-Au 7.59±1.84 2.80±0.14 0.008 1.61±1.32 4.6 

Au-Pd 6.49±1.66 3.51±0.43 0.008 1.61±1.32 4.6 

Au@Pd-γ-Al2O3 

Au-Au 5.71±1.27 2.82±0.13 0.006 5.39±0.37 1.1 

Au-Pd 2.49±0.60 3.53±0.41 0.006 5.39±0.37 1.1 

Au-γ-Al2O3 Au-Au 9.50±1.36 2.85 ±0.09 0.008 4.25±0.79 1.0 
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Figure 0-8. (a) Hydrogenation of ACE by different catalysts. Reaction condition: 20 mg 

catalyst, 0.5 mmol ACE, 10 mL isopropanol (IPA), 3 bar H2, 4h, light/dark, 20.7±0.6 oC. 

TON of ACE hydrogenation as a function of irradiation time using various photocatalysts 

(calculated based on the surface Pd atoms). (b) UV-vis absorption. (c) Pd K edge XANES 

spectra of AuPd-γ-Al2O3 and Au@Pd-γ-Al2O3 tested under dark and light conditions. The 

charge density difference of (d) Au@Pd-γ-Al2O3 and (e) AuPd-γ-Al2O3 under dark 

conditions. The charge accumulation and depletion are represented by yellow and cyan 

colors, respectively. Color code: Pd: blue; Au: orange. 
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Table 0-4. Amounts of product and TONs for different catalysts in ACE hydrogenation. 

Catalyst Time Condition Yield (mmol) TON 

AuPd-γ-Al2O3 4 h 
Light 0.460 2500 

Dark 0.125 679 

Au@Pd-γ-Al2O3 4 h 
Light 0.285 863 

Dark 0.065 197 

Pd-γ-Al2O3 4 h 
Light 0.055 167 

Dark 0.050 151 

Au-γ-Al2O3 4 h 
Light 0 0 

Dark 0 0 

The catalytic activity data demonstrate that the enhanced reaction rate is attributed to the 

synergistic effect of alloy structure and light excitation. The LSPR effect of the AuPd alloy 

nanoparticles, induced hot electrons to redistribute Pd sites and enable improved H2 

dissociation since the H2 dissociation requires electron injection from Au to Pd.249 The 

efficiency of hot electron redistribution between Au and Pd sites relies on the extent of Au-Pd 

interface structures exposed to reactants. AuPd-γ-Al2O3 contains abundant homogeneous Au-

Pd structures that provide a much more Au-Pd atomic scale interface. In contrast, the Au@Pd-

γ-Al2O3, where Pd-Pd dominates, as confirmed by HAADF imaging and line profile analysis 

(Figure 0-1b and Figure 0-1d), has less Au-Pd atomic interface. This explains the comparable 

conversion of ACE hydrogenation over Au@Pd-γ-Al2O3 and Pd-γ-Al2O3 (10-13%) under dark 

conditions, but the enhanced activity of Au@Pd-γ-Al2O3 (57%) upon illumination (Figure 

0-8a). These results underscore that the homogeneous Au-Pd structure in the nanoalloy is 

crucial for maximizing photoactivity. 

Electron energy-loss spectroscopy (EELS) revealed surface metal composition features in 

AuPd-γ-Al2O3 (Figure S7), showing a 3.7 eV energy loss increase relative to Pd-γ-Al2O3 due 

to unique sp-d electron hybridization in the nanoalloy. Despite Au having a lower work function 

(5.22 eV) compared to Pd (5.55 eV),250 a net charge transfer from Pd to Au occurs due to the 

distinctive sp-d electron hybridization effect in the AuPd alloy.251,252 Consequently, Pd atoms 

within the AuPd nanoalloy exhibit an electron-deficient status compared to standalone Pd, 

necessitating a higher excitation energy. 
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Figure 0-9. Pd M4 edge EELS spectroscopy of AuPd-γ-Al2O3 and Pd-γ-Al2O3. 

Complementing this finding, XANES curves reveal a more pronounced whiteline shift and the 

increased peak intensity in AuPd-γ-Al2O3 compared to Au@Pd-γ-Al2O3 (Figure 0-5 and Figure 

0-6), signifying its more electron-depleted state.253-255 This observation suggests that the 

nanoalloy structure enables a more efficient electron transfer process. X-ray photoelectron 

spectroscopy (XPS) reveals electronic structure and chemical state differences between AuPd-

γ-Al2O3 and Au@Pd-γ-Al2O3 (Figure 0-10). In comparison to Au-γ-Al2O3, the Au 4f core-level 

spectra show a negative shift of 0.53 eV for AuPd-γ-Al2O3 and 0.06 eV for Au@Pd-γ-Al2O3, 

indicating enhanced electron density around Au atoms, with the shift more prominent in AuPd-

γ-Al2O3.256,257  Similarly, Pd 3d core-level spectra exhibit positive shifts of 0.43 eV (AuPd-γ-

Al2O3) and 0.22 eV (Au@Pd-γ-Al2O3) compared to Pd-γ-Al2O3, suggesting decreased electron 

density around Pd atoms,255,258,259 especially in AuPd-γ-Al2O3. These findings provide critical 

insights into the electronic structure and charge distribution in nanoalloy and bimetallic 

catalysts, clarifying the different roles of Au and Pd in catalytic performance. 
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Figure 0-10. (a) Au 4f and (b) Pd 3d XPS spectra of AuPd-γ-Al2O3, Au@Pd-γ-Al2O3, Pd-

γ-Al2O3, and Au-γ-Al2O3. 

UV-vis absorption spectra show that AuPd-γ-Al2O3 exhibits apparent SPR-induced light 

absorption with a slight blue-shift trend, possibly due to the heterogeneous electric field 

between the Au and Pd.260,261 However, its SPR peak is weaker than that in Au-γ-Al2O3 (around 

550 nm), primarily reflecting the microstructure of the AuPd nanoalloy. The SPR peak in 

Au@Pd-γ-Al2O3 is further attenuated, likely due to Pd-induced plasmon damping and uneven 

Pd distribution, which suppress the plasmon resonance.262 The support γ-Al2O3 shows 

negligible light absorption,263,264 while Pd-γ-Al2O3 exhibits weak absorption, as Pd lacks a 

plasmonic effect in the visible light range (Figure 0-8b).265-267 In contrast, visible light 

absorption around 550 nm is evident in Au-γ-Al2O3, attributable to the SPR effect of Au 

nanoparticles.268,269 

Building upon this, we explored the influence of illumination on the surface electron property 

variation of AuPd-γ-Al2O3 and Au@Pd-γ-Al2O3 through in-situ XAS under light/dark 

conditions (Figure 0-8c). Under illumination, both AuPd-γ-Al2O3 and Au@Pd-γ-Al2O3 

displayed negatively shifted whiteline edges, indicating increased electron density around Pd 
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atoms due to hot electrons from Au nanoparticles.253,254,270 This result indicates that the 

plasmon effect induced by Au nanoparticles more effectively replenishes Pd atoms with high-

energy electrons, attributed to the homogeneous Au-Pd structure within the nanoalloy. This 

plasmon-induced electron-rich Pd species is expected to enhance the hydrogenation process, 

as further discussed. Photoluminescence (PL) measurements further support the extensive Au-

Pd structure promotes efficient charge transfer (Figure 0-11), consistent with Pd K-edge 

XANES spectra in Figure 0-8c. 

 

Figure 0-11. PL spectra of AuPd-γ-Al2O3, Au@Pd-γ-Al2O3, Au-γ-Al2O3, Pd-γ-Al2O3, and 

γ-Al2O3. 

Subsequently, DFT calculations verify the advantages of the homogeneous Au-Pd structure. In 

comparison to the Au@Pd catalyst, which has fewer electron density Au-Pd structures (Figure 

0-8d), the AuPd alloy demonstrates a more uniform and higher electron density distribution at 

its Au-Pd structures (Figure 0-8e). This enhanced electronic structure facilitates stronger 

interactions with reactant molecules,271 thereby explaining the superior performance of the 

AuPd alloy. 

Building on the above observed plasmon-induced electron redistribution at the AuPd nanoalloy 

surface, we hypothesize that electron-enriched Pd active sites under irradiation could more 

efficiently activate H2, thereby enhancing acetophenone (ACE) hydrogenation. In-situ XAS 

was employed under working conditions to study the surface electron property changes of the 

nanoalloy, bimetallic, and mono-metal catalysts. During the measurement process, the reaction 
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duration varied from the initial state to 12 min. 

Under dark conditions within an H2-containing isopropanol solution, the Pd K-edge of the 

AuPd-γ-Al2O3 gradually shifted to lower energy (Figure 0-12a), while the Fourier-transformed 

k2-weighted extended X-ray absorption fine structure spectroscopy (FT-EXAFS) spectra 

(Figure 0-12b) revealed an enlarged distance of the Pd-M (M = Pd, Au) interaction, indicating 

increased electron density near the metal phase. This phenomenon results from ionic 

interactions and hybridization between Pd antibonding states and unoccupied s and p orbitals 

of adsorbed hydrogen atoms (Figure 0-12c),272-274 prompting electron migration from H-atom 

to the adsorbed M atom (M = Pd, Au), thereby facilitating H2 dissociation and AuPd-H 

formation. Given the electronegativity difference between Pd (2.2) and H (2.1),275-277 electrons 

are pulled towards Pd, rendering it electron-deficient in H2-containing isopropanol. Thus, Pd 

exhibits distinct electron migration behavior compared to thermodynamically equivalent 

conditions without H2. 

Interestingly, this shifting trend became more pronounced when the catalyst was tested under 

the same conditions but under illumination (Figure 0-12d). The corresponding FT-EXAFS 

spectra showed an increased Pd-M (M = Pd, Au) bond distance compared to dark conditions 

(Figure 0-12e), indicating boosted AuPd-H interaction attributed to plasmonic electron 

generation/transfer. The LSPR effect of Au generated hot electrons that transferred to adjacent 

Pd atoms,278 making Pd electron-rich, which engaged with unoccupied orbitals of adsorbed 

hydrogen (Figure 0-12f). Consequently, the AuPd nanoalloy exhibited a significantly 

strengthened AuPd-H interaction driven by plasmon-enhanced surface electron properties. 
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Figure 0-12. In-situ Pd K-edge XANE spectra of AuPd-γ-Al2O3 in H2-containing 

isopropanol under (a) dark and (d) light conditions. FT-EXAFS Pd K-edge spectra of 

AuPd-γ-Al2O3 in H2-containing isopropanol under (b) light and (e) dark conditions. 

Schematic illustration of (c) sp-d hybridization effect induced electron transfer process 

under dark conditions, and (f) the plasmonic effect enhanced surface electron transfer 

process under illumination conditions. 

Upon further adding reactant ACE, the in-situ XAS measurement on AuPd-γ-Al2O3 revealed a 

gradual positive shift in the whiteline edge over time (Figure 0-13a), accompanied by a 

decreased distance for the Pd-M (M = Pd, Au) bond in the FT-EXAFS spectrum (Figure 0-13b). 

This indicated that the Pd species became electron-deficient as electrons flow from Pd to the 

C=O bond of ACE upon adsorption (Figure 0-13c). In stark contrast, the spectral shift observed 

in the absence of H2 is negligible (Figure 0-14), emphasizing the indispensable role of H2 in 

facilitating the adsorption of ACE molecules. This observation was further supported by DFT 
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simulations, which showed that the oxygen atom in ACE preferentially adsorbs onto AuPd-H 

(Figure 0-13d and Figure 0-13e). The catalyst exhibited selective adsorption of C=O bonds, 

enabling efficient electron transfer from Pd to ACE via Pd-O interactions, which was confirmed 

by WT analysis, revealing a distinct Pd-O interaction peak at (6.01 Å-1, 1.32 Å) (Figure 0-13f). 

 

Figure 0-13. (a) In-situ Pd K-edge XANE spectra and (b) FT-EXAFS Pd K-edge spectra 

of AuPd-γ-Al2O3 in H2-containing isopropanol solution with ACE under light conditions. 

(c) Schematic illustration of the practical electron transfer process under reaction 

conditions.  DFT calculation of ACE adsorbed and C-O bond lengths of adsorbed ACE 

molecules on AuPd-γ-Al2O3 (d) without H atoms adsorbed, and (e) with H atoms adsorbed. 

(f) WT plots for Pd K-edge of AuPd-γ-Al2O3 in H2-containing isopropanol solution with 

ACE under light conditions. In-situ Pd K-edge XANE spectra of Pd-γ-Al2O3, AuPd-γ-

Al2O3, and Au@Pd-γ-Al2O3 in (g) H2-containing IPA solution, and (h) H2-containing IPA 

solution with ACE under light condition at 4 min and 12 min. 
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Figure 0-14. (a) In-situ Pd K-edge XANE spectra of AuPd-γ-Al2O3 under illumination in 

IPA solution of ACE without H2. (b) The corresponding Pd K-edge R-space for (a). 

Moreover, to compare hydrogenation capability among catalysts with different surface electron 

properties, the in-situ Pd K-edge XANE spectra of Pd-γ-Al2O3, AuPd-γ-Al2O3, and Au@Pd-γ-

Al2O3 were recorded during the reaction and at the initial state (Figure 0-13g). Among them, 

AuPd-γ-Al2O3 exhibits the most obvious whiteline shift, highlighting its superior hydrogen 

adsorption ability. After the introduction of ACE, all catalysts show a positive white line shift, 

which is attributed to the adsorption of C=O bonds and the Pd-O bonds formation (Figure 

0-13h). However, AuPd-γ-Al2O3 showed the largest shift, indicating an enhanced interaction 

with ACE compared to the other catalysts. Notably, the additional Pd K-edge XANES analysis 

at 12 min revealed a significantly larger shift compared to the shift observed at 4 min, indicating 

that the plasmon-enhanced electronic properties of AuPd-γ-Al2O3 facilitated dynamic electron 

transfer processes. This Au-Pd structure with high electron density significantly improved 

hydrogen dissociation promoted the adsorption of C=O bonds in ACE, and led to superior 

hydrogenation activity and chemoselectivity. These results highlight the critical role of the Au-

Pd atomic structure in optimizing catalytic performance, with the AuPd nanoalloy catalyst 

outperforming bimetallic and mono-metallic catalysts. 

The calculated Gibbs free energy on AuPd alloy and single Pd sites further demonstrated that 

the Au-Pd structure is more favorable for the adsorption of ACE reactants and intermediates 

(Figure 0-15). The AuPd nanoalloy exhibits significantly lower adsorption enthalpies for 

intermediates and reduces the energy barrier for the rate-determining step (*C6H5COCH3→

*C6H5COHCH3), supporting enhanced efficiency for ACE hydrogenation on the AuPd 
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nanoalloy structure. 

 

Figure 0-15. Free energy diagram for adsorbed H atoms and ACE hydrogenation to form 

1-phenylethanol on the AuPd alloy surface of AuPd-γ-Al2O3 catalyst and Pd surface of 

Pd-γ-Al2O3 catalyst. 

 

Figure 0-16. (a) Apparent quantum yield (AQY) of AuPd-γ-Al2O3 and Au@Pd-γ-Al2O3. 

(b) The corresponding TON of AQY. Reaction condition: 20 mg catalyst, 0.5 mmol ACE, 

10 mL IPA, 3 bar H2, 4 h, light irradiation with different wavelengths, 20.7±0.6 oC. 
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Figure 0-17. Thermal camera images showing the temperature of the reaction mixture 

after 1 and 4 hours of reaction under light and dark conditions. Figures (a) and (b) show 

local temperatures after 1h and 4h of reaction under light conditions. Figures (c) and (d) 

present corresponding temperatures under dark conditions. (20 mg catalyst, 0.5 mmol 

ACE, 10 mL IPA, 3 bar H2). 

The apparent quantum yield (AQY) efficiencies of AuPd-γ-Al2O3 and Au@Pd-γ-Al2O3 were 

assessed (Figure 0-16). TON was calculated at different wavelengths, revealing that AuPd-γ-

Al2O3 achieved the highest TON of 46.4% at 525 nm, approximately 3.5 times higher than 

Au@Pd-γ-Al2O3. Further studies found that the hydrogenation efficiency under 575 nm 

irradiation was nearly 3 times greater than at 605 nm. Since the energy input was slightly higher 

at 650 nm than 575 nm,279 the results suggest wavelength-sensitive rather than photothermal 

enhancement. Top thermal imaging of the reaction mixture reveals that the catalytic 

hydrogenation of ACE at room temperature (20.7±0.6 oC) is primarily driven by a non-thermal 

plasmonic effect rather than by a thermal contribution (Figure 0-17). 

We investigated the photo-enhanced adsorption of reactants on the catalyst surface through a 
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light-on/light-off experiment in a mixed solution system, quantitatively analyzing the ketone 

concentration in the bulk solution via gas chromatography (GC). Our hypothesis posited that 

light irradiation modulates the interaction between catalyst interfaces and ACE molecules, 

facilitating adsorption (Figure 5a). Under 30 min of continuous light irradiation, the ketone 

concentration in the bulk solution decreased from 50 mM to 35.5 mM, reflecting a 30% 

reduction relative to the initial concentration (Figure 5b). Upon cessation of light exposure, the 

ketone concentration partially recovered to 42.5 mM, corresponding to 75% of the overall 

concentration. This reversible concentration change confirms that a significant quantity of 

ketone molecules adsorbed onto the catalyst surface under illumination and subsequently 

desorbed into the bulk solution when the light was removed. The observed photoinduced 

adsorption is attributed to the localized electromagnetic field enhancement generated by AuPd 

alloy nanoparticles, which facilitates the optical trapping of polar molecules near the catalyst 

surface. Additionally, the AuPd-H species formation increases surface polarity, introducing 

localized charge heterogeneity that amplifies the adsorption process. These synergistic 

mechanisms, electromagnetic field enhancement, and surface polarity modulation 

simultaneously play a pivotal role in achieving significant and reversible light-enhanced ketone 

adsorption on AuPd alloy nanoparticles. This indicates that the photo-thermal effect is not the 

driving force for the enhanced photocatalytic activity. 
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Figure 0-18. (a) Proposed mechanism of ACE hydrogenation over AuPd nanoalloy under 

visible light/dark conditions. (b) Light irradiation induced reactant concentration change 

on AuPd nanoalloy in the light-on and light-off cycle. GC results of ACE concentration 

for (c) 30 min light irradiation and (d) 30 min dark. 

AuPd-γ-Al2O3 exhibited a more pronounced increase in 1-phenylethanol production under light 

illumination than Au@Pd-γ-Al2O3, indicating a stronger plasmonic enhancement in the AuPd 

alloy. This enhanced performance is due to the high electron density at the Au-Pd structure, 

which is more effective in promoting ACE adsorption. In contrast, Au@Pd-γ-Al2O3 

demonstrated a weaker light-induced adsorption effect, highlighting the superior ability of the 

AuPd alloy to enhance both the adsorption of reactants and the catalytic activity under light 

excitation. This emphasizes the enhanced plasmonic properties of the AuPd-γ-Al2O3 catalyst, 

which drives more efficient light-induced adsorption and reaction compared to the bimetallic 

Au@Pd structure. 

In this study, we achieved 100% conversion of acetophenone to 1-phenylethanol under ambient 

conditions at 20.7±0.6 oC and relatively low H2 pressure (3 bar). To the best of our knowledge, 

the performance reported here is comparable to or even better than some of the most recent 

studies in the field (Figure 0-19 and 
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Table 0-5).280-289 The stability of the AuPd-γ-Al2O3 catalyst was evaluated over five consecutive 

ACE hydrogenation cycles, demonstrating negligible activity loss (Figure 0-20). Hot filtration 

test 290 further confirms the absence of metal leaching for AuPd-γ-Al2O3 (Figure 0-21). Post-

stability test analyses reveal no phase changes and chemical state variations (Figure 0-22 and 

Figure 0-23), maintaining structural and compositional integrity throughout cycling (Figure 

0-24 to Figure 0-26), highlighting its good stability. Additionally, the AuPd-γ-Al2O3 catalyst 

was tested for other aromatic ketones (
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Table 0-6). Light irradiation consistently enhanced conversions for all substrates compared to 

dark conditions, while selectivity remained 100% under both light and dark conditions. 

 

Figure 0-19. Comparison of the reaction temperature, pressure, and carbonyl group 

selectivity of previously reported ketone hydrogenation reaction and this work. 
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Table 0-5. Reaction data of heterogeneous Pd-based catalysts, which were reported for 

the selective carbonyl bond hydrogenation. 

Entryref Catalyst 
Conversion % 

(Selectivity %) 
Condition 

1280 
Pd/PPh3@FDU-

12 
100 (100) 

8 × 10–3 mmol Pd, 0.2 mmol ketone, 2 mL 

ethanol, 4 bar H2, 60 oC, 0.5 h. 

2281 Pd-RuEnCat 97 (71) 
20 mg catalyst, 0.05 mol ketone, 20 bar H2, 

80 oC, 4 h. 

3282 Pd@Ph-POP 100 (≤ 20) 
15 mg catalyst, 1 mol ketone, 30 mL 

isopropanol, 2 bar H2, 60 oC, 4 h. 

4283 1PdC3Li 62 (61.6) 
20 mg catalyst, 0.2 mL/min ketone, 5 MPa 

H2, 200 oC, 8 h. 

5291 
Mn-NHC 

complex 
98(91) 

0.1 mol % catalyst, 2.0 mmol ketone, 1.0 

mol % base, 2 mL solvent, 50 bar H2, 60 °C 

for 20 h. 

6292 Co/LA 95 (100) 

1 mol % Co, 0.25 mmol ketone, 1 mol % 

Lewis acid in 0.5 mL fluorobenzene,30 bar 

H2, 120 °C, 12 h. 

7286 Ag nanocubes 92 (100) 
1 mg catalyst, 1 mmol ketone, 5 mL dioxane, 

1 atm H2, 405 nm (100mW), 80 oC, 24 h. 

8287 Mn-3 100 (80) 

0.01 mmol catalyst, 0.2 mmol ketone, 1 mL 

MeOH, 30 bar H2, 0.02 mmol K3PO4 base, 50 

oC, 20 h. 

9288 Co/ZrLa0.2Ox 100 (100) 
50 mg catalyst, 100 mg ketone, 10 mL H2O, 

20 bar H2, 80 oC, 10 h. 

10289 Cu/SiO2 100 (100) 
10 mg catalyst, 0.5 mmol ketone, 3 mL 

toluene, 25 bar H2, 150 oC, 15 h. 

11 
AuPd-γ-Al2O3 

(this work) 
92 (100) 

20 mg catalyst, 0.5 mmol ketone, 10 mL 

isopropanol, 3 bar H2, 4h, LED light, 

20.7±0.6 oC. 
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Figure 0-20. ACE hydrogenation cycling test of AuPd-γ-Al2O3. Reaction condition: 20 mg 

catalyst, 0.5 mmol ACE, 10 mL isopropanol (IPA), 3 bar H2, 4h per cycle, light with full 

spectrum. 

 

Figure 0-21. Hot filtration test of AuPd-γ-Al2O3 catalyst. Reaction conditions: 20 mg 

catalyst, 0.5 mmol ACE, 10 mL IPA, 3 bar H2, 4h, light irradiation. 
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Figure 0-22. XRD pattern of AuPd-γ-Al2O3 catalyst before and after hydrogenation 

reaction. 

 

Figure 0-23. The core-level Au 4f and Pd 3s spectra of the fresh and cycled AuPd-γ-Al2O3. 
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Figure 0-24. TEM image of cycled AuPd-γ-Al2O3. 

 

Figure 0-25. (a) HAADF and (b-e) the corresponding elemental mapping images of the 

cycled AuPd-γ-Al2O3. 
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Figure 0-26. HR-HAADF image of the cycled AuPd-γ-Al2O3. 
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Table 0-6. Ketone hydrogenation of AuPd-γ-Al2O3 under visible-light irradiation (in red 

colour) and in the dark (shown in the parentheses).a 

Entry Substrates Products Time (h) Conversion (%) Selectivity (%) 

1 

  

4 92 (25) 100 (100) 

2 

  

4 98 (69) 100 (100) 

3 

  

4 91 (57) 100 (100) 

4 
  

1 93 (58) 100 (100) 

5 

  

2 97 (63) 100 (100) 

6 
  

24 94 (32) 100 (100) 

7 
  

24 51 (13) 100 (100) 

8 

  

0.67 100 (57) 100 (100) 

9 
  

24 41 (9) 100 (100) 
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10 

  

24 31 (2) 100 (100) 

a Reaction conditions: 20 mg of AuPd-γ-Al2O3 catalyst, 0.5 mmol reactants in 10 mL IPA, 3 

bar H2, light/dark. 

2.4 Conclusion 

In summary, this study unveils a γ-Al2O3 supported AuPd nanoalloy catalyst (AuPd-γ-Al2O3) 

that leverages plasmonic-enhanced electron generation and transfer for efficient, 

chemoselective hydrogenation of unsaturated ketones. Comprehensive spectroscopic analyses 

reveal that the homogeneous Au-Pd structure of AuPd-γ-Al2O3 facilitates significantly more 

efficient electron transfer compared to bimetallic catalysts (Au@Pd-γ-Al2O3), with the LSPR 

effect of Au nanoparticles enhancing electron migration capabilities. DFT calculations confirm 

that the enriched electron density within the homogeneous Au-Pd structure is key to its high 

reaction performance. This research also demonstrates the preferential formation of surface 

AuPd-H species at the Au-Pd atomic interface, significantly enhanced by plasmon excitation. 

Consequently, it enables AuPd-γ-Al2O3 with a remarkable ability for plasmonic-enhanced 

hydrogen dissociation, selective adsorption, and activation of C=O bonds in acetophenone, as 

evidenced by in-situ XAS and theoretical calculations. This work underscores the versatility 

and efficiency of AuPd nanoalloy catalysts in hydrogenating aromatic ketones with excellent 

conversions and chemoselectivities, advancing sustainable chemical synthesis and offering a 

model for alloy-based, plasmonic catalyst design in ambient hydrogenation reactions. 
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Chapter 3 – Unbiased Photoelectrochemical Tandem 

Reaction for Concurrent Oxidations with Ultra-high 

Overall Faradaic Efficiency 

Abstract 

The selective oxidation of biomass-derived compounds remains a critical challenge in 

sustainable biorefining. With 5-hydroxymethylfurfural (HMF) employed as a model reactant, 

current solar-driven HMF conversions and efficiencies of single photoelectrode-based 

photoelectrochemical (PEC) systems are suboptimal. Here, we report an unbiased tandem PEC 

system that enables concurrent selective oxidation of HMF to 5-hydroxymethyl-2-

furancarboxylic acid (HMFCA) at both photoelectrodes, achieving a groundbreaking Faradaic 

efficiency (FEHMFCA) of 153.4%. The photoanode, composed of NiOOH-modified BiVO4 

(BVO), regulates the generation of hydroxyl radicals (⋅OH) to enhance oxidative reactivity, as 

demonstrated by ESR spectroscopy. In-situ XAS reveals that Ru-doped CuBi2O4 (CBO) at the 

photocathode promotes the oxygen reduction reaction (ORR), generating superoxide (⋅O2
-) that 

further participates in the selective oxidation of HMF. This synergistic "dual-core processor" 

mechanism enables the tandem PEC device to achieve a stable photocurrent of 0.68 mA cm-2, 

with an HMFCA selectivity exceeding 75% for both photoelectrodes. Additionally, a self-

powered PEC system driven by solar energy demonstrates industrial scalability, achieving 

355.2 mmol m-2 HMFCA yield. This work provides foundational insights into the design of 

highly selective and efficient PEC systems for biomass valorization, setting a new benchmark 

for carbon-neutral chemical production and industrial scalability. 

 

Keywords: Unbiased, photo-electrochemical tandem device, concurrent selective HMF 

oxidation, HMFCA, self-powered PEC system 

3.1 Introduction 

The global pursuit of sustainable energy solutions has underscored the need for carbon-neutral 

and efficient biomass conversion methods.293 Biomass oxidation represents a promising route 
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for producing renewable chemicals and fuels, aligning with global efforts to develop 

sustainable alternatives to fossil-derived resources. However, achieving selective oxidation of 

complex biomass substrates presents significant challenges. Conventional oxidation methods 

often rely on harsh conditions, such as high temperatures and strong oxidants, which limit 

selectivity and reduce energy efficiency. 294-296 

Electrocatalysis (EC) offers a promising alternative for biomass conversion, often coupling 

biomass oxidation at the anode with hydrogen evolution (HER) at the cathode to improve 

energy efficiency over traditional water electrolysis.297,298 However, solely relying on the anode 

limits biomass oxidation efficiency. Integrating the cathode to produce value-added chemicals 

remains challenging, as traditional EC methods typically generate hydrogen peroxide (H2O2) 

via the oxygen reduction reaction (ORR) with inherently slow kinetics.299 Platinum (Pt) has 

shown the highest ORR activity300 but is limited by high cost and scarcity, necessitating 

alternative materials. Metal-semiconductor cathodes, especially those in photoelectrochemical 

(PEC) systems, show promise due to their low energy input and environmental benefits.301,302 

In PEC systems, intermediate superoxide radicals (·O2
-) generated during ORR can drive 

selective biomass oxidation,303 presenting a compelling strategy for advancing PEC-based 

biomass conversion. 

CuBi2O4 (CBO), a promising ternary metal oxide, is emerging as an effective photoelectrode 

material due to its suitable band structure for visible light absorption, stability, and low cost.304-

306 Specifically, the conduction band position of CBO is more negative than the reduction 

potential of two-electron O2 to H2O2 (0.68 V vs. RHE), suggesting its potential for efficient 

PEC ORR.307 Despite these attributes, CBO photocathodes are limited by low carrier separation 

efficiency and limited selectivity in catalytic product formation. To address these issues, Ru 

doping (Ru-x/CBO, x=1, 2, and 3) is explored, leveraging the ORR activity of Ru, comparable 

to Pt but at a lower cost, to enhance selective biomass oxidation performance by improving 

ORR kinetics. While photocathodic biomass oxidation has been investigated, coupled anodic 

simultaneous PEC biomass oxidation remains unexplored. Many biomasses undergo oxidation 

at potentials lower than that of water oxidation, possibly enhancing PEC performance in onset 

potential, photocurrent density, and stability.308  Biomass upgrading could, therefore, be a cost-

effective alternative to the PEC oxygen evolution reaction (OER). To realize this potential, we 

employed NiOOH-modified BiVO4 (NO-x/BVO, x=1, 2 and 3) as an anodic catalyst,309 

combining excellent light absorption of BVO and stability with improvements of NiOOH in 
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charge transport and photostability.310,311 This integrated approach aims to advance sustainable 

PEC biomass upgrading with enhanced Faradaic efficiency (FE) and overall system 

performance. The selective oxidation of biomass compounds remains a critical challenge in 

sustainable biorefining, with 5-hydroxymethylfurfural (HMF) used here as a model reactant 

due to its importance in producing 5-hydroxymethyl-2-furancarboxylic acid (HMFCA), a key 

intermediate for biopolymers, pharmaceuticals, and antifungal agents.312 The aldehyde group 

(−CHO) in HMF is prone to peroxidation, forming  5-formyl-2-furandicarboxylic acid (FFCA) 

and 2,5-furandicarboxylic acid (FDCA). 

Here, we report for the first time on an unbiased tandem PEC system for concurrent HMF 

oxidation at both photoelectrodes, integrating Ru-doped CBO (Ru-2/CBO) photocathode and 

a NiOOH-modified BVO (NO-2/BVO) photoanode in a continuous-flow configuration, 

effectively minimizing humin formation and maximizing HMFCA yield. Mechanistic 

investigations using ESR and in-situ XAS reveal a synergistic "dual-core processor" 

mechanism, where hydroxyl radicals (·OH) generated at the NO-2/BVO photoanode and 

superoxide radicals (·O2
-) generated at the Ru-2/CBO photocathode collectively drive the 

selective PEC HMF oxidation process. This tandem PEC device demonstrates a stable 

photocurrent of 0.68 mA cm⁻², an ultra-high FE for HMFCA of 153.4%, and selectivity 

exceeding 75% for HMFCA. Furthermore, a solar-driven, self-powered PEC system showed 

scalability, achieving an HMFCA yield of 355.2 mmol m-2. This tandem PEC approach holds 

promising potential for scalable, solar-driven biomass conversion technologies, paving the way 

for sustainable production of high-value chemicals with enhanced efficiency and selectivity. 

3.2 Experimental Section 

3.2.1 Materials 

The chemicals were used as delivered from the supplier without further purification. 5-

Hydroxymethylfurfural (HMF, 99%, 5-Hydroxymethyl-2-furancarboxylic acid 

(HMFCA, >98%, 2-formyl-5-furancarboxylic acid (FFCA, >98%, 2,5-furandicarboxylic acid 

(FDCA, 97%, 5,5-Dimethyl-1-Pyrroline-N-Oxide (DMPO, >99%, Bismuth(III) Nitrate 

pentahydrate (Bi(NO3)3, ≥99%, and Copper(II) nitrate trihydrate (Cu(NO3)2, ≥99%, Nickel(II) 

sulfate (NiSO4, ≥99%, Ammonium metavanadate (NH4VO3, ≥99%, Ethylenediaminetetra-

acetic acid (EDTA, ≥99%) and potassium hydroxide (KOH, ≥85% were purchased from 

SIGMA-ALDRICH. 2-Methoxyethanol (C3H8O2, ≥99%, and Acetylacetone 
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(CH3COCH2COCH3, ≥99%, were from Alfa-Aesar. The fluorine-doped tin oxide conductive 

(FTO) glasses were thoroughly cleaned with detergent, deionized water, and ethanol. 

3.2.2 Synthesis Methods 

3.2.2.1 Preparation of CuBi2O4 (CBO) 

The CBO solution was prepared by adding 0.5 mM Cu(NO3)2 and 1.0 mM Bi(NO3)3 into an 

ethylene glycol methyl ether solution successively.  The mixture was immediately followed by 

sonicating and magnetic stirring to obtain a clear, transparent blue solution. 

Next, thin-film samples were prepared by spin coating. The specific spin coating steps were as 

follows: First, a slow-speed spin coating process was carried out. The films were then 

transferred to a heating plate at 350 °C to pyrolyze for 10 min. After the spin coating, all 

samples were annealed at 500 °C for 1 h with a ramp of 5 °C/min. 

3.2.2.2 Preparation of CBO supported Ru (Ru-x/CBO, x=1, 2 and 3) 

In the photo-deposition session, CBO was dispersed into the liquid mixture of water and 

isopropanol. Then, a proper amount of 3 mg RuCl3 was added to the solution. The resultant 

slurry was irradiated by lamp under vigorous stirring for 20 min, 40 min, and 60 min, which is 

denoted as Ru-x/CBO (x=1, 2, and 3), respectively. 

3.2.2.3 Preparation of BiVO4 (BVO) 

1 mmol Bi(NO3)3·5H2O and 1.5 mmol EDTA were dissolved in 15 mL deionized water, and 

under rapid stirring 1 mL of ammonia water was added. This solution was rigorously mixed 

with another solution prepared by dissolving 1 mmol NH4VO3 and 0.5 mmol EDTA in 15 ml 

deionized water to which 1 mL of ammonia water was added under rapid stirring. Mixing of 

these two solutions yielded the precursor solution for spin-coating on FTO glass. 

0.3 mmol of Bi(NO3)3·5H2O and 0.45 mmol of EDTA were dissolved in 30 mL deionized water. 

Then, 0.75 mL of a 2 M NaOH solution was added under rapid stirring until the solution 

became clear and transparent. Then 0.3 mmol of ammonium metavanadate was added to this 

solution. This precursor solution was transferred to a 50 mL Teflon-lined autoclave heated to 

180 oC for 6 h and then calcined at 500 °C for 4 h. 

3.2.2.4 Preparation of BVO supported NiOOH (NO-x/BVO, x=1, 2 and 3) 

The electrodeposition of NiOOH on the BVO electrode was carried out in the NiOOH plating 



3    Unbiased Photoelectrochemical Tandem Reaction for Concurrent Oxidations with Ultra-high Overall Faradaic Efficiency 

108 

 

3 

solution containing 0.13 M NiSO4 and 0.2 M Na2SO4 solution while gently stirring. An applied 

potential of 0.8 V, 1.0 V, and 1.2 V was applied to the deposition. As prepared samples were 

denoted as NO-x/BVO (x=1, 2 and 3), respectively. 

3.2.3 Photoelectrocatalysis HMF oxidation 

For the photoelectrocatalysis, the hydroxymethylfurfural (HMF) oxidation reactions were 

carried out in a H-cell and operated at the electrochemical workstation (CHI660E). Typically, 

the working HMF oxidation performance of the catalyst under the Xe light source was tested 

using a three-electrode system, including Ru-x/CBO and NO-x/BVO working electrode, Pt 

sheet counter electrode, and Ag/AgCl (saturated potassium chloride electrolyte) reference 

electrode. A 300 W Xenon lamp was used to simulate the solar light. Linear sweep 

voltammograms (LSV) at 0.1 V s−1 and transient response under chopped light were carried 

out. Mott-Schottky (MS) plots were tested at 1000 Hz. 

According to the MS curves, the charge carrier density (Nd) can be calculated using the 

following equation: 

𝑁𝑑 =
2

𝑒𝜀0𝜀
× (

𝑑(
1

𝐶2)

𝑑𝑉𝑠
)

−1

                          (Equation 3.1) 

The electronic charge (e) is 1.6 × 10-19 C, vacuum permittivity (ε0) is 8.86 × 10-14 F m-1, and 

relative permittivity (ε) is 68 for BVO.313 C (F cm-2) is the space charge capacitance in the 

semiconductor (obtained from MS curves), and Vs (V) is the applied potential for MS curves. 

All the potentials versus reversible hydrogen potential (vs. RHE) were converted from the 

potentials versus Ag/AgCl according to the Nernst equation: 

ERHE= EAg/AgCl+ 0.059 pH + 0.197                  (Equation 3.2) 

where ERHE refers to the converted potential versus reversible hydrogen potential. EAg/AgCl is 

the obtained potential versus Ag/AgCl, and pH is the pH value of the electrolyte. 

The ABPE can be calculated by the photocurrent-potential curves under simulated sunlight 

using the equation: 

ABPE (%) = [(1.23 - V) × J/ Plight] × 100%        (Equation 3.3) 
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where V is the applied potential, J is the photocurrent density (mA cm-2), and Plight is the power 

density of a 300 W Xe lamp. 

The IPCE was obtained using a monochromator coupled with a 300 W Xe lamp as the 

simulated light source. An applied potential of 1.23 V vs. RHE was supplied by a CHI660e 

electrochemical workstation, and the power density at a specific wavelength was measured by 

a Newport power meter. IPCE values were calculated using the following equation: 

IPCE (%) = [1240 × Jlight / λ × Plight] × 100%         (Equation 3.4) 

where Jlight is the photocurrent density (mA cm-2) obtained from the electrochemical 

workstation, λ is the wavelength (nm) of incident radiation, and Plight is the power density 

obtained at a specific wavelength (mW cm-2). 

3.2.4 Product analysis 

The continuous HMF oxidation was conducted at constant potential under light illumination in 

1 M KOH and 10 mM HMF. The concentration of HMF and its oxidation products were 

analyzed by high-performance liquid chromatography (HPLC, Shimazu LC-20AD) equipped 

with a C18 column and SPD detector. The eluent was a mixture of 5 mM ammonium acetate 

and methanol at a flow rate of 0.6 mL min−1. The following equations (3.5-3.7) were applied 

to calculate the selectivity (Sel.) of HMF oxidation products, yield of oxidation products, and 

the Faradaic efficiency (FE): 

Yield = 
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝐻𝑀𝐹
 × 100%                           (Equation 3.5) 

Sel. = 
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝐻𝑀𝐹 𝑟𝑒𝑎𝑐𝑡𝑒𝑑
 × 100%                             (Equation 3.6) 

FE = 
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑜𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 × 𝑛

𝑡𝑜𝑡𝑎𝑙 𝑝𝑎𝑠𝑠𝑒𝑑 𝑐ℎ𝑎𝑟𝑔𝑒/𝐹
 × 100%                          (Equation 3.7) 

where F is the Faraday constant (96,485 C mol−1). 

3.2.5 Characterization 

Transmission electron microscopy (TEM) data were recorded with a JEOL 2200FS and a Zeiss 

Sigma VP HD instrument. The high-resolution transmission electron microscopy (HRTEM) 

and high-angle annular dark-field scanning transmission microscopy (HAADF-STEM) images 
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of the samples were acquired using an FEI Themis Z instrument equipped with a double 

spherical aberration corrector operating at 300 kV. During the test, the acceleration high tension 

of the incident electron beam was 300 kV. X-ray diffraction (XRD) measurements were 

recorded on a Rigaku D max-3C diffractometer using Cu Kα radiation (40 kV, 20 mA, λ = 

0.15408 nm). X-ray photoelectron spectroscopy (XPS) measurements were performed using a 

Thermo Fisher ESCALAB 250Xi spectrometer with a focus monochromatic Al Kα-ray (1486.6 

eV) source. The samples were tested under a vacuum below 5.0 × 10−10 Mbar, and energy 

resolution spectra were collected using a pass energy of 20 eV. Peak fitting of the high-

resolution data was carried out by Thermo Avantage 5.976 surface chemical analysis software. 

The Solid-state UV–vis absorption spectra of the samples were measured on a SHIMADZU 

UV-3600i PLUS Spectrophotometer. X-ray absorption spectroscopy (XAS) was carried out at 

the XAS beamline of Australian Synchrotron, ANSTO, and processed with the Athena 

program.235 These powder samples were all probed by the  Ru K-edge (22127 eV). XAS was 

conducted in transmission mode at room temperature, with simultaneous measurements of Ru 

foil as reference materials for each scan. 

3.2.6 DFT calculations 

The spin-polarized density functional theory (DFT) calculations314 were performed as 

implemented in the Vienna ab initio simulation package (VASP).236 The DFT-D3 scheme of 

Grimme was adopted for describing van der Waals (vdW) interactions.315 Projector-augmented 

wave (PAW) pseudopotentials were used to model the valence states and the interactions 

between core and valence electrons.316 The Perdew-Burke-Ernzerhof (PBE)317 form of the 

generalized gradient approximation (GGA) was employed for describing the exchange and 

correlation function, and the spin-orbit coupling (SOC) was included. Plane-wave functions 

were expanded with an energy cutoff of 600 eV, and the Brillouin zone was sampled using a 

Monkhorst–Pack sampling of 8 × 8 × 8  k-point grid. All the geometries were fully relaxed 

until the forces on each atom were less than 0.005 eV/Å. 

3.3 Results 

3.3.1 Tandem PEC-System for Biomass Oxidation 

Developing highly efficient, scalable solar-driven chemical processes is one of the most 

pressing challenges in transitioning to renewable energy sources. Conventional PEC systems 

often require external bias, reducing energy efficiency and increasing costs. Here, we present 
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an alternative approach, employing an unbiased tandem PEC system for HMF oxidation, 

utilizing a Ru-2/CBO photocathode directly wired with a NO-2/BVO photoanode. This device 

first achieves complete HMF oxidation by harnessing both photoanode and photocathode, 

operating through a synergistic "dual-core processor" mechanism, where each photoelectrode 

performs a distinct, yet complementary function to maximize efficiency and selectivity. As 

shown schematically in Figure 0-1a (photos in Figure 0-2), the device exhibits overlapping 

anodic and cathodic photocurrents with an intersecting potential of 0.89 V vs. RHE, confirming 

efficient, bias-free operation (Figure 0-1b). Under illumination, a stable photocurrent density 

of 0.68 mA cm⁻² was maintained over 1800 s (Figure 0-3), yielding 168.9 mmol cm-2 and 159.0 

mmol cm-2 of HMFCA at the photocathode and photoanode, respectively (Figure 0-1c, left 

part). The Faradic efficiencies for HMFCA production (FEHMFCA) are nearly 153.4% during 

overall HMF oxidation, which is accompanied by an HMFCA selectivity (Sel.HMFCA) of 75.2% 

and 76.1% for photocathode and photoanode, respectively (Figure 0-1d, left part). In addition, 

we aim to implement a self-powered PEC system for HMF oxidation entirely driven by solar 

energy. Given that the necessary bias voltage could be readily supplied by solar panels, we 

constructed a practical setup to evaluate the performance of the self-powered PEC HMF 

oxidation system with a dual-electrode configuration. The system incorporated a solar panel 

(~1.25 V) to provide a constant bias voltage and featured a continuous-flow PEC H-cell (Figure 

0-4). A step-down transformer first reduces the electricity generated by the solar panel and then 

converts it to direct current through full-wave rectification. The positive electrode of the 

inverter is connected to the NO-2/BVO photoanode, while the negative electrode is linked to 

the Ru-2/CBO photocathode. As shown in Figure 0-1c and Figure 0-1d (right part), after 1800 

s of PEC HMF oxidation, the Ru-2/CBO photocathode achieved an HMFCA yield of 171.4 

mmol cm-2 (SelHMFCA=73.4%) with a FEHMFCA of 73.5%. Meanwhile, the NO-2/BVO 

photoanode system produced an HMFCA yield of 183.8 mmol cm-2 (SelHMFCA=78.2%) with a 

FEHMFCA of 78.8%. Figure 0-1e and Figure 0-5 illustrate the equivalent circuit and schematic 

diagram of the self-powered PEC HMF oxidation system, which utilized a NO-2/BVO 

photoanode and a Ru-2/CBO photocathode. This self-powered PEC strategy highlights a viable 

pathway for efficient and selective HMFCA production at both electrodes, demonstrating the 

substantial potential for solar-driven biomass conversion. 
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Figure 0-1. (a) Schematic illustration of the tandem HMF oxidation device comprised of 

the Ru-2/CBO photocathode and the NO-2/BVO photoanode, (b) LSV plots of the Ru-

2/CBO photocathode and the NO-2/BVO photoanode under illumination in 1 M 

KOH electrolyte with 10 mM HMF (pH = 13). (c) The yield of the tandem HMF oxidation 

device (left part) and the yield of the self-powered system (right part) for Ru-2/CBO 

photocathode and NO-2/BVO photoanode. (d) The FEHMFCA and Sel.HMFCA of tandem 

HMF oxidation device (left) and self-powered system (right part) for Ru-2/CBO 

photocathode and NO-2/BVO photoanode. (e) Equivalent circuit of the self-powered PEC 

HMF oxidation system. Reaction conditions: 1 M KOH electrolyte with 10 mM HMF (pH 

= 13) under illumination with a flow rate of 10 mL min-1. 

 

Figure 0-2. Photograph of tandem HMF oxidation device. 
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Figure 0-3. Long-term I–t curve of the tandem device. 

 

Figure 0-4. The corresponding current through the self-powered PEC HMF oxidation 

when using the 1.25 V solar panel. 
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Figure 0-5. Schematic illustration of the self-powered PEC system equipped with a solar 

panel (∼1.25 V) for HMF oxidation. 

3.3.2 Ru-doped CBO (CuBi2O4) photocathodes 

We first study the photocathode of Ru-doped CBO. A schematic representation of the 

fabrication of the CBO photocathode using an evaporation decomposition-controlled method 

is shown in Figure S5.318 Ru/CBO was prepared by photo-deposition accompanied by Ru 

incorporation into CBO. Different Ru contents were obtained by deposition for specific times 

(20, 40, and 60 min), yielding samples denoted Ru-x/CBO (x=1, 2, and 3). 

 

Figure 0-6. Synthesis scheme of Ru-x/CBO (x=1, 2 and 3). 

The cross-sectional SEM image of Ru-2/CBO films in Figure 0-7a revealed a polycrystalline 

porous morphology with a thickness of around 4 μm, consistent with previously reported CBO 

films.319 Compared with the pure CBO (Figure 0-8), the top-view SEM image of Ru-x/CBO 

(Figure 0-9, Figure 0-7b, Figure 0-10) kept the morphology of the CBO, all exhibiting the 

network morphology consisting of interconnected particles and open channels. X-ray 
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diffraction (XRD) analysis of Ru-x/CBO (x=1, 2 and 3) and pure CBO confirmed a tetragonal 

CBO phase (PDF #2-0334), with additional diffraction peaks from the SnO2 in the FTO 

substrate (PDF #46-1088) (Figure 0-7c). Magnification examination of the (211) diffraction 

peak revealed a positive shift in Ru-2/CBO and Ru-3/CBO relative to pure CBO, suggesting 

lattice contraction as Ru4+ (62 pm) replaces the larger Cu2+ (73 pm).320,321 Bragg’s law (2dsinθ 

= nλ) implies that the decreased interplanar spacing (d) results in a higher diffraction angle (θ), 

corroborating this lattice contraction due to smaller Ru dopants. A more pronounced shift in 

Ru-3/CBO indicates further lattice shrinkage with increased Ru content. High-resolution 

transmission electron microscopy (HR-TEM) provided additional insight into lattice changes. 

For pure CBO, a (211) plane d-spacing of 3.2 Å was found to be consistent with the XRD 

results (Figure 0-11), whereas Ru-doped Ru-2/CBO exhibited a reduced 3.1 Å spacing (Figure 

0-7d), further confirming lattice contraction due to Ru incorporation. Scanning transmission 

electron microscopy (STEM, Figure 0-12a) and elemental mapping (EDS, Figure 0-12b to 

Figure 0-12e) illustrate the worm-like morphology of Ru-2/CBO, with Cu, Bi, Ru, and O 

uniformly distributed, confirming the homogeneity of the Ru-doped structure. 
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Figure 0-7. (a) The cross-section SEM image and (b) top-view SEM image of Ru-2/CBO. 

(c) XRD pattern of Ru-x/CBO (x=1, 2 and 3) and CBO, (d) HR-TEM image of Ru-2/CBO, 

(e) DFT-based optimized atomic structure model of the Ru-2/CBO photocathode (red, 

green, yellow, and blue colored balls represent Ru, Cu, Bi, and O atoms, respectively). (f) 

Ru K-edge XANES spectra and (g) FT-EXAFS Ru K-edge spectra of Ru-2/CBO, Ru foil, 

and RuO2 reference. Wavelet-transform (WT) plots for Ru K-edge of (h) Ru foil, (i) RuO2 

reference and (j) Ru-2/CBO. 
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Figure 0-8. Top-view SEM image of CBO. 

 

Figure 0-9.Top-view SEM image of Ru-1/CBO. 
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Figure 0-10. Top-view SEM image of Ru-3/CBO. 

 

Figure 0-11. HR-TEM image of CBO. 
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Figure 0-12. (a) HAADF image and (b-e) the corresponding EDS elemental mapping of 

Ru-2/CBO. 

The Ru substitution site in CBO was investigated using density functional theory (DFT) 

optimization (Figure 0-7e and Figure 0-13). Table 0-1 shows that Ru substitution at the Cu-site 

has a formation energy of 0.507 eV, significantly lower than the 1.162 eV for substitution at 

the Bi-site, suggesting a preference for Ru to occupy Cu sites. Ru-doped CBO retains a similar 

crystal structure to pure CBO due to the comparable ionic radii of Ru (73 pm) and Cu (62 pm). 

However, slight lattice distortions appeared upon Ru substitution, confirmed by XRD analysis, 

which is attributed to electron density shifts around O atoms, with Cu and Bi experiencing 

reduced electron density. Raman spectroscopy of pristine CBO and Ru-doped samples (Ru-

x/CBO, x = 1, 2, 3) showed consistent vibrational peaks (Figure 0-14), 16 indicating successful 

Ru incorporation.322,323 The chemical and surface electronic structure of Ru-x/CBO (x = 1, 2, 

3) and pure CBO samples were further characterized by X-ray photoelectron spectroscopy 

(XPS) (Figure 0-15, Figure 0-16, Figure 0-17, Figure 0-18, and Figure 0-19). The Ru 3p peaks 

in Ru-2/CBO align with Ru3+ and Ru4+ species and exhibit a positive shift with increased Ru 

content, indicating reduced electron density at the Ru site,324 which is beneficial for ORR.325 

The O 1s spectrum reveals peaks for lattice oxygen and adsorbed oxygen species (e.g., 

hydroxide), with increased oxygen vacancies following Ru doping. XPS analysis of Cu 2p and 

Bi 4f spectra further shows shifts toward positive binding energies in Ru-doped CBO, reflecting 

Ru's oxophilicity326 and corroborated by Bader charge analysis (Table 0-2). 
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Figure 0-13. Formation of Ru-2/CBO by Ru replacing Bi. Red, green, yellow, and blue 

colored balls represent Ru, Cu, Bi, and O atoms, respectively. 

Table 0-1. DFT calculation of the formation energy of Ru doping at different sites. 

 Ru at Cu-site Ru at Bi-site 

Formation energy (eV) 0.507 1.162 

 

Figure 0-14. Raman spectra of the as-prepared Ru-x/CBO (x=1, 2, and 3) and CBO 

photocathodes. 



3    Unbiased Photoelectrochemical Tandem Reaction for Concurrent Oxidations with Ultra-high Overall Faradaic Efficiency 

121 

 

3 

 

Figure 0-15. XPS survey spectra of Ru-x/CBO (x =1, 2, and 3) and CBO photocathodes. 
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Figure 0-16. XPS spectra of Ru 3p peaks of (a) Ru-1/CBO and (b) Ru-3/CBO. 
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Figure 0-17. XPS spectra of O 1s peaks of (a) CBO, (b) Ru-1/CBO, (c) Ru-2/CBO, and (d) 

Ru-3/CBO. 

 

Figure 0-18. XPS spectra of Cu 2p peaks of (a) CBO, (b) Ru-1/CBO, (c) Ru-2/CBO, and 
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(d) Ru-3/CBO. 

 

Figure 0-19. XPS spectra of Bi 4f peaks of (a) CBO, (b) Ru-1/CBO, (c) Ru-2/CBO, and (d) 

Ru-3/CBO. 

Table 0-2. Bader charges analysis for Ru doping at different sites. 

 Pristine Ru at Cu-site 

O -0.932 e -1.065 e 

Cu +0.966 e +0.872 e 

Bi +1.654 e +1.65 e 

Ru - +1.241 e 

In addition, to further confirm the doped Ru structure, the electronic and coordination structures 

of Ru-2/CBO are probed using X-ray absorption spectroscopy (XAS). The Ru K-edge extended 

X-ray absorption near-edge structure (XANES) spectrum shows a slight oxidation of Ru 

compared to Ru foil and RuO2 (Figure 0-7f). The FT-EXAFS spectrum of Ru-2/CBO displays 

two main peaks at 1.46 and 2.50 Å. The obvious peak at 1.42 Å is attributed to the contribution 
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of Ru-O scattering,327 which is mainly due to the formation of Ru-O bonds in CBO due to Ru 

doping. A closer look at the spectra further discloses that the Ru-O bond in Ru-2/CBO is shorter 

than that in RuO2,328 This observation indicated that following Ru doping, there was a 

discernible migration of O atoms toward the Ru, which also supports the XPS results (Figure 

0-7g). The peak at 2.22 Å in Ru-2/CBO is different from the peak in Ru foil (2.39 Å), which 

could be tentatively attributed to the contribution of Ru-Cu,327 indicating that Ru doping is 

dispersed in the CBO after replacing Bi, and no nanoclusters are formed. The wavelet transform 

(WT) of the Ru EXAFS oscillations further confirms the presence of Ru-Cu scattering (Figure 

0-7h, Figure 0-7i and Figure 0-7j). In addition to the Ru-O bond (4.6 Å-1), an intensity 

maximum near 8.1 Å-1 is exclusively observed, which is attributed to the Ru-Cu contribution 

in Ru-2/CBO. This is different from the Ru-Ru bond in Ru foil, again indicating that the Ru 

doping on the CBO substrate is not due to the presence of Ru atoms. 

Table 0-3. EXAFS fitting parameters at the Ru K-edge for Ru-2/CBO. 

 Bond N R (Å) σ2 ΔE (eV) R-factor (%) 

Ru foil Ru-Ru 4.84±0.81 2.73±0.07 0.001 3.34±1.04 0.9 

RuO2 

Ru-O 2.32±0.28 1.94±0.02 0.002 2.69±1.25 1.1 

Ru-Ru 4.50±2.42 3.11±0.05 0.005 2.69±1.25 1.1 

Ru-2/CBO 

Ru-O 2.38±0.24 1.94 ±0.07 0.002 1.92±1.21 0.4 

Ru-Cu 0.92±0.26 2.76±0.02 0.005 1.09±0.49 2.2 

Apart from the structure characterization of the photocathodes, we systematically investigated 

the optical and electrochemical properties of Ru-doped CBO photocathodes to elucidate the 

role of Ru doping in enhancing PEC HMF oxidation. The UV-vis absorption spectra reveal that 

pristine CBO and Ru-x/CBO (x = 1, 2, 3) exhibit strong absorption in the UV-visible range 

(Figure 0-20a). The band gap energies (Eg), calculated using the Kubelka-Munk function, show 
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a reduction from pure CBO to Ru-doped CBO, indicating improved visible-light utilization due 

to Ru doping (Figure 0-21). Photoluminescence (PL) spectra reveal that Ru-2/CBO exhibits a 

lower PL intensity, signifying reduced electron-hole recombination and efficient charge 

separation, attributed to electron transfer from CBO to Ru (Figure 0-20b). Mott-Schottky (MS) 

analysis confirms that Ru-2/CBO displays a more positive flat-band (Efb) potential than CBO, 

reflecting heterojunction formation and improved band bending, conducive to charge transfer 

(Figure 0-20c). All the samples have a negative slope, proving they are p-type 

semiconductors.329 The carrier density (Nd) calculated by MS curve (Equation 1 in 

experimental section),330 which was significantly higher for Ru-2/CBO (1.4 × 1020 cm-3) 

compared to CBO  and other Ru-doped samples (Table 0-4), facilitated efficient charge 

separation at the photoelectrode/electrolyte interface.331 

 

Figure 0-20. (a) UV-vis absorption spectra, (b) PL spectra, (c) MS curves, (d) LSV curves 

under light illumination and dark (dashed lines), (e) chronoamperometry curves, and (f) 

Nyquist plot of CBO and Ru-x/CBO (x=1, 2 and 3). 
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Figure 0-21. Tauc plots of CBO, Ru-1/CBO, Ru-2/CBO, and Ru-3/CBO. 

Table 0-4. Summary of the carrier density for CBO and Ru-x/CBO (x=1, 2 and 3). 

Cathode Nd (cm-3) 

CBO 3.3 × 1019 

Ru-1/CBO 4.5 × 1019 

Ru-2/CBO 1.4 × 1020 

Ru-3/CBO 9.2 × 1019 

Linear sweep voltammetry (LSV) in 1 M KOH showed that Ru-doped photocathodes achieve 

notably higher photocurrent densities compared to CBO, with Ru-2/CBO reaching -2.04 mA 

cm⁻² at 0.4 V vs. RHE (Figure 0-20d). Excess Ru doping, however, induces structural 

distortions that create recombination centers, as seen in Ru-3/CBO.332 The I-t curves further 

confirm enhanced photocurrent in Ru-2/CBO (Figure 0-20e), whereas electrochemical 

impedance spectroscopy (EIS) shows a smaller impedance arc for Ru-2/CBO, indicating lower 

charge-transfer resistance and higher PEC activity compared to CBO (Figure 0-20f). These 

findings demonstrate that optimal Ru doping in CBO enhances visible light absorption, charge 

separation, and overall photoelectrochemical performance. 
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3.3.3 NiOOH-modified BVO (BiVO4) photoanodes 

To achieve efficient PEC oxidation of HMF concurrent at the photoanode, we designed 

NiOOH-modified BVO (NO-x/BVO, x = 1, 2, 3) photoanodes, harnessing the excellent light 

absorption of BVO and the catalytic prowess of NiOOH to achieve enhancement in 

performance. BVO seed layers were first fabricated via spin-coating, followed by hydrothermal 

synthesis to create BVO films. NiOOH layers were electrodeposited on BVO nanoplates 

(Figure 0-22), forming vertically oriented nanoplates approximately 3 µm high on FTO 

substrates (Figure 0-23. (a) The cross-section SEM image and (b) top-view SEM image of NO-

2/BVO. (c) XRD pattern of NO-x/BVO (x=1, 2 and 3) and BVO, (d) TEM image and (e) HR-

TEM image of NO-2/BVO, (f) HAADF image and (g-j) the corresponding EDS mapping of 

NO-2/BVO. (k) UV-vis absorption spectra, (l) LSV curves under light illumination and dark 

(dashed lines), and (m) chronoamperometry curves.a). SEM and TEM analyses confirmed the 

maintenance of rectangular BVO morphology post-NiOOH modification, with the NiOOH 

layer forming an ultrathin film on the BVO surface (Figure 0-24, Figure 0-25, Figure 0-26, 

Figure 0-23. (a) The cross-section SEM image and (b) top-view SEM image of NO-2/BVO. (c) 

XRD pattern of NO-x/BVO (x=1, 2 and 3) and BVO, (d) TEM image and (e) HR-TEM image 

of NO-2/BVO, (f) HAADF image and (g-j) the corresponding EDS mapping of NO-2/BVO. 

(k) UV-vis absorption spectra, (l) LSV curves under light illumination and dark (dashed lines), 

and (m) chronoamperometry curves.b and Figure 0-23. (a) The cross-section SEM image and 

(b) top-view SEM image of NO-2/BVO. (c) XRD pattern of NO-x/BVO (x=1, 2 and 3) and 

BVO, (d) TEM image and (e) HR-TEM image of NO-2/BVO, (f) HAADF image and (g-j) the 

corresponding EDS mapping of NO-2/BVO. (k) UV-vis absorption spectra, (l) LSV curves 

under light illumination and dark (dashed lines), and (m) chronoamperometry curves.d). XRD 

patterns displayed monoclinic scheelite BVO diffraction peaks and weak NiOOH peaks (25.9o 

and 51.5o), verifying the integration of NiOOH (Figure 0-23. (a) The cross-section SEM image 

and (b) top-view SEM image of NO-2/BVO. (c) XRD pattern of NO-x/BVO (x=1, 2 and 3) 

and BVO, (d) TEM image and (e) HR-TEM image of NO-2/BVO, (f) HAADF image and (g-

j) the corresponding EDS mapping of NO-2/BVO. (k) UV-vis absorption spectra, (l) LSV 

curves under light illumination and dark (dashed lines), and (m) chronoamperometry curves.c). 

HR-TEM imaging further confirmed the NiOOH deposition, revealing lattice fringes with a 

2.4 Å spacing for NiOOH (101) on BVO (Figure 0-23. (a) The cross-section SEM image and 

(b) top-view SEM image of NO-2/BVO. (c) XRD pattern of NO-x/BVO (x=1, 2 and 3) and 

BVO, (d) TEM image and (e) HR-TEM image of NO-2/BVO, (f) HAADF image and (g-j) the 
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corresponding EDS mapping of NO-2/BVO. (k) UV-vis absorption spectra, (l) LSV curves 

under light illumination and dark (dashed lines), and (m) chronoamperometry curves.e), while 

HADDF-EDS mapping highlighted the slightly larger Ni and O distributions, indicating 

NiOOH localization on BVO surfaces (Figure 0-23. (a) The cross-section SEM image and (b) 

top-view SEM image of NO-2/BVO. (c) XRD pattern of NO-x/BVO (x=1, 2 and 3) and BVO, 

(d) TEM image and (e) HR-TEM image of NO-2/BVO, (f) HAADF image and (g-j) the 

corresponding EDS mapping of NO-2/BVO. (k) UV-vis absorption spectra, (l) LSV curves 

under light illumination and dark (dashed lines), and (m) chronoamperometry curves.g, Figure 

0-23. (a) The cross-section SEM image and (b) top-view SEM image of NO-2/BVO. (c) XRD 

pattern of NO-x/BVO (x=1, 2 and 3) and BVO, (d) TEM image and (e) HR-TEM image of 

NO-2/BVO, (f) HAADF image and (g-j) the corresponding EDS mapping of NO-2/BVO. (k) 

UV-vis absorption spectra, (l) LSV curves under light illumination and dark (dashed lines), and 

(m) chronoamperometry curves.h, Figure 0-23. (a) The cross-section SEM image and (b) top-

view SEM image of NO-2/BVO. (c) XRD pattern of NO-x/BVO (x=1, 2 and 3) and BVO, (d) 

TEM image and (e) HR-TEM image of NO-2/BVO, (f) HAADF image and (g-j) the 

corresponding EDS mapping of NO-2/BVO. (k) UV-vis absorption spectra, (l) LSV curves 

under light illumination and dark (dashed lines), and (m) chronoamperometry curves.I and 

Figure 0-23. (a) The cross-section SEM image and (b) top-view SEM image of NO-2/BVO. (c) 

XRD pattern of NO-x/BVO (x=1, 2 and 3) and BVO, (d) TEM image and (e) HR-TEM image 

of NO-2/BVO, (f) HAADF image and (g-j) the corresponding EDS mapping of NO-2/BVO. 

(k) UV-vis absorption spectra, (l) LSV curves under light illumination and dark (dashed lines), 

and (m) chronoamperometry curves.j). XPS analysis revealed the presence of Bi, V, and O in 

both BVO and NO-x/BVO photoanodes, along with distinct Ni2+ and Ni3+ peaks in NO-x/BVO, 

affirming the presence of NiOOH (Figure 0-28 and Figure 0-29).333 Deconvoluted O 1s spectra 

(529.6 eV for lattice oxygen and 531.8 eV for chemisorbed oxygen) further detailed the 

chemical states of oxygen (Figure 0-30).334 High-resolution XPS spectra of Bi 4f and V 2p 

showed low-energy shifts in NO-x/BVO compared to pure BVO, indicating electron 

redistribution attributed to the higher electronegativity of NiOOH (Figure 0-31 and Figure 

0-32). These findings underscore the successful integration of NiOOH on BVO, enhancing 

electron transfer properties critical for efficient PEC HMF oxidation. 
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Figure 0-22. Synthesis scheme of NO-x/BVO (x=1, 2 and 3). 

 

Figure 0-23. (a) The cross-section SEM image and (b) top-view SEM image of NO-2/BVO. 

(c) XRD pattern of NO-x/BVO (x=1, 2 and 3) and BVO, (d) TEM image and (e) HR-TEM 

image of NO-2/BVO, (f) HAADF image and (g-j) the corresponding EDS mapping of NO-

2/BVO. (k) UV-vis absorption spectra, (l) LSV curves under light illumination and dark 

(dashed lines), and (m) chronoamperometry curves. 
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Figure 0-24. Top-view SEM image of BVO. 

 

Figure 0-25. Top-view SEM image of NO-1/BVO. 
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Figure 0-26. Top-view SEM image of NO-3/BVO. 

 

Figure 0-27.HR-TEM image of BVO. 
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Figure 0-28. XPS survey spectra of (a) BVO, (b) NO-1/BVO, (c) NO-2/BVO, and (d) NO-

3/BVO. 

 

Figure 0-29. XPS spectra of Ni 2p peaks of (a) NO-1/BVO, (b) NO-2/BVO, and (c) NO-

3/BVO. 
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Figure 0-30. XPS spectra of O 1s peaks of (a) BVO, (b) NO-1/BVO, (c) NO-2/BVO, and 

(d) NO-3/BVO. 

 

Figure 0-31. XPS spectra of Bi 4f peaks of (a) BVO, (b) NO-1/BVO, (c) NO-2/BVO, and 
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(d) NO-3/BVO. 

 

Figure 0-32. XPS spectra of V 2p peaks of (a) BVO, (b) NO-1/BVO, (c) NO-2/BVO, and 

(d) NO-3/BVO. 

In addition to morphology and composition, the optical response and carrier behavior of the 

photoanodes were further studied. The BVO absorption edge was near 520 nm, whereas 

NiOOH modification induced a redshift, broadening the light absorption range (Figure 0-23k). 

As shown in Figure 0-33, bandgap values of NO-1/BVO, NO-2/BVO, and NO-3/BVO were 

approximately 2.48, 2.47, and 2.44 eV, respectively, compared to 2.50 eV for pristine BVO, 

indicating that NiOOH reduces the bandgap slightly, enhancing light absorption. To assess 

carrier recombination, PL spectra show that NiOOH-supported BVO exhibits reduced emission 

peak intensity at 510 nm compared to pure BVO, suggesting suppressed carrier recombination 

and improved surface charge transfer for reactions (Figure 0-34).335 However, excess NiOOH 

(NO-3/BVO) increases emission intensity, indicating that surplus NiOOH can act as 

recombination sites, thereby hindering PEC performance. MS analysis determined the Efb and 

semiconductor type for BVO and NO-x/BVO (x=1, 2, 3), revealing n-type characteristics for 

all samples (Figure 0-35). The progressively negative shift of Efb in the NO-x/BVO 

heterostructures, with NO-2/BVO possessing the lowest Efb, indicates an enhanced electron 

density. Carrier densities in Table 0-5 follow the order of NO-2/BVO > NO-3/BVO > NO-
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1/BVO > BVO, supporting the superior performance of NO-2/BVO. Consequently, NO-

2/BVO emerged as the optimal composite photoanode, achieving a photocurrent density of 

1.48 mA cm-2 at 1.2 V vs. RHE, nearly three times higher than that of pristine BVO (0.5 mA 

cm-2, Figure 0-23l). Transient photocurrent response confirmed stability, with minimal current 

spikes upon light switching336 reflecting enhanced charge separation and reduced hole 

accumulation (Figure 0-23m). Nyquist plots further demonstrate NO-2/BVO’s smallest arc 

radius (Figure 0-36), indicative of higher conductivity and faster electron transfer kinetics, 

critical for improved HMF oxidation performance. These results align with the MS slope data 

and reinforce that the NiOOH layer’s enhanced interfacial charge transfer and conductivity are 

key factors in NO-2/BVO for improving PEC performance. 

 

Figure 0-33. Tauc plot corresponding to UV-Vis absorption spectra of NO-x/BVO (x=1, 2 

and 3) and BVO. 
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Figure 0-34. PL spectra of BVO and NO-x/BVO (x =1, 2 and 3). 

 

Figure 0-35. Mott-Schottky plots of the BVO, NO-1/BVO, NO-2/BVO, and NO-3/BVO 

photoelectrodes in 10 mM HMF with 1 M KOH (pH=13). 
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Table 0-5. Summary of the carrier density for BVO and NO-x/BVO (x=1, 2, and 3). 

Anode Nd (cm-3) 

BVO 4.0 × 1018 

NO-1/BVO 5.9 × 1018 

NO-2/BVO 1.8 × 1019 

NO-3/BVO 1.2 × 1019 

 

 

Figure 0-36.Nyquist plots of BVO and NO-x/BVO (x =1, 2 and 3). 

3.3.4 PEC performance optimization 

Apart from the structural and optical characterization, PEC measurements were optimized for 

both photocathodes and photoanodes in a 1 M KOH electrolyte (pH = 13) under simulated solar 

illumination using a standard three-electrode setup. For the Ru-2/CBO photocathode, PEC 

oxidation of HMF was conducted at 0.7, 0.5, and 0.2 V vs. RHE, yielding primarily HMFCA 

and FDCA, with a maximum production rate of 303.1 mmol m-2 at 0.2 V (Figure 0-37). Testing 

different Ru-doped photocathodes revealed that HMF oxidation performance increased from 
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233.8 mmol m-2 (Ru-1/CBO) to 303.1 mmol m-2 (Ru-2/CBO), with further doping (Ru-3/CBO) 

inducing charge recombination, thus lowering yields to 270 mmol m-2 (Figure 0-38). 

Significant mass loss due to humin formation at pH ≥ 12. posed limitations by blocking active 

sites, hindering mass transfer, and reducing efficiency across all systems, necessitating low 

substrate concentrations to suppress side reactions.337 To address humin formation, a 

continuous flow PEC cell was implemented, adjusting flow rates to 50, 20, and 10 mL min-1 

(Figure 0-39). Although a high flow rate (50 mL min-1) prevented humin formation, short 

contact times limited yields to 242 mmol m-1. Flow PEC enabled the detection of intermediate 

FFCA, confirming the oxidation pathway. Reducing flow to 10 mL min-1 produced the highest 

HMF yield of 290 mmol m-2 with a FEHMFCA of 63.7%, exceeding batch PEC. Similarly, for 

the NO-2/BVO photoanode, optimal potentials (0.6, 0.8, and 1.2 V vs. RHE) were explored for 

PEC HMF oxidation, with yields increasing from 214.9 to 297.6 mmol m-2 (Figure 0-40). No 

oxidation products were detected under dark conditions, confirming solar-assisted electrolysis. 

Comparative testing of BVO (199.1 mmol m-2), NO-1/BVO, and NO-3/BVO at optimal 

potentials yielded 231.3 and 267.4 mmol m-2, respectively, with NO-2/BVO achieving the 

highest performance (Figure 0-41). Adjusting the flow rate on the NO-2/BVO anode further 

enhanced FEHMFCA, from 65.8% at 50 mL min-1 to 79.7% at 10 mL min-1 (Figure 0-42), 

underscoring the advantages of continuous flow PEC in mitigating side reactions and 

maximizing efficiency. 
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Figure 0-37. HMF oxidation over Ru-2/CBO at 0.7 V, 0.5 V, and 0.2 V vs. RHE under light 

conditions. 

 

Figure 0-38. HMF oxidation over different photocathodes at 0.2 V vs. RHE under light 

conditions. 
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Figure 0-39. HMF oxidation over Ru-2/CBO at 0.2 V vs RHE under light conditions with 

different flow rates. 

 

Figure 0-40. HMF oxidation over different photoanodes at 1.2 V vs. RHE under light 

conditions. 
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Figure 0-41. HMF oxidation over different photoanodes at 1.2 V vs. RHE under light 

conditions. 

 

Figure 0-42. HMF oxidation over NO-2/BVO at 1.2 V vs. RHE under light conditions at 

different flow rates. 
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The incident photon-to-current conversion efficiency (IPCE) comparisons before and after Ru 

doping on CBO revealed significant performance enhancements, with Ru-2/CBO reaching a 

peak IPCE of 54% at 0.2 V vs. RHE, compared to 22% for undoped CBO (Figure 0-43). 

Similarly, the NO-2/BVO photoanode achieved a maximum IPCE of 60% at 1.23 V vs. RHE, 

surpassing the 48% of pure BVO (Figure 0-44). Besides, the maximum half-cell applied bias 

photon-to-current efficiency (HC-ABPE) for NiOOH-modified BVO was also significantly 

enhanced, with Ni-2/BVO displaying a peak ABPE of 1.25% at 0.73 V vs. RHE, 2.4 times 

higher than pure BVO, indicating the NiOOH co-catalysts impact on solar energy conversion 

(Figure S41). These results highlight the improved PEC performance in both Ru-2/CBO and 

NO-2/BVO photoelectrodes. 

 

Figure 0-43. Wavelength-dependent IPCE of different photocathodes. 
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Figure 0-44. Wavelength-dependent IPCE of different photoanodes. 

 

Figure 0-45. Measured ABPE of different photoanodes. 

Long-term stability tests showed that Ru-2/CBO and NO-2/BVO retained high PEC HMF 

oxidation performance (Figure 0-46), with Ru-2/CBO displaying only 13% loss after 1800 s at 

0.2 V vs. RHE and NO-2/BVO exhibiting minimal degradation at 1.2 V vs. RHE, aided by 
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heterojunction formation for improved charge transfer. Post-illumination characterizations 

(SEM, HRTEM, XRD, XPS; Figure 0-47, Figure 0-48, Figure 0-49 and Figure 0-50) confirmed 

structural integrity in both Ru-2/CBO and NO-2/BVO. 

 

Figure 0-46. I-t plots of (a) Ru-2/CBO photocathodes under illumination at 0.2 V vs. RHE, 

and (b) Ni-2/CBO photoanodes under illumination at 1.2 V vs. RHE. All measurements 

were conducted in 1 M KOH containing 10 mM HMF solution (pH = 13). 

 

Figure 0-47. Ru-2/CBO after the stability test. (a) SEM image, (b) HADDF image, (c) HR-

TEM image, (d) HADDF, and the corresponding (e-h) EDS mapping of Ru-2/CBO after 

stability test. 
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Figure 0-48. NO-2/BVO. (a) SEM image, (b) STEM image, (c) HR-TEM image, (d) 

HADDF, and the corresponding (e-h) EDS mapping of NO-2/BVO after stability test. 

 

Figure 0-49.XRD pattern of (a) Ru-2/CBO and (b) NO-2/BVO after stability test. 
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Figure 0-50. XPS spectra of (a-d) Ru-2/CBO and (e-h) NO-2/BVO after stability test. 

3.3.5 Mechanistic insights 

To elucidate the mechanism of PEC HMF oxidation, electron spin resonance (ESR) 

spectroscopy was employed with 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) as a spin-

trapping agent to identify reactive oxygen species on both photocathodes and photoanodes. 

When Ru-doped CBO (Ru-2/CBO) photocathodes were under illumination, a distinct 

superoxide radical (·O2
-) signal was detected, confirmed by the formation of the DMPO-·O2

- 

adduct. This signal disappeared in the absence of light, underscoring the essential role of 

photoexcitation in ·O2
- generation (Figure 0-51a). Ru doping modulated the ESR signal 

intensity, suggesting enhanced kinetics of ·O2
- production, thereby increasing reactive oxygen 

species at the Ru-2/CBO surface (Figure 0-51b). In-situ XAS was further conducted to assess 

the structural evolution of Ru-2/CBO under operational PEC conditions, revealing a positive 

shift in the Ru K-edge XANES absorption onset with increasing bias voltage, which was absent 

under EC conditions (Figure 0-52 and Figure 0-53). This shift indicates that Ru doping 

facilitates electron transfer to O2 during the ORR, enriching Ru sites with electron density, 

enhancing O2 adsorption, and promoting HMF oxidation. A concomitant reduction in FT-

EXAFS spectra of the Ru-O bond distance supports increased Ru-O interaction as electrons 

migrate from adsorbed O2 to the catalyst surface. For the photoanode, NiOOH-modified BVO 

(NO-2/BVO) analyzed under light irradiation trapped hydroxyl radicals (·OH) were identified 

by ESR, which were absent without illumination, confirming the light-driven generation 

of ·OH (Figure 0-51c). NiOOH modifications further intensified the ·OH radical signal, 

enhancing the catalytic microenvironment on the BVO surface. These findings reveal the 
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critical role of interfacial charge transfer at the NiOOH-BVO interface and the production 

of ·OH in the selective oxidation of HMF. The presence of DMPO-·OH adducts also indicates 

a hole-driven oxidation mechanism involving water molecules, supporting the role of ·OH 

radicals as active species in PEC HMF oxidation (Figure 0-51d). Ultimately, the ESR study 

highlights the synergistic ‘dual-core processor’ function of Ru doping in enhancing ·O2
- 

radicals and NiOOH modification in boosting ·OH radicals, thereby improving PEC HMF 

oxidation efficiency simultaneously at both photoelectrodes. 

 

Figure 0-51. (a) DMPO-·O2
- adduct spin-trap EPR spectra of the CBO and Ru-2/CBO. 

(b) proposed mechanism of PEC HMF oxidation at Ru-2/CBO photocathode. (c) 

DMPO-·OH adduct spin-trap EPR spectra of the BVO and NO-2/BVO. (d) proposed 

mechanism of PEC HMF oxidation at Ru-2/CBO photocathode. 
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Figure 0-52. (a) In-situ Ru K-edge XANES of Ru-2/CBO under EC HMF oxidation. (b) 

FT-EXAFS spectra of Ru-2/CBO under EC HMF oxidation. 

 

Figure 0-53. (a) In-situ Ru K-edge XANES of Ru-2/CBO under PEC HMF oxidation. (b) 

FT-EXAFS spectra of Ru-2/CBO under PEC HMF oxidation. 

3.4 Conclusion 

In this study, we present a ground-breaking unbiased tandem PEC system that achieves 

concurrent selective oxidation of 5- HMF to HMFCA at both photoelectrodes. By integrating 

a Ru-doped CuBi2O4 (Ru-2/CBO) photocathode and a NiOOH-modified BiVO4 (NO-2/BVO) 

photoanode in a continuous-flow setup, the system effectively suppresses humin formation and 

maximizes HMFCA yield. Through a synergistic ‘dual-core processor’ mechanism, the system 

leverages NO-2/BVO at the photoanode to regulate the generation of ⋅OH radicals, enhancing 

oxidative reactivity, while Ru-2/CBO at the photocathode promotes ORR to generate ⋅O2
- 
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radicals, as evidenced by ESR and in-situ XAS analyses. This tandem PEC system achieves an 

impressive stable photocurrent of 0.68 mA cm-2, HMFCA selectivity exceeding 75% at both 

photoelectrodes and an ultrahigh FEHMFCA of 153.4%. Furthermore, the self-powered PEC 

configuration, driven entirely by solar energy, demonstrates industrial scalability, achieving an 

HMFCA yield of 355.2 mmol m-2. These results not only underscore the potential of tandem 

PEC systems as a transformative platform for selective biomass conversion but also highlight 

their alignment with carbon-neutral and sustainable energy goals. The framework presented 

here offers a robust pathway for advancing PEC technology in biorefining, paving the way for 

scalable, efficient, and environmentally friendly biomass conversion. 

 



4   Heterojunction-Engineered photoelectrocatalytic glycerol oxidation coupled with on-site H2O2 production 

151 

 

4 

Chapter 4 – Heterojunction-Engineered 

photoelectrocatalytic glycerol oxidation coupled with 

on-site H2O2 production 

Abstract 

The selective oxidation of biomass-derived compounds is a cornerstone of sustainable chemical 

production, offering pathways to integrate renewable energy into industrial processes. In this 

work, we present the first proton exchange membrane (PEM) photoelectrochemical (PEC) flow 

cell for simultaneous glycerol valorization and hydrogen peroxide (H2O2) production. 

Optimizing Bi2O2.33/TiO2 (BO-x/TO, x = 1, 2, and 3) heterostructures as advanced photoanodes 

to achieve selective glycerol oxidation to dihydroxyacetone (DHA) at low bias of 0.45 V vs. 

RHE. The optimized BO-2/TO photoanode demonstrated a photocurrent density of 1.2 mA cm-

2, achieving a DHA yield of 1680 mmol m-2 h-1 with 49% selectivity. Mechanistic insights 

revealed that the incorporation of BO not only selectively activates the middle hydroxyl group 

of glycerol but also enhances the generation of hydroxyl radicals (⋅OH), which are critical for 

promoting selective oxidation to DHA while suppressing over-oxidation pathways. 

Simultaneously, the cathode yields H2O2 on-site and enhances overall system performance. 

This innovative integration of PEM technology with PEC systems establishes a scalable and 

energy-efficient platform for biomass valorization, bridging the gap between green chemistry 

and renewable energy, and setting a new benchmark for sustainable chemical transformation. 

Keywords: Photoelectrocatalysis; glycerol oxidation; DHA; H2O2 production. 

4.1 Introduction 

The selective oxidation of biomass-derived compounds has gained significant attention due to 

its critical role in sustainable chemical production and renewable energy development.31 

Biomass oxidation not only valorizes renewable resources into high-value chemicals but also 

reduces dependence on fossil-based feedstocks, contributing to a circular economy.50 Among 

various biomass derivatives, glycerol, a byproduct of biodiesel production, stands out as an 

attractive feedstock for oxidation due to its high availability, low cost, and potential to yield 
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value-added products such as dihydroxyacetone (DHA), glyceraldehyde (GLD), and formic 

acid (FA).338,339 However, achieving efficient and selective glycerol oxidation remains a 

challenge due to its complex reaction pathways and the need for precise control over 

intermediate product formation. 

The efficient oxidation of glycerol typically relies on noble-metal catalysts in thermocatalytic 

processes,340 which operate at high temperatures and pressures and are economically 

prohibitive and environmentally taxing.341 In contrast, the photoelectrocatalytic (PEC) strategy 

offers a green alternative by operating under ambient conditions, driven by solar energy, and 

providing enhanced control over reaction pathways through the application of an external bias. 

The PEC approach allows selective oxidation of glycerol to DHA, a valuable intermediate 

widely used in cosmetics, pharmaceuticals, and fine chemicals.198,342 However, achieving high 

efficiency and selectivity in PEC glycerol oxidation remains challenging due to the intrinsic 

limitations of commonly used semiconductor photoanodes. TiO2 (TO), one of the most 

extensively studied semiconductors for PEC applications, suffers from limited visible light 

absorption and rapid charge recombination, which impede its performance as a photoanode.343 

Consequently, there is a pressing need for improved photoanode materials that can overcome 

these limitations and achieve efficient PEC glycerol oxidation.344 Among these, the design of 

heterostructures for photoanodes has demonstrated remarkable potential due to the unique 

properties of Bi2O2.33, including its narrow bandgap, high electron mobility, and ability to 

introduce oxygen vacancies that promote charge transport and surface reaction kinetics. These 

features make Bi2O2.33/TiO2 a highly effective photoanode for selective glycerol oxidation. 

Under typical photoelectrocatalytic reactions, the oxidation reaction at the photoanode is paired 

with hydrogen evolution at the photocathode.227,345 While hydrogen production is an important 

goal for sustainable energy, its storage and transport remain significant challenges. To address 

this issue, hydrogen evolution can be replaced with the production of hydrogen peroxide (H2O2) 

at the photocathode.346 H2O2 is a valuable chemical widely used in industries such as water 

treatment, paper bleaching, and disinfection.347 By coupling glycerol oxidation at the 

Bi2O2.33/TiO2 photoanode with H2O2 production at the cathode, this system not only enhances 

resource efficiency but also offers a practical solution for integrating PEC processes into 

industrial applications. 

In this work, we designed Bi2O2.33/TiO2 (BO-x/TO, x = 1, 2, and 3) heterostructures as efficient 

photoanodes for selective glycerol oxidation in PEC systems. By optimizing the BO-to-TO 

ratio, the BO-2/TO photoanode achieved a remarkable DHA yield of 1680 mmol m-2 h-1 with 



4   Heterojunction-Engineered photoelectrocatalytic glycerol oxidation coupled with on-site H2O2 production 

153 

 

4 

49% selectivity, nearly doubling the performance of pristine TO. Mechanistic studies revealed 

that Bi2O2.33 enhances hydroxyl radical (⋅OH) generation and selectively interacts with glycerol 

intermediates to drive DHA formation. Coupled with a cathodic H2O2 yield of 0.083 mmol L-

1, this system demonstrates the potential of heterostructure photoanodes for integrating biomass 

valorization with solar energy harvesting, providing a scalable pathway for sustainable energy 

and chemical production. 

4.2 Methods 

4.2.1 Materials and reagents 

Titanium butoxide (C16H36O4Ti), bismuth nitrate pentahydrate (Bi(NO3)3·5H2O), hydrochloric 

acid (HCl, 37 wt%), sulfuric acid (H2SO4) and Glycerol (C3H8O3, ≥99%) were purchased from 

Sigma Co., Ltd. FTO substrates (FTO, 13-15 Ω) were received from Nippon Sheet Glass Co., 

Ltd. 

4.2.2 Synthesis of TiO2 Photoanode 

TiO2 nanorod arrays were prepared using a hydrothermal method. The FTO substrate was 

cleaned with acetone, isopropanol, and deionized water to eliminate impurities. Under constant 

stirring, 0.175 mL of titanium butoxide was added to a solution containing equal volumes of 

H2O and HCl (6 mL each, 37 wt%). The mixture, along with the pretreated FTO substrate, was 

transferred into a Teflon-lined stainless-steel autoclave, sealed, and heated at 150 °C for 20 h. 

The resulting TiO2 nanorod array was removed, washed with deionized water, and dried in air. 

The final product was annealed at 350 °C for 2 h with a heating rate of 10 °C min-1. 

4.2.3 Synthesis of Bi2O2.33/TiO2 Photoanode 

The Bi2O2.33/TiO2 photoanode was fabricated in two steps. First, bismuth was electrodeposited 

onto the TiO2 nanorod array (denoted as Bi/TiO2). Electrodeposition was performed at room 

temperature using a three-electrode setup, with the TiO2 electrode rotated and held at -0.6 V 

(vs. Ag/AgCl) in an electrolyte containing 1 mmol Bi(NO3)3·5H2O, 50 mL of water, and 100 

mL of ethylene glycol. After deposition, the Bi-coated TiO2 (Bi/TiO2) was washed with ethanol. 

The second step involved calcining the Bi/TiO2 at 450 °C for 2 h with a heating rate of 5 °C 

min-1, converting the deposited Bi into Bi2O3 to form Bi2O3/TiO2. Samples were prepared with 

varying electrodeposition times of 300 s, 600 s, and 1200 s, labeled as BO/TO-x (x = 1, 2, and 

3). 
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4.2.4 Photoelectrochemical measurements 

Photoelectrochemical measurements were conducted on an electrochemical workstation (CHI 

660e, CH Instruments, Inc.) using a quartz cell (20 mL) in a three-electrode system (Ag/AgCl 

electrode as reference electrode and Pt foil as counter electrode). The simulated solar 

illumination was obtained from a 300 W Xenon lamp. The electrolyte contains 1 M Na2SO4 

(pH = 2, adjusted by H2SO4) aqueous solution. The photocurrent was recorded at a scan rate of 

10 mV s−1 with or without the presence of 0.1 M glycerol. All potentials mentioned in this work 

were converted to potentials versus RHE (in volts) according to equation 4-1: 

ERHE = EAg/AgCl + EAg/AgCl vs NHE + 0.059 pH                       (Equation 4-1) 

where EAg/AgCl vs NHE in eq 1 is 0.197 V at 25 oC. 

According to the MS curves, the charge carrier density (Nd) can be calculated using the 

following equation: 

𝑁𝑑 =
2

𝑒𝜀0𝜀
× (

𝑑(
1

𝐶2)

𝑑𝑉𝑠
)

−1

                                      (Equation 4-2) 

The electronic charge (e) is 1.6 × 10-19 C, vacuum permittivity (ε0) is 8.86 × 10-14 F m-1, and 

relative permittivity (ε) is 68 for BVO.313 C (F cm-2) is the space charge capacitance in the 

semiconductor (obtained from MS curves), and Vs (V) is the applied potential for MS curves. 

The ABPE can be calculated by the photocurrent-potential curves under simulated sunlight 

using the equation: 

ABPE (%) = [(1.23 - V) × J/ Plight] × 100%       (Equation 4-3) 

where V is the applied potential, J is the photocurrent density (mA cm-2), and Plight is the power 

density of a 300 W Xe lamp. 

The IPCE was obtained using a monochromator coupled with a 300 W Xe lamp as the 

simulated light source. An applied potential of 1.23 V vs. RHE was supplied by a CHI660e 

electrochemical workstation, and the power density at a specific wavelength was measured by 

a Newport power meter. IPCE values were calculated using the following equation: 

IPCE (%) = [1240 × Jlight / λ × Plight] × 100%         (Equation 4-4) 
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where Jlight is the photocurrent density (mA cm-2) obtained from the electrochemical 

workstation, λ is the wavelength (nm) of incident radiation, and Plight is the power density 

obtained at a specific wavelength (mW cm-2). 

4.2.5 PEC glycerol oxidation 

PEC glycerol oxidation measurements Under general reaction conditions, the photoanode was 

immersed in 0.5 M Na2SO4 (pH = 2) containing 0.1 M glycerol in a quartz cell. The solution 

was stirred continuously at 500 rotations min-1. Then, the PEC oxidation of glycerol was 

performed at a potential of 1.0 V vs. RHE for 1 h under AM 1.5G, 100 mW cm-2 illumination, 

and the temperature was maintained at room temperature (around 298 K). After the reaction, 1 

mL of solution was taken out from the cell and analyzed using high-performance liquid 

chromatography (HPLC) to calculate the glycerol conversion and yields of the products using 

a Shimazu LC-20AD chromatograph equipped with an Aminex HPX-87H (300 mm, 7.8 mm) 

column and SPD and RID detector. The eluent was a 5 mM H2SO4 at a flow rate of 

0.3 mL min−1. The selectivity of DHA was calculated based on: 

𝑆𝑒𝑙𝑐𝑡𝑖𝑣𝑖𝑡𝑦𝐷𝐻𝐴 =  
𝑛𝐷𝐻𝐴

𝑛𝐷𝐻𝐴+𝑛𝐺𝐿𝐷+𝑛𝐹𝐴
       (Equation 4-5) 

Where 𝑛𝐷𝐻𝐴 + 𝑛𝐺𝐿𝐷 + 𝑛𝐹𝐴  are the yield of DHA, glyceraldehyde, and formic acid, 

respectively. 

The Faradic efficiency is calculated based on the following equation: 

𝐹𝑎𝑟𝑎𝑑𝑖𝑐 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦𝐷𝐻𝐴 =  
𝑒𝐷𝐻𝐴×𝑛𝐷𝐻𝐴×𝑁 

𝑄
𝑛⁄

                 (Equation 4-6) 

where eDHA is the 2, N is Avogadro’s constant, Q is the quantity of electric charge, and n is the 

elementary charge. 

4.2.6 H2O2 quantification 

The H2O2 concentration was detected by cerium sulfate (Ce(SO4)2) titration-based colorimetric 

method.348 Early in the titration, the presence of Ce4+ can be easily observed by a yellowish 

solution color. While the product solution was added to the titration solution, Ce4+ would be 

bleached by H2O2 (equation 4-7), therefore the H2O2 concentration could be quantified 

according to the consumption of Ce4+ measured by ultraviolet-visible spectroscopy at the 

wavelength of 317 nm. 
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2Ce4+ + H2O2 → 2Ce3+ + 2H+ + O2                                  ( Equation 4-7) 

To prepare the standard Ce(SO4)2 titration solution (1 mM), 33.224 mg Ce(SO4)2 was dissolved 

in 100 mL 0.5 M sulfuric acid solution (H2SO4). Afterward, to fit the linear range of the 

calibration curve, the stock solution was further diluted 10 to 100 times with 0.5 M H2SO4. In 

the standardized analysis process, 500 μL sample electrolyte was added to 5 mL 0.1 mM 

Ce(SO4)2 solution and measured by ultraviolet-visible spectroscopy. Based on the fitting 

calibration curve, the mole of H2O2 can be determined by the mole of consumed Ce4+ (Equation 

4-8). 

mH2O2 = 1/2 × mCe4+                                                              ( Equation 4-8) 

4.2.7 DFT calculation 

All the spin-polarized density functional theory (DFT) calculations314 were conducted as 

implemented in the Vienna ab initio simulation package (VASP).236  The Perdew-Burke-

Ernzerhof (PBE)317 form of the generalized gradient approximation (GGA) was used for 

describing the exchange and correlation function, and the spin-orbit coupling (SOC) was 

included. The valence states and core-valence electron interactions were modeled using 

projector augmented wave (PAW) pseudopotentials,316 with the plane-wave basis set cutoff 

energy of 500 eV. To accurately define geometries and electronic properties of the systems, the 

DFT-D3 scheme of Grimme was adopted for describing van der Waals (vdW) interactions.315 

The Bi2O2.33 (110) surface models were constructed by 3 × 3 slabs of 4 layers separated by 20 

Å of vacuum in periodic cells. Surface calculations were performed with a Monkhorst–Pack 

sampling of 2 × 2 × 1  k-point grid. All the atomic positions were fully relaxed until the 

residual forces were less than 0.005 eV/Å. 

4.3 Results 

4.3.1 Morphology and composition 

The Bi2O2.33/TiO2 heterostructure photoanodes were synthesized by a two-step process: 

hydrothermal synthesis of TiO2 nanorods on the fluorine-doped tin oxide (FTO), followed by 

electrodeposition of Bi onto the TiO2 surface, then calcined and recorded as BO-x/TO (x = 1, 

2, and 3). 

Figure 0-1 shows an SEM micrograph of a hydrothermally prepared TO rod on the FTO 



4   Heterojunction-Engineered photoelectrocatalytic glycerol oxidation coupled with on-site H2O2 production 

157 

 

4 

substrate, which exhibits a uniform rod-like structure and a tetragonal prism morphology. The 

top surface of these rods is uneven and contains many upper and lower edge points (Figure 

0-2). The cross-section SEM image of the BO-2/TO sample shows that the BO-loaded TO 

nanorods still grow vertically on the substrate with a length of about 2.7 μm (Figure 0-3a). 

After supporting BO on the TO rods, BO spheres are observed to cover the TO rods. The 

spherical BO crystals were modified on the top and sidewall surfaces of the TO rods, resulting 

in an uneven morphology of the BO-x/TO (x=1, 2 and 3) composite rods (Figure 0-3b, Figure 

0-4 and Figure 0-5). The spherical BO on the surface of the rod increased the specific surface 

area, which was beneficial to improve its photoactivity. 

 

Figure 0-1. The cross-section SEM images of TO. 

 

Figure 0-2. The top-view SEM images of TO. 
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Figure 0-3. (a) The cross-section SEM image and (b) top-view SEM image of BO-2/TO. 

(c) XRD pattern of BO-x/TO (x=1, 2 and 3) and TO, (d) TEM image, (e) HR-TEM image, 

(f) STEM-HADDF image of BO-2/TO, and the corresponding element mapping of (g) Bi, 

(h) Ti and (i) O. 

 

Figure 0-4. The top-view SEM images of BO-1/TO. 
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Figure 0-5. The top-view SEM images of BO-3/TO. 

XRD has been used to understand the crystal structure of the photoanode (Figure 0-3c). The 

diffraction peaks of TO nanorods can be attributed to the anatase structure of TiO2 (PDF# 78-

1510), which has been shown to be beneficial for photocatalytic glycerol oxidation.349,350 For 

BO-x/TO samples, in addition to the diffraction peaks attributed to anatase TiO2, the peaks at 

about 32.88° and 47.16° can be attributed to the (110) and (200) planes of Bi2O2.33 (PDF# 76-

2477). In addition, as the Bi2O2.33 content increases from BO-1 to BO-3, the diffraction peaks 

at around 25.35o, 26.38o, and 29.22o are slightly enhanced, corresponding to the (010), (105), 

and (107) planes of Bi2O2.33, respectively, indicating that the loading of Bi2O2.33 has an 

increasing trend. Transmission electron microscopy (TEM, Figure 0-3d) further supports that 

BO-2/TO still maintains the nanorod morphology of TO, and it can be clearly seen that BO is 

loaded on the nanorod surface. High-resolution TEM (HR-TEM, Figure 0-3e) further supports 

this finding, showing that BO-2/TO has clear lattice fringes, where the interplanar spacing of 

0.32 nm corresponds to the (110) plane of TiO2, and 0.27 nm and 0.29 nm correspond to the (1 

1 0) and (0 0 12) planes of Bi2O2.33, respectively. The clear interface between the two can 

promote faster charge transfer and enhance electronic properties, which is crucial for the 

subsequent PEC catalytic efficiency. Element distribution mapping by scanning transmission 

electron microscopy (STEM) and corresponding EDS mapping (Figure 0-3f, Figure 0-3g, 

Figure 0-3h and Figure 0-3i) show that the Ti, O and Bi components are evenly distributed. 

XPS analysis was conducted to determine the chemical composition and binding energy of the 

samples (Figure 0-6, Figure 0-7 and Figure 0-8). As shown in the high-resolution Ti 2p 

spectrum of the TO sample, two characteristic peaks are observed at 458.55 eV and 464.25 eV, 
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corresponding to Ti 2p3/2 and Ti 2p1/2, respectively, confirming the presence of Ti in the +4 state 

in the TO nanorod. Additionally, the presence of Bi 4f peaks in the BO-2/TO spectrum indicates 

that bismuth oxide has been successfully deposited onto the TO nanorod. In the high-resolution 

Bi 4f spectrum of BO-2/TO, two peaks are observed at binding energies of 164.33 eV and 

159.13 eV, corresponding to Bi 4f5/2 and Bi 4f7/2, respectively. Notably, these binding energies 

are shifted to higher values compared to the BO sample, indicating electron transfer from BO 

to TO. This electron flow suggests a strong electronic interaction between the two components, 

which likely enhances charge separation and contributes to the improved performance of the 

BO-2/TO heterostructure. 

 

Figure 0-6. High-resolution XPS spectra of TiO2, Bi2O2.33 and BO-2/TO for O1s. 
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Figure 0-7. High-resolution XPS spectra of TiO2 and BO-2/TO for Ti 2p. 
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Figure 0-8. High-resolution XPS spectra of Bi2O2.33 and BO-2/TO for Bi 4 f. 

4.3.2 Optical and Electronic Properties 

Subsequently, we investigated the optical and electronic properties of the BO-x/TO (x=1, 2 and 

3) heterostructure to elucidate its optical properties. The UV-visible absorption spectrum 

(Figure 0-9a) reveals that both TO and BO-x/TO photoanodes absorb light primarily around 

420 nm. From the calculated Tauc plots, the band gap of TO is determined to be 3.08 eV, while 

the band gap of BO is narrower at 2.89 eV (Figure 0-9b and Figure 0-9c), indicating improved 

light-harvesting capabilities upon BO incorporation. 

To further understand the charge dynamics, the photoluminescence (PL) spectra (Figure 0-9d) 

were analyzed. TO exhibits the highest PL intensity, indicating significant recombination of 

photoinduced electron-hole pairs. Upon BO doping, the PL intensity systematically decreases, 

with BO-2/TO showing the lowest emission rate. This suppression of PL intensity highlights 

enhanced charge separation and a reduced recombination rate, attributed to the improved 

interfacial charge transfer facilitated by BO doping. However, a slight increase in PL intensity 

is observed for BO-3/TO, suggesting that excessive BO doping introduces recombination 

centers, partially negating the benefits of enhanced charge transfer. 

These results demonstrate that BO-2/TO achieves the most efficient carrier dynamics, striking 

an optimal balance between charge separation and recombination suppression. This 

improvement in carrier dynamics is critical for enhancing the photocatalytic performance of 

the BO-x/TO heterostructure. 
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4.3.3 Band Structure and Catalytic Mechanism 

To further investigate the photoinduced carrier transfer behavior of the BO-2/TO catalyst, the 

energy band alignment between BO and TO was analyzed. The energy band positions of 

pristine TO and BO were determined using valence band-XPS (VB-XPS), as shown in Figures 

2e and 2f, with recorded valence band maxima (EVB) of 2.3 eV and 1.6 eV, respectively. 

Combining these values with the band gap values obtained from the Tauc plots, the conduction 

band (CB) positions were calculated using the formula ECB=EVB-Eg. The calculated CB 

positions for TO and BO are -0.8 eV and -1.3 eV, respectively. 

 

Figure 0-9. (a) UV-vis spectra of BO-x/TO (x=1, 2 and 3) and TO. Tacu plot of (b) TO and 

(c) BO, (d) PL spectra of BO-x/TO (x=1, 2 and 3) and TO. Valence band-XPS spectra of 

(e) TO and (f) BO. (g) EPR spectra of BO-2/TO and TO, (h) band gap structure of BO-

2/TO. 

The electron paramagnetic resonance (EPR) spectra in Figure 0-9g provide further insights into 
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the active species in the TO and BO-2/TO samples. TO exhibits a weak signal, corresponding 

to a low concentration of hydroxyl radicals (⋅OH), indicating limited charge transfer and radical 

generation. In contrast, the BO-2/TO sample shows a significantly stronger EPR signal, 

demonstrating that BO doping facilitates improved charge transfer and enhances the 

concentration of active radical species. This highlights the role of BO in boosting the catalytic 

efficiency of the BO-2/TO heterostructure. 

The band alignment between BO and TO is depicted schematically in Figure 0-9h. The 

staggered type-II heterojunction formed between BO and TO enables efficient charge carrier 

transport across the interface. Photoinduced electrons generated in BO migrate to the 

conduction band of TO, while holes in TO transfer to the valence band of BO. This spatial 

charge separation minimizes recombination losses and facilitates the oxidation of water to 

generate hydroxyl radicals. The synergistic interactions between BO and TO enhance charge 

separation, transport, and redox reaction activation, resulting in significantly improved 

catalytic activity. These findings underscore the potential of the BO-2/TO heterostructure for 

efficient oxidation reactions and other catalytic applications. 

Figure 0-10 provides a comprehensive analysis of the photoelectrochemical (PEC) 

performance of the BO-x/TO (x=1, 2 and 3) heterojunction structures, demonstrating their 

enhanced charge separation, transport, and light utilization properties. The linear sweep 

voltammetry (LSV) curves (Figure 0-10a and Figure 0-11) were measured under illumination 

in a 0.5 M Na2SO4 electrolyte (pH = 2) with and without 0.1 M glycerol. The baseline PEC 

performance was initially tested without glycerol in the electrolyte (Figure 0-11). In this case, 

the BO-x/TO (x=1, 2 and 3) photoanodes exhibited significantly higher photocurrent densities 

than the pristine TO photoanode within the potential window of 0.3V-1.4 V vs. RHE. This 

improvement is attributed to the enhanced light absorption and efficient charge transfer 

facilitated by the Type II heterojunction formed between BO and TO. Upon the addition of 0.1 

M glycerol, the photocurrent densities of both TO and BO-x/TO (x=1, 2 and 3) were further 

enhanced. This enhancement occurs because glycerol oxidation has a lower reaction barrier 

compared to water oxidation (1.23 V vs. RHE).198 Notably, the BO-2/TO photoanode exhibited 

the lowest onset potential and the highest photocurrent response, indicating that its optimized 

Type II heterojunction structure promotes more favorable reaction kinetics for glycerol 

oxidation. To further elucidate the electrode reaction process, amperometric I-t curves were 

recorded under chopped light illumination (Figure 0-10b). All photoanodes displayed clear 
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photocurrent responses corresponding to light on/off cycles, confirming good 

photoresponsivity. Consistent with the LSV results, BO-2/TO demonstrated the largest 

photocurrent density under glycerol oxidation conditions, which can be attributed to its superior 

Type II heterojunction structure, facilitating efficient charge transfer and oxidation kinetics. 

Importantly, the dark current density remained negligible compared to the photocurrent, 

confirming that the glycerol oxidation process is primarily driven by the PEC reaction rather 

than electrocatalysis. To probe the charge transfer kinetics, electrochemical impedance 

spectroscopy (EIS) measurements were conducted under illumination (Figure 0-12). Compared 

to TO, BO-x/TO (x=1, 2 and 3) photoanodes exhibited reduced charge transfer resistance, with 

BO-2/TO displaying the smallest resistance. This result indicates that the BO-2/TO 

heterojunction structure effectively improves conductivity and accelerates interfacial charge 

transfer, further enhancing PEC activity. 

 

Figure 0-10. (a) LSV curve, (b) I-t curve. Reaction conditions: 0.1 M Na2SO4 (pH = 2) with 

0.1 M glycerol under illumination (100 mW cm-2). (c) ABPE, (d) MS plot of BO-2/TO. 
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Figure 0-11. Linear sweep voltammetry curves of TO and BO/TO-x (x= 1, 2 and 3) 

samples in electrolyte without glycerol. 

 

Figure 0-12. EIS plot of TO and BO/TO-x (x= 1, 2 and 3) samples. 

In Figure 0-10c, the applied bias photon-to-current efficiency (ABPE) data provide a 

quantitative evaluation of the PEC performance of BO-x/TO samples under applied bias. The 

ABPE curves clearly demonstrate that BO-x/TO (x=1, 2 and 3) samples exhibit higher peak 

efficiencies compared to pure TO samples, underscoring their superior solar energy conversion 
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capability. Among the BO-x/TO (x=1, 2 and 3) series, BO-2/TO achieves the highest ABPE, 

reaching a maximum value of 3.1%, which represents an optimal balance between 

photogenerated charge carrier separation and the driving force provided by the applied bias. 

This significant enhancement compared to pure TO (1.1%) can be attributed to the 

incorporation of BO, which improves light absorption and facilitates charge transport across 

the BO/TO heterojunction, resulting in more efficient utilization of photogenerated carriers. In 

contrast, the ABPE for BO-3/TO shows a slight decline relative to BO-2/TO. This reduction is 

likely due to excessive BO loading, which introduces carrier recombination centers, partially 

hindering charge separation and transfer. These findings highlight that BO-2/TO achieves the 

most favorable compositional tuning, enabling superior PEC performance. The incident 

photon-to-current conversion efficiency (IPCE) results (Figure 0-13) further corroborate these 

observations. In the light absorption range of 400-500 nm, the BO-x/TO (x=1, 2 and 3) samples 

exhibit significant improvements in IPCE. For instance, under illumination in 0.5 M Na2SO4 

electrolyte with 0.1 M glycerol (pH = 2), the IPCE of BO-2/TO reaches 68% at 450 nm, far 

exceeding that of pure TO (38% at 450 nm). This substantial improvement reflects the 

optimized electronic structure of the BO-2/TO heterostructure, which enhances light absorption, 

promotes efficient charge separation, and accelerates interfacial charge transfer. In summary, 

the ABPE and IPCE analyses collectively demonstrate that the BO-2/TO heterojunction 

structure achieves an optimal combination of enhanced light absorption, improved charge 

separation, and accelerated charge transfer, which are critical for high-efficiency glycerol 

oxidation reactions. These results emphasize the importance of compositional tuning in 

designing high-performance PEC systems. 
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Figure 0-13. IPCE of TO and BO-x/TO (x=1, 2 and 3). 

Mott-Schottky (MS) plots were subsequently collected to evaluate the carrier dynamics of the 

photoanodes (Figure 0-10d), providing critical insights into their carrier density and flat-band 

potential (Efb). The positive slopes observed for all samples confirm their n-type semiconductor 

behavior.351 Compared to pristine TO, the BO-x/TO (x=1, 2 and 3) heterostructures exhibit a 

clear negative shift in the Efb, which suggests a more favorable band alignment for charge 

transfer. Additionally, the carrier densities, as extracted from the slopes of the Mott-Schottky 

plots and summarized in Table 0-1, show a significant improvement for the BO-x/TO (x=1, 2 

and 3) samples. Among all samples, BO-2/TO demonstrates the steepest slope, indicating the 

highest carrier density.352 This increased carrier density is critical for facilitating efficient 

charge separation and transfer, thereby enhancing the catalytic performance of the photoanode. 

In contrast, the slope for BO-3/TO decreases, suggesting a reduction in carrier density. This 

decline is likely due to excessive BO loading, which introduces recombination centers, thereby 

impeding charge transfer efficiency. The MS analysis reveals that BO-2/TO achieves an 

optimal balance of electronic properties, including enhanced carrier density and favorable band 

alignment, which are pivotal for improving charge transport and achieving superior 

photoelectrochemical performance. 

Table 0-1. Summary of the carrier density for BO-x/TO (x=1. 2 and 3) and TO. 

Anode Nd (cm-3) 
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TO 6.3 × 1018 

BO-1/TO 6.7 × 1018 

BO-2/TO 2.3 × 1019 

BO-3/TO 1.8 × 1019 

 

To further understand the influence of BO-x/TO (x=1, 2 and 3) heterostructure on the carrier 

lifetime, the photo-induced carrier lifetime was calculated by the open circuit voltage (OCV) 

decay plots, which were deduced by the following equation: 

τ=
kB𝑇

e
(
dVoc

dt
)

-1

                                   (Equation 1) 
 

where kB is the Boltzmann constant, e is the charge, and T is the temperature. To further 

investigate charge carrier dynamics, transient open circuit voltage decay (OCVD) 

measurements were conducted (Figure 0-14). The results reveal that the BO-x/TO (x=1, 2 and 

3) catalysts exhibit shorter photo-induced carrier transient lifetimes compared to pristine TO. 

For example, BO-2/TO achieves a transient lifetime of 0.029 s, markedly shorter than the 0.260 

s observed for TO. This reduction in lifetime indicates faster charge migration to the electrolyte, 

which is critical for enhancing PEC reaction.353 
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Figure 0-14. Average electron lifetime (τ) calculated from the open-circuit potential test 

of TO and BO-x/TO (x=1, 2 and 3) in glycerol electrolyte. 

Based on the above-mentioned results, moderate BO loading (BO-2/TO) optimizes the carrier 

dynamics by extending carrier lifetime, enhancing charge separation, and promoting surface 

carrier injection, whereas excessive BO loading introduces limitations due to increased 

recombination. This balance highlights the critical role of compositional tuning in achieving 

optimal PEC performance. 

4.3.4 PEC glycerol oxidation performance 

Figure 0-15a compares the glycerol oxidation product yields for BO-x/TO (x = 1, 2, 3) catalysts 

and pure TO, illustrating their catalytic performance. Among them, BO/TO-2 achieves the 

highest product yields, attributed to its optimized electronic structure and efficient charge 

transfer, which significantly enhance glycerol oxidation. In contrast, BO/TO-1 shows minimal 

product formation due to inadequate interfacial charge transfer, while BO/TO-3 exhibits 

reduced yields likely caused by excess BO introducing recombination centers. These results 
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emphasize the critical role of BO loading in tuning the catalytic activity of BO-x/TO (x=1, 2 

and 3) heterostructures. 

 

Figure 0-15. (a) The yield of glycerol oxidation on TO and BO-x/TO at 0.3 V vs RHE, (b) 

The yield of glycerol oxidation on BO-2/TO at different potential with 10 mL/min 

continuing flow of electrolyte. Reaction condition: 0.5 M Na2SO4 electrolyte (pH = 2) 

containing 0.1 M glycerol under illumination within 3 h. (c) The corresponding H2O2 

production at the cathode for (b). (d) The yield of glycerol oxidation over BO-2/TO in the 

presence of various radical scavengers (5 mM) for 1 h (TEMPO as the ⋅OH radical 

scavenger, Na2SO3 as the hole scavenger, K2S2O8 as the electron scavenger). 

As shown in Figure 0-15a, FA is identified as the primary product of glycerol oxidation. This 

predominance is attributed to the oxidation mechanism in the solution, where the symmetrical 

structure of glycerol, with its two main -OH groups, makes it highly susceptible to attack by 

surface-adsorbed *OH radicals. To mitigate overoxidation and enhance the production of DHA 

as the main product, we optimized the electrolyte flow rate to 10 mL min-1 (Figure 0-16). At 

this optimal flow rate, the distribution of PEC glycerol oxidation products on BO-2/TO was 

analyzed under varying bias potentials. As illustrated in Figure 5b, glycerol undergoes 
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sequential oxidation to glyceraldehyde (GLD), glyceric acid (GLA), and glycolic acid (GA). 

GLD, being less stable, is readily oxidized to glyceric acid, which can further undergo C-C 

bond cleavage to form FA. Additionally, the conversion of glyceric acid to glycolic acid and 

subsequently to FA leads to the continuous accumulation of FA as the dominant product. 

Conversely, DHA, being more stable than GLD, accumulates as a significant intermediate, with 

its main byproducts derived from GLD. With increasing bias potential, the total product yield 

rises, and the highest DHA selectivity (49%) and yield (1680 mmol m-2 h-1) were achieved at a 

bias of 0.45 V vs. RHE (Figure 0-15b). Furthermore, the Faradaic efficiency of DHA reached 

53% (Figure 0-17), outperforming or matching recent benchmarks in glycerol oxidation 

research (Table 0-2). 342,354-357 Consequently, the glycerol oxidation reaction is predominantly 

governed by the PEC process, with minimal contributions from standalone electrocatalytic (EC) 

or photocatalytic (PC) pathways (Figure 0-18). 

 

Figure 0-16. The yields of glycerol oxidation for BO-2/TO at different flow rates. Reaction 

condition: 0.5 M Na2SO4 electrolyte (pH = 2) containing 0.1 M glycerol under illumination 

within 3 h. 
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Figure 0-17. Selectivity and FE of DHA for BO-2/TO at different potentials with 10 

mL/min continuing flow of electrolyte. Reaction condition: 0.5 M Na2SO4 electrolyte (pH 

= 2) containing 0.1 M glycerol under illumination within 3 h. 

Table 0-2. Summary of PEC glycerol selective oxidation performance over different 

photoanodes. 

Sample electrolyte 

DHA 

selectivity 

(%) 

Bias Reference 

WO3 / Carbon cloth 0.1 M Na2SO4 12 1.2V vs. RHE 342 

NiOx(OH)y/W:BiVO4 0.5 M Na2SO4 35 1.2 V vs. RHE 354 

W:BiVO4/NiOOH 0.5 M Na2SO4 19 1.2 V vs. RHE 355 

NT-50V-3h-650 
20 mM 

Na2SO4 
19 1.50 V 356 

BiVO4 0.1 M Na2B4O7 15 0.7 V vs. RHE 357 

BO-2/TO 0.5 M Na2SO4 49 0.45 V vs. RHE This work 



4   Heterojunction-Engineered photoelectrocatalytic glycerol oxidation coupled with on-site H2O2 production 

173 

 

4 

 

Figure 0-18. Glycerol oxidation product yields of BO-2/TO under PEC, photocatalytic 

(PC), and electrocatalytic (EC) conditions. 

Glycerol oxidation at the anode is typically coupled with hydrogen generation at the cathode. 

However, in this system, oxygen reduction to hydrogen peroxide (H2O2) was selected for the 

cathode half-reaction due to its practical benefits for ease of transport. Figure 0-15c presents 

the H2O2 production performance of BO-x/TO (x=1, 2 and 3) heterostructures under catalytic 

conditions. The results reveal that BO/TO-2 achieves the highest H2O2 yield of 0.083 mmol L-

1 at 0.45 V vs. RHE, significantly outperforming BO/TO-1 and BO/TO-3. This superior 

performance can be attributed to the optimized charge separation and transfer properties of 

BO/TO-2, which facilitate efficient electron migration to the cathode for the two-electron 

oxygen reduction reaction (ORR). 

Figure 0-15d investigates the role of photogenerated holes and radicals in PEC glycerol 

oxidation by evaluating the effect of radical quenching on the performance of the BO-2/TO 

heterostructure. The addition of photogenerated hole scavenger (Na2SO3) and hydroxyl radical 

scavenger (TEMPO) nearly abolished glycerol conversion, indicating the essential 

involvement of both photogenerated holes and reactive radicals in the oxidation process. 

Interestingly, the addition of a photoelectron scavenger (K2S2O8) slightly enhanced glycerol 

conversion, likely due to the increased availability of photogenerated holes for the oxidation 

reaction. This suggests that efficient hole utilization is a critical factor in improving the reaction 

performance. These observations indicate that PEC glycerol oxidation predominantly proceeds 

through the ⋅OH-radical-mediated mechanism, with photogenerated holes playing a pivotal 
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role in facilitating water oxidation to generate and stabilize adsorbed ⋅OH radicals. The results 

underscore the importance of the synergy between photogenerated holes and surface ⋅OH 

radicals in driving efficient glycerol oxidation. 

The stability of the BO-2/TO photoanode was confirmed through I-t curves (Figure 0-19), 

which showed consistent current density over time. Structural and compositional analyses 

further validated its robustness. XRD indicated no significant changes in crystal structure or 

morphology (Figure 0-20), while XPS confirmed the stability of Ti and Bi oxidation states after 

the reaction (Figure 0-21). TEM and STEM images revealed that the BO and TO components 

retained their structural integrity, and their interface remained intact, ensuring efficient charge 

transfer (Figure 0-22, Figure 0-23 and Figure 0-24). These results demonstrate the excellent 

stability and durability of BO-2/TO, making it a promising material for long-term PEC 

applications. 

 

Figure 0-19. (a) I-t stability test of BO/TO for 3 h under different bias, (a) 0.40 V, (b) 0.45 

V, (c) 0.50 V, and (d) 0.55 V vs. RHE. 
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Figure 0-20. The XRD pattern of used BO-2/TO photoanode after 3h stability test. 

 

Figure 0-21. High-resolution (a) Ti 3d, (b) Bi 4f, (c) O 1s XPS spectra of BO-2/TO after 

stability test. 

 

Figure 0-22. STEM HADDF image of BO-2/TO after stability test. 
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Figure 0-23. HR-TEM image of BO-2/TO after stability test. 

 

Figure 0-24. EDS mapping image of BO-2/TO after stability test. 

To achieve the efficient conversion of glycerol to DHA, two fundamental processes play critical 

roles: the activation of surface-bound *OH groups on the catalyst and the selective adsorption 

and activation of hydroxyl groups (-OH) within the glycerol molecule. This dual mechanism 

ensures the precise transformation of glycerol into the desired product with high selectivity and 

efficiency. Density Functional Theory (DFT) calculations were employed to systematically 

analyze the differences in adsorption and cleavage of hydroxyl groups at distinct positions on 

the BO-x/TO (x=1, 2 and 3) surface. DFT calculations demonstrated that BO-2/TO 
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preferentially interacts with the intermediate hydroxyl group of glycerol (Figure 0-25a). Upon 

adsorption, the C-O bond of the intermediate hydroxyl group is elongated to 1.431 Å, 

signifying significant activation, whereas the C-O bond of the terminal hydroxyl group remains 

relatively shorter at 1.416 Å (Figure 0-25c). Furthermore, the adsorption energy of the 

intermediate hydroxyl group on BO/TO is -0.99 eV, markedly greater than the -0.59 eV for the 

terminal hydroxyl group (Figure 0-25b). These results underscore the strong interaction 

between BO-x/TO (x=1, 2 and 3) and the intermediate hydroxyl group, making it the primary 

site for activation and subsequent reaction. 

The reaction mechanism for the photoelectrochemical (PEC) oxidation of glycerol to DHA was 

further elucidated using a Gibbs free energy diagram (Figure 0-25d). The process begins with 

the adsorption of glycerol onto the BO-2/TO surface. Under light irradiation, H2O in the 

electrolyte is oxidized by photogenerated holes on the BO-x/TO surface, producing hydroxyl 

radical (⋅OH) species with a Gibbs free energy change of ΔG = -1.73 eV. These OH* radicals 

exhibit moderate oxidative power, initiating the oxidation of the α-H of glycerol to form a 

carbon radical (ΔG = −1.12 eV). The subsequent interaction between a second OH* radical and 

the carbon radical results in the formation of a geminal diol intermediate (ΔG = 1.63 eV). This 

intermediate is inherently unstable in the acidic reaction environment and undergoes 

dehydration to yield DHA, with a Gibbs free energy change of ΔG = -0.70 eV. The final step 

involves the desorption of DHA from the BO-x/TO (x=1, 2 and 3) surface, which requires 

minimal energy (ΔG = -0.65 eV), completing the catalytic cycle (Figure 0-25e). The low energy 

barrier for desorption facilitates high DHA selectivity, as it minimizes further oxidation or 

degradation of the product. In parallel, the ORR occurs at the cathode, using a Pt electrode to 

generate H2O2. This reaction contributes to the overall system efficiency by co-producing a 

valuable chemical, H2O2, alongside DHA. Experimental results showed an H2O2 production 

rate of 0.083 mmol L-1 under standard PEC operating conditions (Figure 0-15c). 
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Figure 0-25. (a) and (c) DFT-optimized structures of the -OH group adsorbed on general 

BO/TO. (b) Adsorption energies of the glycerol with its middle hydroxyl or terminal 

hydroxyl adsorbed on Bi2O3 (201). The optimized adsorption geometries are also 

displayed. The color of each element is red for Bi, violet for O, white for H, and black for 

C, respectively. The dashed dark line represents the hydrogen bond between glycerol and 

BO.  (d) Free energy profile of glycerol oxidation on the BO-x/TO model structure. (e) 

Schematic illustration showing PEC glycerol oxidation to DHA coupled with on-site H2O2 

production. 

4.4 Conclusion 

In this study, Bi2O2.33 (BO) was successfully integrated onto a TiO2 (TO) support to create 

heterostructured photoanodes, with the optimal configuration identified as BO-2/TO. This 

system achieved efficient PEC oxidation of glycerol to DHA under acidic conditions, coupled 

with the simultaneous production of H2O2 of 0.083 mmol L-1. The formation of a type-II 

heterojunction between BO and TO suppressed bulk charge recombination, significantly 

enhanced light absorption, and improved charge transfer dynamics, collectively driving 

superior catalytic performance. Theoretical and experimental investigations revealed that BO 

plays a critical role in facilitating selective adsorption and activation of intermediate hydroxyl 

(-OH) groups in glycerol, promoting its preferential oxidation to DHA. This resulted in an 

impressive DHA yield of 1680 mmol m-2 h-1 with 49% selectivity. Moreover, the cathodic ORR 

effectively generated H2O2, demonstrating the practicality of biomass oxidation with 
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industrially valuable chemical production. The PEC system developed in this study highlights 

the potential of integrating selective glycerol oxidation with on-site H2O2 production, 

advancing sustainable chemical synthesis and biomass valorization. 
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Chapter 5 – Summary and outlook 

5.1 Summary 

This dissertation explores the development of green catalytic processes for sustainable 

chemical production, emphasizing the integration of light-enhanced catalysis into scalable 

technologies. The research systematically investigates different catalytic strategies for biomass 

valorization, aiming to improve efficiency, selectivity, and sustainability. 

The study begins with an overview of biomass upgrading pathways, highlighting key platform 

chemicals and various catalytic approaches, including thermal, enzymatic, electrocatalytic, and 

photocatalytic methods (Chapter 1). A crucial aspect of this work is the application of light-

assisted catalysis to enhance reaction performance. In Chapter 2, plasmonic photocatalysis was 

used to enhance the performance of conventional photocatalysis. The role of plasmon-

enhanced electron transfer in the selective hydrogenation of unsaturated ketones using γ-Al2O3-

supported AuPd nanoalloy catalysts (AuPd-γ-Al2O3) was investigated. The study demonstrates 

that the homogeneous Au-Pd alloy structure significantly enhances charge migration and 

hydrogen activation compared to the bimetallic Au@Pd core-shell structure. The LSPR 

excitation of Au nanoparticles plays a crucial role in electron transfer dynamics, facilitating 

selective C=O bond hydrogenation. DFT calculations confirm that the electron-enriched Au-

Pd interface enhances catalytic performance by promoting selective adsorption and activation 

of ketone functional groups. Furthermore, in situ XAS and infrared spectroscopic analyses 

reveal that the photoinduced formation of AuPd-H species enables plasmon-driven 

hydrogenation under mild reaction conditions. These findings establish AuPd nanoalloys as 

highly efficient and sustainable catalytic systems for selective hydrogenation and provide a 

scientific framework for designing plasmonic alloy catalysts in green hydrogenation reactions. 

Subsequently, we explore the PEC strategies to improve the solar-driven catalysis. Chapter 3 

presents an unbiased tandem PEC system for the simultaneous selective oxidation of HMF to 

HMFCA at both photoelectrodes. This system integrates a Ru-doped CuBi2O4 (Ru-2/CBO) 

photocathode and a NiOOH-modified BiVO4 (NO-2/BVO) photoanode in a continuous-flow 

configuration, effectively minimizing humin formation while maximizing HMFCA yield. A 
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key innovation of this system is its synergistic “dual-core processor” mechanism, where the 

NO-2/BVO photoanode regulates hydroxyl radical (·OH) generation to enhance oxidative 

reactivity, while the Ru-2/CBO photocathode promotes the ORR, producing ·O2
- to further 

drive selective biomass oxidation. ESR spectroscopy and in-situ XAS analysis confirm the 

pivotal role of these radical species in optimizing oxidation pathways. The system achieves an 

ultrahigh FEHMFCA of 153.4%, an HMFCA selectivity exceeding 75%, and a stable photocurrent 

of 0.68 mA cm-2, demonstrating its superior efficiency compared to conventional PEC systems. 

Furthermore, its self-powered PEC configuration, fully driven by solar energy, ensures 

industrial scalability, achieving an HMFCA yield of 355.2 mmol m-2, making it a promising 

candidate for large-scale biomass valorization. 

Chapter 4 explores the development of a heterojunction-engineered PEC system for the 

selective oxidation of glycerol to DHA, coupled with the on-site production of H2O2. In this 

study, BO was successfully integrated onto a TO support, forming a type-II heterojunction that 

enhances charge separation, light absorption, and charge transfer dynamics. The optimal 

heterostructure configuration, BO-2/TO, demonstrates superior PEC oxidation performance 

under acidic conditions, enabling efficient glycerol valorization while simultaneously 

facilitating cathodic ORR for H₂O₂ generation. Theoretical and experimental investigations 

confirm that BO plays a key role in the selective adsorption and activation of hydroxyl groups 

in glycerol, thereby promoting its preferential oxidation to DHA. This system achieves a DHA 

yield of 1680 mmol m-2 h-1 with 49% selectivity, demonstrating high catalytic efficiency. 

Simultaneously, the cathodic ORR produces H2O2 at a rate of 0.083 mmol L-1, highlighting the 

dual functionality of the PEC system in generating both high-value chemicals and industrial 

oxidants. This integrated biomass oxidation and H2O2 production approach provides a cost-

effective and environmentally sustainable alternative to conventional chemical processes. 

Overall, this dissertation demonstrates the transformative potential of light-driven catalysis in 

advancing sustainable biomass conversion. By integrating plasmonic enhancement, tandem 

PEC oxidation, and heterojunction engineering, this work provides different strategies for 

energy-efficient and selective catalytic processes. The findings bridge fundamental catalysis 

research with practical industrial applications, offering scalable, green catalytic solutions for 

the production of renewable chemicals and fuels. This research contributes to the growing 

global efforts in carbon-neutral chemical synthesis, paving the way for future advancements in 

solar-driven biorefineries and sustainable catalysis. 
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5.2 Outlook 

The development of green catalytic processes is crucial for achieving a carbon-neutral and 

sustainable future, particularly in the context of biomass valorization, selective hydrogenation, 

and oxidation. This dissertation has demonstrated solar-driven catalysis as a powerful approach 

to improving efficiency, selectivity, and scalability in catalytic reactions, paving the way for 

industrial applications in sustainable chemical synthesis. 

A key point highlighted in this work is the application of plasmonic enhancement, tandem PEC 

cells, and heterojunction engineering, offering novel insights into how charge dynamics and 

reaction mechanisms can be optimized to achieve superior catalytic performance. By 

leveraging photo-induced charge transfer, synergistic radical-mediated oxidation, and type-II 

heterojunction architectures, this research has successfully demonstrated scalable catalytic 

platforms for producing high-value chemicals and fuels under mild and sustainable conditions. 

However, the realization of large-scale adoption of green catalysis still faces multiple 

challenges. The primary bottlenecks are included below. 

(1) Catalyst stability and longevity 

Ensuring long-term operational stability in photo-driven catalytic systems remains a critical 

challenge, particularly for nanoscale metal catalysts and semiconductor-based PEC materials. 

Degradation of active sites, metal leaching, and photo-corrosion can hinder industrial viability. 

(2) Economic feasibility 

Many high-performance catalysts rely on noble metals (e.g., Au, Pd, Ru), which are expensive 

and have limited availability. The development of earth-abundant and low-cost alternatives is 

necessary for widespread adoption. 

(3) Process integration and scale-up 

While the current study has demonstrated promising lab-scale efficiencies, translating these 

findings to pilot-scale or industrial applications requires further investigation into reactor 

design, continuous-flow optimization, and energy input minimization. 

(4) Selectivity and byproduct formation 
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Despite significant advances in biomass oxidation and hydrogenation, controlling reaction 

selectivity and minimizing side reactions remain crucial for maximizing the economic and 

environmental impact of these processes. 

To accelerate the implementation of green catalytic processes for sustainable production, future 

research should focus on several key directions as follows. 

1) Rational design of cost-effective and stable catalysts 

The widespread adoption of PEC and plasmonic catalysts is currently limited by the reliance 

on noble metals such as Au, Pd, and Ru. Future research should prioritize the development of 

earth-abundant, low-cost alternatives without compromising catalytic efficiency. Transition 

metals (e.g., Fe, Co, Ni, Cu) and their oxide, sulfide, or phosphide derivatives hold great 

promise for biomass oxidation and hydrogenation reactions. 

Furthermore, structural engineering of catalysts through core-shell architectures, intermetallic 

compounds, and high-entropy alloys can enhance stability, selectivity, and resistance to 

deactivation. The incorporation of oxygen vacancies, heteroatom doping, and defect 

engineering can further tailor electronic structures and reaction pathways, improving catalytic 

performance in light-assisted reactions. Developing scalable and reproducible synthesis 

methods will be essential for facilitating large-scale implementation of these materials. 

2) Enhancing photoelectrochemical and plasmonic catalysis 

While light-driven catalytic systems have demonstrated superior selectivity and efficiency, 

challenges remain in charge separation, energy conversion efficiency, and long-term stability. 

Heterojunction engineering, particularly through Z-scheme or S-scheme configurations, can 

optimize band alignment and charge carrier dynamics, thereby enhancing 

photoelectrochemical performance. The integration of plasmonic nanostructures with 

semiconductors offers an additional pathway for improving visible-light absorption and hot 

electron generation, leading to higher reaction rates and selectivity. 

Future research should explore the use of hybrid PEC-electrocatalytic systems, where solar 

energy is utilized to drive electrochemical transformations. These hybrid approaches can 

reduce external energy inputs, making the process more economically feasible. Additionally, 

investigating solid-liquid interfacial charge dynamics using in situ spectroscopic techniques 
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(e.g., operando XAS spectroscopy, surface-enhanced Raman spectroscopy) will provide 

fundamental insights into catalytic mechanisms and active site evolution. 

3) Expanding biomass valorization pathways 

Beyond the selective oxidation of HMF and glycerol, future studies should focus on a broader 

range of biomass-derived feedstocks, including cellulose, hemicellulose, and lignin-derived 

intermediates. The development of catalytic strategies for C–C and C–O bond cleavage, as well 

as the functionalization of complex oxygenated molecules, will enable the production of a 

wider variety of bio-based chemicals and fuels. 

Tandem catalytic processes, where multiple reaction steps occur sequentially or simultaneously 

within a single system, can increase process efficiency and eliminate the need for intermediate 

separation steps. Additionally, machine learning and computational screening of catalysts could 

accelerate the identification of optimal catalyst compositions and reaction conditions, driving 

more rapid advancements in biomass upgrading. 

4) Scaling up and integrating with industrial processes 

Translating photo-driven catalytic systems from laboratory-scale demonstrations to industrial 

applications requires significant advancements in reactor design, process integration, and 

energy optimization. Continuous-flow PEC reactors, designed with optimized light penetration, 

electrode configurations, and mass transport properties, will be critical for achieving high-

throughput biomass conversion. 

Furthermore, integrating PEC oxidation with renewable hydrogen production could create self-

sustaining biorefinery systems that utilize solar energy for both oxidation and HER. Such 

integrated systems would enable co-production of biofuels, high-value chemicals, and green 

hydrogen, offering a holistic approach to sustainable energy and chemical manufacturing. 

Techno-economic analyses and life cycle assessments should be conducted to evaluate the cost-

effectiveness, energy efficiency, and environmental impact of these emerging technologies. 

5) Enabling a circular and carbon-neutral economy 

The ultimate goal of green catalytic processes is to establish a circular and sustainable chemical 

industry that operates with minimal waste and maximum resource efficiency. Future research 

should focus on developing closed-loop catalytic cycles, where catalysts, solvents, and 
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reactants can be continuously recycled and reused. 

Additionally, integrating CO₂ capture and conversion technologies into photoelectrocatalytic 

systems could enable the simultaneous utilization of biomass-derived feedstocks and 

atmospheric CO₂, further enhancing the sustainability of green chemical manufacturing. 

Collaboration between researchers, policymakers, and industry stakeholders will be essential 

in creating incentives and regulatory frameworks that promote the adoption of renewable 

catalytic technologies in commercial-scale applications. 

The advancements in photoelectrochemical and light-driven catalysis demonstrated in this 

dissertation lay a strong foundation for next-generation green catalytic processes. By 

addressing challenges in catalyst design, reaction efficiency, process scalability, and 

sustainability, future research can accelerate the transition toward carbon-neutral and 

economically viable catalytic systems. These efforts will contribute to the global push for 

sustainable energy and chemical production, paving the way for a cleaner and more resource-

efficient future.
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