
 

 
 

 
 
 

Fabrication of bismuth-based 

photocatalytic heterojunctions for 

hydrogen generation 
 
 

Von der Naturwissenschaftlichen Fakultät 

der Gottfried Wilhelm Leibniz Universität Hannover 

 

 

 

 

 

zur Erlangung des Grades 

 

Doktorin der Naturwissenschaften 

(Dr. rer. nat.) 
 

 

 

 

 

 

 

genehmigte Dissertation von 

 

María Teresa Ayala Ayala, Maestra en Ciencias 

(Mexiko) 
 

 

 

2022



 
 

Referent: Prof. Dr. rer. nat. habil. Detlef W. Bahnemann  

Korreferentin: Prof. Dr. rer. nat. Nadja-Carola Bigall 

Korreferent: Prof. Dr. rer. nat. Sascha Beutel 

gutachterliche Stellungnahme: Dr.-Ing. Juan Muñoz Saldaña 

Tag der Promotion: 24.05.2022 

 

 



 

I 
 

Dedication 

 

 

 

 

 

 

 

TO THE LOVE OF MY LIFE, MY BESTFRIEND, 

AND MY HUSBAND 

JAIME 

  



 

II 
 

  



 

III 
 

Kurzzusammenfassung 

Das schnelle Bevölkerungswachstum und die Industrialisierung der letzten Jahrzehnte 

haben zu einer zunehmenden Umweltverschmutzung und einer hohen Nachfrage nach nicht 

erneuerbaren Energiequellen aus fossilen Brennstoffen geführt. Wasserstoff ist ein sauberer 

Energieträger, der aus der Dissoziation von Wasser und Sonnenenergie, einer erneuerbaren 

Quelle, gewonnen werden kann. Seit der Entdeckung der Wasserstoffentwicklung durch 

photoelektrochemische Wasserspaltung an n-Typ-TiO2-Elektroden wird die auf Halbleitern 

basierende photokatalytische Wasserspaltungstechnologie zur Erzeugung von Wasserstoff 

mit Hilfe von Sonnenenergie als einer der wichtigsten Ansätze zur Lösung der globalen 

Energiekrise angesehen. Die Entwicklung von Halbleiter-Photokatalysatoren ist daher in 

letzter Zeit Gegenstand erheblicher Forschungsanstrengungen gewesen. Die Synthese 

neuer, im sichtbaren Licht aktiver Photokatalysatoren mit hoher photokatalytischer 

Effizienz ist eine der größten Herausforderungen, bei der das Hauptproblem die schnelle 

Elektron-Loch-Rekombination ist. Das Design und die Herstellung von halbleitenden 

Heteroübergängen stellen eine Lösung für den Ladungsträgertransfer und die Trennung dar, 

um Reduktions- und Oxidationsreaktionen für die H2-Produktion zu erreichen. In der 

vorliegenden Arbeit wurden mit sichtbarem Licht betriebene Wismut-Heteroübergänge, die 

durch mechanisches Fräsen und thermisches Flammspritzen hergestellt wurden, für die 

photokatalytische Entwicklung von H2 in Gegenwart von Opferstoffen eingesetzt. Die 

Wirkung der Verarbeitungsparameter führte zu strukturellen Veränderungen, z.B. 

Gitterparameter, Kristallitgröße und Bindungsenergie, und damit zu Veränderungen ihrer 

optischen Eigenschaften, z.B. des Photolumineszenzsignals und der Bandlückenenergie, um 

die Oberflächenmodifikation und die Kopplung zwischen Halbleitern zu verstehen. Die 

Analyse der physikalisch-chemischen Eigenschaften dient dazu, den gewünschten Weg zur 

Synthese von Bi-basierten Heteroübergängen zu finden, die eine niedrige photogenerierte 

Elektron-Loch-Paar-Rekombination und eine hohe Absorption im sichtbaren Bereich des 

Sonnenspektrums nachahmen. In dieser Arbeit schlagen wir photokatalytische 

Reaktionsmechanismen für die H2-Evolution vor, die auf dem Bandkantenpotential jedes 

Halbleiters, der Bestimmung der photogenerierten Ladungsträger und der Erzeugung freier 

Radikale, gemessen durch paramagnetische Elektronenspektroskopie, basieren. Die 

Ergebnisse zeigen, dass der Aufbau eines Heteroübergangs in einer gestaffelten Technik 

wünschenswert ist, um den Ladungsträgertransfer und die Trennung zu verbessern. Die 

Stabilität des Halbleiters und einige physikochemische Eigenschaften wie Partikelgröße 

und Oberfläche dienen dazu, die Aktivität des Materials zu verbessern.  

Stichworte: Wismut, H2, Methanol-oxidation, Reaktionsmechanismus, Flammenspray 
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Abstract 

Rapid population growth and industrialization in recent decades has led to increased 

environmental pollution and a high demand for non-renewable energy sources from fossil 

fuels. Hydrogen is a clean energy fuel that can be obtained from the dissociation of water 

and solar energy, a renewable source. Since the discovery of hydrogen evolution through 

photoelectrochemical water splitting on n-type TiO2 electrodes, semiconductor-based 

photocatalytic water splitting technology to produce hydrogen using solar energy has been 

considered as one of the most important approaches to solve the global energy crisis. 

Therefore, the development of semiconductor photocatalysts has recently been the subject 

of considerable research efforts. The synthesis of new visible-light active photocatalysts 

with high photocatalytic efficiencies is one of the main challenges in which the major 

problem is the fast electron-hole recombination. The design and fabrication of 

semiconducting heterojunctions represent a solution to address charge carrier transfer and 

separation to achieve reduction and oxidation reactions for H2 production. In the present 

work, visible light driven bismuth heterojunctions synthesized by mechanical milling and 

flame thermal spraying process were employed for the photocatalytic evolution of H2 in the 

presence of sacrificial agents. The effect of processing parameters induced structural 

modifications, for instance, lattice parameter, crystallite size, binding energy and thus led to 

changes in their optical properties, for instance, photoluminescence signal and band gap 

energy, to understand the surface modification and coupling between semiconductors. The 

analysis of physicochemical properties serves to achieve a desired route to synthesize Bi-

based heterojunctions that lead to low photogenerated electron-hole pair recombination and 

high absorbance in the visible range of the solar spectrum. In this work, we propose 

photocatalytic reaction mechanisms for H2 evolution based on the band edge potential of 

each semiconductor, the determination of photogenerated charge carriers and free radical 

generation measured by electron paramagnetic spectroscopy. The results show that the 

construction of a heterojunction in a staggered engineering is desirable to improve charge 

carrier transfer and separation. The stability of the semiconductor and some 

physicochemical properties such as particle size and surface area serve to enhance the 

activity of the material. 

Keywords: bismuth, H2, methanol oxidation, reaction mechanism, flame spray 
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Resumen 

El rápido aumento de la población e industrialización en las últimas décadas ha generado 

un incremento en la contaminación ambiental y en la demanda de fuentes de energía no 

renovables provenientes de combustibles fósiles. El hidrogeno es un combustible limpio 

que se puede obtener a partir de agua y energía solar (fuente inagotable de energía). Desde 

el descubrimiento de la evolución de H2 por la separación fotoelectroquímica del agua en 

un electrodo tipo-n de TiO2, la tecnología de semiconductores basada en la separación 

fotocatalítica del agua para producir H2 usando energía solar ha sido considerada uno de los 

logros más importantes para resolver la crisis energética mundial. Por lo tanto, el desarrollo 

de semiconductores fotocatalizadores ha generado una investigación considerable. La 

síntesis de nuevos fotocatalizadores activos en luz visible es uno de los mayores desafíos, el 

principal problema es la rápida recombinación de los pares electrón-hueco. Los 

semiconductores heterounión presentan una solución para mejorar la separación y 

transferencia de los portadores de carga y lograr las reacciones de oxido/reducción en la 

producción de H2. En el presente trabajo, heterouniones base-Bi activas en luz visible 

sintetizadas por molienda mecánica y rociado por flama se emplearon para la evolución 

fotocatalítica de H2 en presencia de agentes de sacrifico. El efecto de los parámetros de 

procesamiento mostro modificaciones i) estructurales; parámetro de red, tamaño de 

cristalita, energía de enlace y ii) cambios en las propiedades ópticas; fotoluminiscencia y 

energía del ancho de banda, que elucidaron modificaciones superficiales lo cual prueba el 

acoplamiento entre los semiconductores. El análisis de las propiedades fisicoquímicas 

conllevo a establecer una ruta de síntesis deseada de las heterouniones base-Bi buscando 

obtener una baja recombinación de los pares electrón-hueco y alta absorbancia de luz 

visible. El mecanismo de reacciones fotocatalíticas para evolución de H2 se propone basada 

en el potencial de bandas de cada semiconductor, la detección de portadores de carga y 

radicales libres determinados por espectroscopía paramagnética de electrones. La 

construcción de heterouniones en ingeniería escalonada es deseable para aumentar la 

transferencia y separación de portadores de carga. La estabilidad del semiconductor y las 

propiedades fisicoquímicas como tamaño de partícula y área superficial mejoran la 

actividad del material.  

Palabras clave: bismuto, H2, oxidación de metanol, mecanismo de reacción, rociado por 

flama 
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Chapter 1:General introduction 

1.1. Photocatalysis: A promise to environmental remediation 

The rapid increase in population over the last decades and as consequence the 

industrialization generates an increase in environmental pollution and a high demand of 

energy sources such as coal, petroleum, natural gas and hydrocarbons. These sources came 

from fossil fuels a non-renewable energy source that also causes several damages to the 

environment and then to human health in its extraction, transportation, production, and use. 

The increase in demand and the decrease of available sources generates the searching of 

new clean energy sources to replace fossil fuels1.  

 

Because of its high energy capacity, recycling potential and environmental 

friendliness, hydrogen has been identified as a potential energy carrier in many low 

greenhouse gas (GHG) energy scenarios2. In a proposed hydrogen energy system, hydrogen 

containing compounds such as fossil fuels, biomass or even water are potential sources of 

hydrogen. When hydrogen is derived from hydrocarbons such as fossil fuels or biomass, 

CO2 capture, and sequestration are requirements in a low GHG scenario. The greenhouse 

effect is one of the most serious global problems. The increase in CO2 concentration in the 

atmosphere due to the continuous burning of fossil fuels may lead to irreversible disastrous 

changes in our planet's climate3.  
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Figure 1.1 Schematic diagram of photocatalytic hydrogen generation in the hydrogen 

energy system4. 

 

However, known modern processes of hydrogen production using fossil fuels and 

water (including electrolysis of water combined with thermal power stations) are 

accompanied by the emission of large quantities of CO2 into the atmosphere. All these 

processes are highly endothermic and consume additional fossil fuels as energy sources. On 

the other hand, hydrogen produced form water does not present the challenge of unwanted 

emissions at the point of conversion, but it does require that energy be supplied from an 

external resource. If this energy can be obtained from a renewable energy source such as 

solar energy, hydrogen can be considered a green energy alternative capable of powering 

everything from laptop to submarines4. However, at present, renewable energy only 

contributes about 5% of commercial hydrogen production through electrolysis of water, 

while the other 95% of hydrogen is obtained mainly from fossil fuels5.  

 

The motivation of this project entails to solve the problem of the acquisition of new 

energy sources as solar energy. Photocatalytic water splitting (PWS) is an innovative 

technology for the purpose, since H2 could be obtained directly from abundant and 

renewable water and solar light from the process (Fig. 1.1). If successfully developed with 
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economic viability, this could be the ultimate technology that could solve both energy and 

environmental problems altogether in the future6. 

 

Since the discovery of hydrogen evolution through the photoelectrochemical (PEC) 

splitting of water on n-type TiO2 electrodes, the technology of semiconductor (SC) based 

photocatalytic water splitting to produce hydrogen using solar energy has been considered 

as one of the most important approaches to solving the world energy crisis. Hence, the 

development of the necessary semiconductor photocatalysts (PC) has undergone 

considerable research7. 

 

1.2. Photocatalytic water splitting 

Since the Fujishima and Honda report on water splitting using TiO2 as a 

photocatalyst, numerous attempts have been made towards the development of new 

semiconductor photocatalysts for efficient water splitting8. Photocatalytic water splitting, 

like other photocatalytic processes, starts when a semiconductor photocatalyst absorbs 

photons with energies greater than the energy of the band gap (Eg). This absorption creates 

excited photoelectrons in the conduction band (CB) and holes in the valence band (VB) of 

the semiconductor. Photoelectrons and holes reduce and oxidize water to produce the 2:1 

stoichiometric mixture of H2 and O2 by the following reactions9 (Eq 1.1-1.3): 

 

                   Oxidation:                 𝐻2𝑂 + 2ℎ
+ → 2𝐻+ +

1

2
𝑂2                               (Eq  1.1) 

                   Reduction:                 2𝐻+ + 2𝑒− → 𝐻2                                   (Eq  1.2) 

                  Overall reaction:        𝐻2𝑂 → 𝐻2 +
1

2
𝑂2                                  (Eq  1.3) 
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Figure 1.2. Schematic illustration of water splitting over semiconductor photocatalyst10. 

 

Generally, photocatalytic reaction over a photocatalyst involves four steps, including 

i) photogeneration of electron–hole pairs under light irradiation, ii) charge carrier 

separation and migration to the surface, iii) participation of electrons/holes in 

reduction/oxidation reaction, and iv) recombination of charge carriers in the bulk or on the 

photocatalyst surface (Figure 1.2). These four steps are complementary, and the 

thermodynamics and kinetics of these processes determine the efficiency of a given 

photocatalyst11. 

 

The free energy change for the conversion of a molecule from H2O to H2 and 1/2O2 

under standard conditions is ΔG = 237.2 kJ/mol, which, according to the Nernst equation, 

corresponds to ΔE° = 1.23 eV by electron transferred. To use a semiconductor to drive this 

reaction with light, the semiconductor must absorb radiant light with photon energies of 

1.23 eV (equal to wavelengths of ∼1000 nm or less) and convert the energy into H2 and O2. 

This process should generate two electron-hole pairs per H2 molecule (2x1.23 eV = 2.46 

eV) or four electron-hole pairs per O2 molecule (4x1.23 eV = 4.92 eV). In the ideal case, a 

single semiconductor material having a band gap energy large enough to divide the water, a 

conduction band edge energy (ECB) and a valence band edge energy (EVB) that extends to 

the electrochemical potentials E°(H+/H2) and E°(O2/H2O), can drive the hydrogen evolution 
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reaction (HER) and the oxygen evolution reaction (OER) using generated electrons/holes 

under lighting4,9,12. 

 

In a simple description, when a photocatalyst is used for water splitting, the energetic 

position of the bottom of the conduction band must be more negative than the reduction 

potential of water to produce H2, and that of the top of the valence band must be more 

positive than the oxidation potential of water to produce O2. Based on these parameters, a 

theoretical semiconductor band gap energy of ~1.23 eV is required to drive the water 

splitting reaction. The band edge potential of some common and highly active photocatalyst 

reported so far is shown in Figure 1.3 respect to the Normal Hydrogen Electrode (NHE). 

Furthermore, the photocatalyst must be stable in aqueous solutions under photoirradiation. 

It is intrinsically difficult to develop an oxide semiconductor photocatalyst that has both 

characteristics13.  

 

 

Figure 1.3. Band edge positions of different semiconductors at pH 0. The compounds that 

possess a ECB more negative that the formation of H2 (O V vs NHE) are possible candidates 

for PWS14. 

 

Semiconductors with smaller band gaps or lower flat band potentials require a bias 

voltage or external redox reagents to drive the reaction. Alternatively, two or more small 

band gap semiconductors can be combined to drive water oxidation/reduction processes 
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separately via multiphoton processes. It is well known that flat band potentials strongly 

depend on ion absorption (protonation of surface hydroxyl groups), crystallographic 

orientation of the exposed surface, surface defects, and surface oxidation processes. These 

factors are rarely considered in the preparation and testing of photochemical water splitting 

catalysts4.  

 

The approach to solving the water splitting problem has focused on evaluating new 

materials for anodic/cathodic processes and integrating configurations using photovoltaic 

cell junctions, to increase the voltage obtainable for a single band gap device. or double. 

The final objective of these efforts is an efficient design of photoelectrolysis cells that can 

conduct simultaneously, in an unassisted way, both for the evolution of hydrogen and for 

the oxidation reactions of water. Water splitting cells require semiconductor materials that 

can address rapid charge transfer at a semiconductor/aqueous interface, which exhibit long 

term stability, and that can efficiently collect a large portion of the solar spectrum. To 

achieve these functions, multifunction configurations using p-type and n-type 

semiconductors with different band gaps and surface bound electrocatalysts have been the 

predominant approach for the development of efficient photoelectrolysis cells9. 

 

1.2.1. Main processes on photocatalytic H2 production 

The total amount of H2 generated is determined by the number of excited electrons at 

the water/photocatalyst interface capable of reducing water. After the electron-hole pairs 

are created, charge recombination and separation/migration processes are two important 

competitive processes inside the semiconductor photocatalyst that largely affect the 

efficiency of the photocatalytic reaction for water splitting13. Charge recombination reduces 

the number of e-/h+ pairs by emitting light or generating phonons. This includes both, 

surface and bulk recombination, and is classified as a deactivation process, and it is 

ineffective for water splitting. The reaction of photogenerated H2 and O2 to form H2O on 

the photocatalyst surface is normally called “surface back-reaction (SBR)”4.  

 

There are two main approaches to suppress the SBR: one involves the addition of 

sacrificial reagents into the photocatalytic reaction environment and the second creates a 
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separation of the photoactive sites on the surface of the photocatalysts. Sacrificial reagents 

act as electron donor or acceptors, respectively, drive the reaction into alternative pathways 

as they are reduced or oxidized, respectively10.  

 

Various organic compounds such as alcohols, organic acids, and hydrocarbons have 

been and are being employed as hole scavengers (i.e., as electron donors) for photocatalytic 

H2 generation. In particular, methanol is frequently used as a sacrificial reagent. For 

practical applications, the utilization of methanol will only be environmentally sensible if it 

is derived from biomass or from toxic residues that must be disposed of. Adding methanol 

as an electron donor to react irreversibly with the photogenerated valence band (VB) holes 

can enhance the photocatalytic electron-hole separation efficiency, resulting in higher 

quantum efficiencies. Because electron donors are consumed in the photocatalytic reaction, 

their continuous addition is required to sustain H2 production15.  

 

1.2.2. Approaches to enhance the PWS reaction 

Photocatalytic Water Splitting has made remarkable progress in the last decade under 

ultraviolet (UV) light, but many technical challenges remain for PWS under visible light. 

Various approaches are taken in search of efficient photocatalysts for PWS under visible 

light: to find new monophasic materials to decorate UV-activated photocatalysts with a 

photosensitizer that absorbs visible light to adjust band gap energy by modifying the 

cations or anions of the photocatalysts UV actives with substitution doping manufacture 

multicomponent photocatalysts forming compounds or solid solutions5. 

 

Taking into consideration the basic mechanism and the individual processes of 

photocatalytic water splitting, there are two keys for the development of a suitable high 

efficiency semiconductor for the visible light driven photocatalytic splitting of water into 

H2 and/or O2: (1) a photocatalyst should have a sufficiently narrow band gap (1.23 eV - Eg -

3.0 eV) to both harvest visible light and possess the correct band structure; and (2) 

photoinduced charges in the photocatalyst should be separated efficiently in order to avoid 

bulk/surface electron-hole recombination16. In addition, both charge carriers must migrate 

to the photocatalyst surface for H2 and/or O2 evolution at the respective photocatalytic 
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active sites. It is important that economical, highly efficient photocatalytic systems for light 

to H2 energy conversion, in which aqueous solutions containing sacrificial reagents can be 

used to minimize the back-ward reaction of H2 and O2 to water on the surface of 

photocatalysts, can be constructed17. 

 

The energy band configuration of a semiconductor plays a significant role in the 

absorption of light and in determining the redox potentials. In order to narrow the band gap 

of semiconductors to extend the absorption of light into the visible region, three approaches 

have been widely used: (I) modification of the VB, (II) adjustment of the CB, and (III) 

continuous modulation of the VB and/or CB18. 

 

Suppression of charge recombination can be attempted in a number of ways4:  

(i) the use of scavengers (sacrificial solutions), which can remove either holes or 

electrons in the system so that only one half of the water splitting reaction can 

be studied in isolation (either reduction or oxidation).  

(ii) variation of the morphology of the photocatalyst, which has been shown to 

improve photocatalytic activity due to the increase in surface area and the 

shortening of charge carrier diffusion pathways to the surface; and   

(iii) the creation of a heterojunction, whereby charge carriers are generated in one 

photocatalyst and subsequently vectorially transferred to the other material, 

allowing for long-lived electron–hole pairs, mimicking the mechanism 

exhibited in Photosystem II during artificial photosynthesis. 

 

• Z-scheme 

One approach for achieving water splitting using visible light is to apply a two-step 

photoexcitation mechanism between two photocatalysts (a two-step system shown in 

Figure 1.4). In two-step systems, the water splitting reaction is broken up into two stages: 

one for H2 evolution and the other for O2 evolution; these are combined by using a shuttle 

redox couple (Red/Ox) in the solution. At the H2 evolution photocatalyst, the photoexcited 

electrons reduce water to H2 while the holes in the valence band oxidize the reductant (Red) 

to its oxidized form (Ox). This system lowers the energy required for photocatalysis, 
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allowing visible light to be utilized more efficiently than in conventional water splitting 

systems19. 

 

 

Figure 1.4. Schematic energy diagrams of Z-scheme photocatalytic water splitting system 

(two step photoexcitation system) using a redox couple11. 

 

Water splitting under visible light illumination was demonstrated for the first time in 

2001 using a Z-scheme photocatalytic system consisting of SrTiO3 doped with Cr and Ta 

(denoted as SrTiO3:Cr/Ta) for H2 evolution, WO3 for O2 evolution, and an iodate/iodide (IO3
-

/I-) redox couple as electron mediator20. Prior to that, Z-scheme photocatalytic water 

splitting had been demonstrated using a combination of Pt-loaded anatase TiO2 and rutile 

TiO2 photocatalysts in the presence of an iodate/iodide (IO3
-/I-) shuttle redox mediator21. 

Although this system operates only upon UV light irradiation (λ < 400 nm) due to the large 

band gap of the TiO2 photocatalysts, it eventually opened the way to achieve water splitting 

under visible light. The key was controlling the reactivity of electrons and holes with the 

redox mediator (IO3
-/I-

 anions) and the water molecules, respectively. It is quite difficult to 

achieve the simultaneous evolution of H2 and O2 in two-step water splitting systems (Z-
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scheme) because the back-ward reactions of the redox mediator usually proceed readily 

over both photocatalysts thus suppressing the forward reactions (H2 and O2 evolutions)11. 

 

• Semiconductor heterojunctions 

The other approach is based in photocatalyst engineering: Coupling of two or more 

semiconductors with appropriate band positions and having two different energy levels, is 

an efficient route to effectively improve photocatalytic activity of the semiconductor 

photocatalysts, because it can considerably enhance the separation of photogenerated 

electron−hole pairs and interfacial charge transfer efficiency. Therefore, substantial efforts 

have been put into solving these problems. In particular, the loading of co-catalysts or 

secondary semiconductors that can act as either electron or hole acceptors for improved 

charge separation is a promising strategy, leading to the adaptation of a junction 

architecture22. 

 

• Cocatalyst loading 

Transition metals, especially noble metals, are widely used as effective cocatalysts for 

photocatalytic reactions. When the noble metal is loaded onto the surface of the 

photocatalyst, the photogenerated electrons migrating to the surface of the host 

photocatalyst are entrapped by the noble metal cocatalyst (Figure 1.5), because the Fermi 

energy level of noble metal is always lower than that of the semiconductor photocatalyst. 

The most widely used co-catalysts are noble metals (Pt, Ru, Rh, Pd) and metal oxides (NiO, 

RuO MoS2 as a co-catalyst has been reported to be even more effective than Pt for CdS 

water splitting systems11. 
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Figure 1.5 Processes of charge transfer between host photocatalyst and cocatalyst11.     

 

1.3. Desired properties in a photocatalysts for H2 evolution 

Great efforts have been made to fabricate a novel catalyst with optimal physical and 

chemical properties with high activity. The most used materials are semiconductors for its 

charge carrier transport and its feasible fabrication, nontoxicity, and chemical inertness. 

The use of new photocatalyst to achieve H2 production is one of the major challenges in 

which the desired characteristics are: a narrow band gap energy, a band edge potential of 

the CB and VB to overcome photocatalytic water splitting reactions (Figure 1.3) and to 

decrease the rapid electron-hole recombination process that decrease the activity of the 

semiconductor23.  

 

TiO2 was the first material described as a photochemical water splitting catalyst. It 

crystallizes in three structure types: Rutile, Anatase, and Brookite. All modifications 

contain TiO6 octahedra that are interconnected via two (Rutile), three (Brookite), or four 

(Anatase) common edges and via shared corners, and as a result, the band gaps (3.0 eV for 

Rutile and 3.15 eV for Anatase) differs lightly24. In their 1971/72 papers, Fujishima and 

Honda described an electrochemical cell consisting of an-type TiO2 (Rutile) anode and a Pt 

black cathode. When the cell was irradiated with UV light ( < 415 nm) from a 500 W Xe 

lamp, O2 evolution was observed at the anode with a current flowing to the Pt counter 

electrode. Based on the current, a photoelectrochemical efficiency of approx. 10% was 

estimated7,23. 
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A wide range of semiconducting materials have been developed as photocatalysts 

under UV irradiation. On the basis of their electronic configuration properties, these UV-

active photocatalysts can be typically classified into four groups: (1) d0 metal (Ti4+, Zr4+, 

Nb5+, Ta5+, W6+, and Mo6+) oxide photocatalysts, (2) d10 metal (In3+, Ga3+, Ge4+, Sn4+, and 

Sb5+) oxide photocatalysts, (3) f0 metal (Ce4+) oxide photocatalysts, and (4) a small group 

of non-oxide photocatalysts11. 

 

Since nearly half of the solar energy incident to the earth's surface lies in the visible 

region (400 nm < λ < 800 nm), it is essential to use visible light efficiently to realize H2 

production on a large scale by photocatalytic water splitting. A maximum solar conversion 

efficiency for photocatalytic water splitting with a quantum efficiency of 100% can be 

calculated using the standard solar spectrum. Even if all UV light up to 400 nm were 

utilized, the solar conversion efficiency would be only 2% (Figure 1.6). 

 

 

Figure 1.6. Solar spectrum and maximum solar light conversion efficiencies for water 

splitting with 100% of quantum efficiency11. 
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If it were possible to utilize visible light up to 600 nm, the efficiency would 

drastically improve to 16%; a further extension up to 800 nm would give a conversion 

efficiency of 32%. Therefore, achieving water splitting under visible light has been a 

challenging goal since the discovery of the Honda–Fujishima effect in 1972. 

 

Numerous attempts have been made to develop photocatalysts that work not only 

under UV light but also under visible-light illumination to efficiently utilize solar energy6. 

While visible light driven photocatalysts with proper band structures are currently being 

developed using some modification technologies or band engineering approaches, the issue 

of photogenerated charge carrier separation is another key factor strongly affecting the 

efficiency of the photocatalytic water splitting process5.  

 

Besides this, a photocatalyst should possess biological and chemical inertness, 

stability under photocorrosion, low cost and non-toxicity. The reported research in the 

synthesis of new visible light active photocatalyst or the modification of existent ones, the 

tunned of the physicochemical properties has generated significant interest. These 

modifications include to increase the surface area, the active sites, and the absorption of 

photons and to reduce the energy of the band gap. In a real-scale application scenario, the 

photocatalyst should overcome high activity, poisoning resistance, stability to prolongated 

exposure in elevated temperatures, mechanical stability, wear resistance and physical and 

chemical stability. 

 

1.3.1. Heterojunction photocatalysts 

In recent years, great efforts have been put into manufacturing semiconductor 

materials to improve the performance of existing photocatalysts, and to understand the 

fundamental factors that mediate photocatalytic efficiency. One of the effective methods for 

photostimulated electron-hole separation is semiconductor combining as it is of increasing 

interest. The method constructs a heterojunction interface between semiconductors with 

coincident band potentials. In this way, the electric field-assisted transport of charge from 

one particle to another through the interfaces is positive for the electron-hole separations in 
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the coupled materials, and for the consequent abundance of electrons and/or holes on the 

surfaces. of two combined semiconductors, respectively 25,26.  

 

Typically, the S–S heterojunctions can be divided into three types: conventional 

heterojunction, p–n heterojunction and direct Z-scheme heterojunction. According to the 

different CB and VB level of two semiconductors, there are three types of conventional 

heterojunction (Figure 1.7): straddling band gap type (type-I), staggered band gap type 

(type-II), and broken band gap type (type-III), where the most suitable for photocatalysis is 

the type-II.  

 

In type-II heterojunction (Figure 1.7b), the CB and VB levels of semiconductor A are 

higher than the corresponding level of semiconductor B. Thus, under light irradiation, 

electrons in the CB of semiconductor A can be transferred to that of semiconductor B, 

while holes in the VB of semiconductor B can be transferred to that of semiconductor A. 

As a result, the spatial separation of electron–hole pairs can be realized. Whereas electron–

hole pairs cannot be separated so effectively in type-I heterojunction since both electrons 

and holes accumulate on the same semiconductor. 

 

Besides, the separation of electron–hole pairs cannot occur in type-III heterojunction 

(Figure 1.7c) because the band gaps do not overlap. When two semiconductors are p-type 

and n-type, respectively, a p–n heterojunction can be obtained. Before light irradiation, a 

space-charge region can be formed at the interface due to the diffusion of majority carriers, 

resulting in a built-in electric field that can direct the photogenerated electrons and holes to 

flow in the opposite direction. Compared with type-II heterojunction, the charge separation 

of p–n heterojunction is faster due to the synergy between the interval field and the band 

alignment. 
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Figure 1.7 Migration of electron–hole pairs under irradiation in different type of 

heterojunction photocatalysts: a) type-I, b) type-II, c) type-III, and d) direct Z-scheme27. 

 

However, the redox ability of the heterojunction mentioned above is sacrificed 

because the reduction and oxidation processes occur on the semiconductor with the lower 

reduction and oxidation potentials. The direct Z-scheme heterojunction (Figure 1.7d) can 

solve this problem. In the direct Z-scheme heterojunction, the band structure is quite similar 

to that of type-II heterojunction, but the direction of charge transfer is opposite. Under light 

irradiation, the electrons in the CB of semiconductor B recombine with the holes in the VB 

of semiconductor A, while the strongly oxidative holes in the VB of semiconductor B and 

strongly reductive electrons in the CB of semiconductor A participate in the redox reaction. 

As a result, the heterojunction not only can improve the charge separation efficiency but 

also can retain strong redox ability. 

 

Light harvesting, charge separation, charge transport, charge utilization and surface 

adsorption capacity are the steps that influence the photocatalytic quantum efficiency. 
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Thus, design of photocatalyst to engineer the desired properties has been the current 

research focus.  

 

1.4. Bismuth based photocatalysts 

Among visible-light photocatalysts, the bismuth-based composite oxides have 

received much attention as potential promising photocatalysts for water oxidation since 

Kudo et al. firstly reported photocatalytic oxygen generation under visible light by Bi2WO6 

and BiVO428. Related references have well studied about bismuth-based composite oxides, 

such as mediating the morphology and structure, constructing heterojunction, and doping 

with different elements. During the past decades, bismuth-related materials have stimulated 

extensive research on the preparation, modification and application of photodegradation of 

organic pollutants, splitting of photoinduced water, photocatalytic removal of hazardous 

gases and heavy metal ions29.  

 

A variety of bismuth-based composite oxides have been proved as photocatalysts 

such as Bi2O3, Bi2MO6 (M = Cr, Mo and W), BiMO4 (M = P, V, Nb and Ta), BiOX (X=Cl, 

Br and I), BiFeO3, BiYO3, (BiO)2CO3, and pentavalent bismuthates30. These compounds 

present efficient photocatalytic activity, high stability, low cost, and non-toxicity. However, 

they are failed to photocatalytic reduce the hydrogen from water, due to their lower 

conduction band not satisfying the reduction potential of H+ to H2 as shown in Figure 1.831. 

Thus, it may be exciting if these bismuth-based composite oxides can also be able to 

photocatalytic hydrogen generation. If so, more and more new visible light materials for 

photocatalytic hydrogen generation would be discovered.  
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Figure 1.8 Band positions of bismuth based composite oxides31. 

 

In recent years, some modified bismuth-based composite oxides have been reported 

to achieve photocatalytic hydrogen production. To modulate their levels of the conduction 

and valence bands, meeting the potential requirements of reduction and oxidation of H2O at 

the same time, is significant. On the other hand, building Z-scheme system with another H2 

evolution photocatalyst is also an important way to achieve water splitting by bismuth-

based composite oxides. Several preparation methods were proposed to control conduction 

band minimum (CBM) and valence band maximum (VBM) of particle material, such as 

doping, quantum size effect, and solid solution. To realize photocatalytic hydrogen 

production by bismuth-based composite oxides, it needs to improve their conduction band. 

These modification will lead to the synthesis and application of photocatalytic hydrogen 

generation32. 

 

1.4.1. Bismuth oxide  

Among active photocatalysts, Bi2O3 has proven to be a valuable alternative 

photocatalyst to TiO2 as it has an adequate energy band gap (less than 3.0 eV). Bi2O3 is a p-

type oxide semiconductor (monoclinic phase) with many excellent physical and chemical 

properties, such as thermal stability, non-toxicity, chemically inertness in neutral water, 

dielectric permittivity, high refractive index, ion conductivity and remarkable 

photoconductivity. This makes Bi2O3 an attractive material for gas sensors, optical coatings 

and photocatalysis25,26. Some of the novel reported research probe that Bi2O3 behave as a 



General introduction 

18 
 

photosensitizer which act by absorbing ultraviolet or visible region of electromagnetic 

radiation and transferring it to an adjacent co-catalyst. This process enhances the transfer of 

the electrons and holes photogenerated due to a band bending between semiconductors 

increasing thus the photocatalytic activity. 

 

Additionally, Bi2O3 photocatalyst is considered safe, non-toxic, and non-

carcinogenic. Bi2O3 has six main crystallographic polymorphs denoted by the phases α- 

(monoclinic), β- (tetragonal), γ- (cubic, bcc), δ- (cubic, fcc), ε- (orthorhombic), and ω- 

(triclinic). The room temperature and high temperature stable phases are α-Bi2O3 and δ-

Bi2O3, respectively while the others are metastable phases at high temperature. α-Bi2O3 is 

thermodynamically the most stable phase in the range of 25 °C to 730 °C. At 730 °C, α-

Bi2O3 transforms into the δ phase and remains stable until reaching its melting point at 825 

°C. At high rates of cooling of the δ phase, the β phase can be observed near 650 °C and 

then it can return to the α phase (Figure 1.9)25,26. 

 



General Introduction 

19 
 

 

Figure 1.9 Phase transformations of bismuth oxide33. 

 

Furthermore, α-Bi2O3 has a deeper maximum valence band (EVB) (~ + 3.13 V vs. 

NHE), which infers a suitably high oxidation power from valence holes. However, α-Bi2O3 

exhibits poor photocatalytic performance due to the inability of its conduction band 

electrons (ECB) (~ + 0.33 V vs. NHE) to scavenge surface oxygen molecules through a 

process in the reduction reaction of one electron (E0 (O2/O2
-•) = -0.33 V vs. NHE), which 

results in the rapid recombination of photogenerated electron-hole pairs34.  

 

In all polymorphs of Bi2O3, the valence band is composed of O2p and Bi6s orbitals, 

while the conduction band is comprised of Bi6p levels. Compared to other polymorphs, the 

valence band of β-Bi2O3 is shifted to higher energy, yielding a smaller band gap value. This 

phase exhibits enhanced electron transport arising from its c-axis oriented tetragonal 

structure. The electron mobility under irradiation is also enhanced by the lone-pair 
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electrons (Bi6s) present in the valence band35. The high photoconductivity of β-Bi2O3 is 

attributed to its intrinsic polarizability and tetragonal structure, both of which favor the 

separation of photogenerated electron-hole pairs36. Moreover, the lone pair in Bi provides a 

channel for photoexcited electron transport and reduces electron-hole recombination.  

 

 

Figure 1.10 Crystal structure of -Bi2O3 and -Bi2O3 layers of bismuth and oxygen atoms 

of -Bi2O3 are alternately arranged in a zigzag manner, while large tunnels penetrate the 

crystal structure of -Bi2O3 along the Z-direction35.  

 

The unequal bond lengths cause the formation of irregular BiO4 tetrahedrons, which 

share corners to form large-size straight tunnels throughout the entire crystal (Figure 1.10). 

This unique crystal structure results in free charge and mass transportation and hence 

induces high photocatalytic activity35. Since there exits displacement between the centers of 

bismuth and oxygen atoms, every BiO4 tetrahedron causes the formation of electric dipole 

moments (EDM). EDM of the four BiO4 tetrahedrons are offset along the c axis, i.e., the 

tunnel direction. The components perpendicular to the c axis oppositely point to the tunnel 

wall, which will benefit the separation of the electron–hole pairs and induce the charge-

carriers accumulation on the tunnel wall to react with the mass incoming from the 
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environments37. Along with the many advantages of β-Bi2O3 as a semiconducting 

photoelectrochemical material, the β-Bi2O3 phase has one key disadvantage. The β-Bi2O3 is 

metastable at ambient conditions and thus may not be maintained over long periods of 

use38. 

 

Bismuth oxides have been studied as semiconductors for photocatalytic applications 

for the degradation of organic pollutants39–44, gas phase pollutants45, and only some 

research has been carried out for their use in hydrogen generation8,46–49. These studies show 

that bismuth oxides are potential candidates for hydrogen generation and their activity can 

be enhanced by coupling with other semiconductors or by grafting metal ions to the 

surface. Several approaches have been successfully developed to improve the 

photocatalytic performance of Bi2O3, including control of the microstructure50, fluoration 

and surface modification26,51,52 and the coupling with other semiconductors44,50,53–58. 

 

1.4.2. Bi-based heterojunctions 

In reported literature several bismuth-based heterojunctions coupling Bi2O3 with 

other semiconductor has been probed to have high efficiency for photocatalytic hydrogen 

evolution. The synthesis of these heterojunctions shown an efficient coupling. Some of 

these processes include mechanical milling with post annealing31.  

 

Bismuth-based heterojunctions has been synthesized by several chemical and 

physical process as sol-gel, impregnation method, mechanical milling followed by 

annealing at high temperatures, solid state reaction, among others. Bi2O3/Bi–NaTaO3
8, Bi-

Bi2O3-TiO2
46,59

, Bi2O3–ZnO60, Bi2O3-Cu2O
61–64, Cu2O-Bi2O3-TiO2

65, Bi2O3-BiOCl66, 

Bi2O3-SnO2
67

, Bi2O3-BiOI68, Bi2O3-BiOBr69. Bi2O3-Bi2WO6
70

, Bi2O3-BaTiO3
54 are some of 

the heterojunctions (Figure 1.11) that exhibits and enhancement on the photocatalytic 

activity for degradation of organic and inorganic compounds and hydrogen evolution under 

UV and visible light71. A study of the photoluminescence (PL) confirms the optimal 

amount of each catalyst, suppress the velocity of photorecombination of the photogenerated 

charge carriers. The higher heterojunction yield is mainly attributed to the separation of the 

electron-hole driven by the electric field as in the interface as in the semiconductors. 
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Figure 1.11 Visible light driven heterojunctions with -Bi2O3.reported in the literature. 

 

Between the heterojunctions reported in the literature, only few studies have probed 

the photocatalytic activity of Bi2O3 in a heterojunction assemble for hydrogen evolution. 

Some of this work is shown in Table 1.1. The studies performed shown that Bi2O3 coupled 

to other semiconductor with a CB more negative than the potential of H2 evolution is 

affordable to enhance the activity of both catalyst72. The H2 evolution was performed even 

by water splitting or using some sacrificial agents as oxalic acid, methanol, methyl viologen 

among others8,73. The photocatalytic efficiency reported in the table is the reaction rate as a 

function of moles of H2 evolved per unit time. Even if reaction rates are not a standard 

value to compare the activity of different materials reported by different research groups. 

All of these studies reported an enhancement in the activity of the heterojunction compared 

with the single catalyst. Also, a red shifting in the absorbance spectra was observed which 

infers that Bi2O3 can serve as a photosensitizer and the heterojunction could be applied for 

visible light photocatalytic process74. 
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Table 1.1 Photocatalytic efficiency of Bi2O3 based heterojunctions for hydrogen evolution. 

 

 

Catalyst Synthesis 

route 

Photocatalytic 

H2 production 

Photocatalytic 

efficiency 

Reference 

H
o
m

o
-

ju
n

ct
io

n
s β/γ-Bi2O3 Sol-gel method Oxalic acid 

sacrificial 

agent 

24.2 μmolg-1h−1 49 

H
et

er
o
 j

u
n

ct
io

n
s 

Bi2O3/Bi–

NaTaO3 

Solid-state 

reaction 

Methanol 

sacrificial 

agent 

102.5 mmolh-1 8 

α- Bi2O3/TiO2-

xNx 

Soft chemistry 

method- 

Homogeneous 

coprecipitation 

Water splitting 198.4 μmolh-1 75 

Bi2O3/TiO2 Impregnation 

method 

Water splitting 26.02 mmolh-1g-

1 

 

46 

Bi 

/β-Bi2O3/ 

anatase-rutile 

TiO2 

Impregnation 

method and 

annealing 

Water splitting 920 μmolh−1 47 

Pt/Bi2O3/RuO2 Platinization 

and high 

temperature 

synthesis in Ar 

atmosphere 

Methyl 

viologen 

sacrificial 

agent 

0.66 mLh-1 73 

M
et

a
l 

d
o
p
in

g
  

IIIA elements 

(Al, Ga, In and 

Tl) β-Bi2O3 

Polarized 

density 

function theory 

Calculus of 

metal 

displacement 

Co-dopped N/In 

and N/Ti 

76 

Doping of 

transition metal 

ions γ-Bi2O3 

High 

temperature 

synthesis 

Water splitting 1 at % Pd (II)/γ-

Bi2O3 

35.23 μmolh-1 

77 

Bi/β-Bi2O3 Pulverization 

of magnetron 

method and 

electrolysis 

treatment 

Water splitting 15.8 μmolh-1 48 
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1.5. Objectives and thesis outline 

The development of a new visible light driven bismuth-based material to produce 

hydrogen from photocatalytic reactions represent a sustainable pathway to produce green 

energy fuel as well an eco-friendly method. However, the low photocatalytic activity of 

single semiconductors relies in the fast rate of recombination of the photogenerated 

electron-hole pairs. This leads to the design and engineering of coupling two 

semiconductors in a heterojunction assemble. This PhD thesis is devoted to fabricating 

bismuth-based heterojunctions by a simple, affordable, and green synthesis route and 

evaluate the photocatalytic activity for H2 generation. The band gap energy, 

photoluminescence, particle size and morphology, surface area, structural parameters and 

flat band potential are some of the properties measured in the single catalyst and its 

heterojunctions that will elucidate the enhancement in performance of the synthesized 

heterojunction and to understand the photocatalytic reactions mechanism for H2 evolution.  

 

The tetragonal phase of bismuth oxide -Bi2O3 that presents remarkable 

physicochemical properties was chose to synthesize the heterojunctions by coupling with 

three different metal oxides: Cu2O, ZnO and Bi0.5Na0.5TiO3. Since it is well reported that 

the synthesis method will have a significant influence in the coupling between both 

semiconductors, two different methods were performed and analyzed: mechanical milling 

and flame spray (FS) process. The specifics objectives to be achieved are: 

(i) Synthesize -Bi2O3 by flame spray process with high purity and a narrow 

band gap energy and characterize its physical and chemical properties 

(Chapter 2). 

(ii) Synthesize bismuth base heterojunctions Bi2O3/Cu2O, Bi2O3/ZnO and 

Bi2O3/Bi0.5Na0.5TiO3 by mechanical milling and evaluate the structural and 

optical properties to enhance the transfer of the photogenerated charge carriers 

and study the heterojunction coupling (Chapter 4 and 5). 

(iii) Measure the flat band potential and the semiconducting type of each catalyst 

to determine the conduction band and valence band potential (Chapter 4 and 

5).  
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(iv) Evaluate the photocatalytic activity and the quantum yield for methanol 

oxidation and H2 evolution in presence of sacrificial agents and propose a 

possible mechanism of the photocatalytic reactions (Chapter 3, 5 and 6). 
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Chapter 2:Synthesis and characterization of photoactive β-bismuth oxide 

by flame spray 

This chapter contains the article Manufacturing of photoactive β-bismuth oxide by 

flame spray oxidation by María Teresa Ayala Ayala, Martha Yasmid Ferrer Pacheco and 

Juan Muñoz Saldaña, published in Journal of thermal spray technology, 2021, 30, 4, 1107-

1119. “Reproduced with permission from Springer Nature”. 

 

2.1. Introduction 

During the past decades, bismuth-based oxides, such as perovskites, pyrochlores, 

Aurivillius, among others have stimulated extensive research related to the preparation, 

modification, and applications in alternative energies, biomedicine, and environmental 

remediation29,78–81 Particularly, solutions for environmental remediation taking advantage 

of the photocatalytic properties of bismuth-based materials are nowadays of big interest.  

 

Bismuth-based semiconducting materials can be excited by visible light irradiation 

due to their electronic structure and a narrow band gap energy, Eg, which is lower than 3 

eV. For instance, bismuth oxide (Bi2O3) has received much attention as a potential visible 

light active photocatalyst for both solar energy conversion and environmental remediation 

because of its efficient photocatalytic activity, high stability, low cost, and nontoxicity30. Its 

photocatalytic performance is itself closely related to the phase, morphology, structure, 

size, band gap, surface area, crystallinity, rate of the charge transfer, efficiency of charge 

separation, among others29. The narrow band gap energy of Bi2O3 is dependent on its 

crystal structure (2.2-2.8 eV), which is found in seven polymorphs: low-temperature stable 

monoclinic α82, high-temperature stable fcc δ, and the metastable tetragonal β, bcc γ83, 

orthorhombic ε84, triclinic ω85 and high-pressure hexagonal phases86. 

 

The tetragonal β phase has an Eg of ~2.3 eV and higher photocatalytic performance 

than the other Bi2O3 polymorphs. β-phase has a unique tunnel structure caused by the 

special orientation of Bi3+ lone electron pairs (LEPs). Its tunnel structure is ideal for the 

transfer of the photogenerated electrons and holes, preventing their excessive 
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recombination and enabling more free carriers to participate in the photocatalytic 

process36,87.  

 

It is well known that the physical and chemical and therefore photocatalytic behavior 

of bismuth-based materials are also strongly dependent on their synthesis method88. The 

synthesis of β-Bi2O3 powder has been reported by several routes that include conventional 

chemical methods34,42,89–91 using bismuth nitrates and carbonates as precursors, and 

alternative physical methods based on the oxidation of granulated bismuth under air or 

vacuum atmospheres92–94. For instance, liquid phase microwave irradiation allowed the 

synthesis of β-Bi2O3 nanoparticles with an Eg of 2.77 eV using Bi(NO3)3•5H2O as a 

precursor. The obtention of yellowish precipitate has been reported to take place under 

irradiation with 500 W of power for 90 min and then centrifugated and washed several 

times before drying. This precipitate was finally calcined at 300 °C for 4 h to stabilize the 

β-Bi2O3
95.   

 

The hydrothermal process has also been frequently reported for the synthesis of β- 

Bi2O3 powder with specific morphology e.g. flower-like91 or nano-sized sheets96. Both 

methods use consistently Bi(NO3)3•5H2O as a precursor. In the former method, a white 

suspension was formed by adding acetic acid and ethanol, which was cleared by stirring 

and adding N,N-dimethylformamide. The solution was transferred to a Teflon-lined 

autoclave and heated at 100 °C for 40 min. Thermal decomposition of the dried precursors 

was obtained by heating the previously washed solution (with deionized water and ethanol) 

at 350 °C for 4 h at a heating rate of 2 °C/min. The obtained powder showed an orange-

yellow color with flower-like morphology having a Eg of 2.39 eV91. Upon similar 

hydrothermal process conditions, β-Bi2O3 sheets were synthesized following a 

hydrothermal procedure that requires a Teflon stainless autoclave. The precursor was 

dissolved in benzyl alcohol under stirring before being transferred to an autoclave and 

heated at 240 °C for 24 h. The obtained samples were collected, several times washed, 

vacuum-dried and post-heat treated at 300 °C for 5 h. The obtained β- Bi2O3 powder 

exhibited a sheet-like morphology and a band gap energy of 2.48 eV96. 
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It is clear that methods of chemical synthesis of β-Bi2O3 powder with interesting 

morphological characteristics and a narrow band gap energy with high photocatalytic 

activity for organic pollutants degradation are available in the literature. However, the 

necessity of an alternative method to synthesize photoactive β-Bi2O3 powder in one-step 

and high volumes with desired physical and chemical properties still exists. 

 

Flame spray is a low-cost, high performance thermal spray technique typically used 

to manufacture coatings97. The process consists of atomizing particles in a compressed gas 

that have been melted or are in a semi-molten state thanks to the energy released by a heat 

source. Combustion between premixed oxygen and acetylene gas provides the energetic jet 

stream. Particles with velocities below 100 m/s are generally achieved. The lower speed 

experienced by the in-flight particles compared to other TS techniques can be exploited to 

increase the particle´s dwell time inside the jet, thus improving their temperature98. The 

flame temperature is in the range between 2727-3077 °C, where particles only reach 

however 70% of this temperature depending on their residence time in the flame97.  

 

Therefore, flame spray oxidation of bismuth seems to be promising to control 

oxidation characteristics of semi-metallic bismuth, the phase transformation of the formed 

oxides as well on their physicochemical properties. However, the synthesis of highly pure 

tetragonal bismuth oxide with controlled physical and chemical properties by flame spray is 

still challenging since the process is highly chaotic. The analysis of process parameters by 

design of experiments is required seeking to obtain specific particle size distribution, 

morphology, and phase transformations. Particularly, key factors to stabilize metastable β-

Bi2O3 at room temperature are dependent on the residence time and intrinsic high cooling 

rates99,100. 

 

In this work, flame spray oxidation was used to synthesize β-Bi2O3 by using bismuth 

pellets obtained from mineral compounds from Mexico101. The structural and 

microstructural properties of the oxidation products were studied by varying feedstock 

particle size, and stand-off distance (SOD) by a 22-factorial design of experiments. 

Oxidation characteristics of bismuth particles are presented and discussed. 
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2.2. Materials and methods 

2.2.1. Powder synthesis  

Bismuth needle-shaped pellets obtained from mining beneficiation of 1-2 cm in 

size (Industrias Peñoles SA, Mexico) were used as precursor material and milled in a 

planetary mill (PM400 Retsch, Hann, Germany) for 30 min using a 10:1 ball to powder 

ratio at 250 rpm. Milled bismuth powder was classified in fine and coarse particles by 

sieving, passing through 600, 325, and 140 mesh sieves.  

 

The synthesis of β-Bi2O3 was carried out by flame spray oxidation using a 6PII gun 

(Oerlikon Metco, New York, USA) with a ceramic-type nozzle. 99.999% pure nitrogen gas 

(Atlas-Copco NPG+ SKID plant) was used for particle feeding with a Sulzer Metco 5MPE 

powder feeder (New York, USA). The combustion atmosphere was fixed for an 

oxygen/fuel ratio of 1:1.15 (lmin-1:lmin-1) (oxygen/acetylene) that corresponds to a neutral 

flame102. 

 

The fed powder was heated and oxidized thanks to the energy released during the 

reaction in the flame spray process, in which the combustion of oxygen/acetylene mixture 

has an enthalpy of 8714 kJ/kg. Bismuth powder was fed at a rate of 18 g/min with high 

pure nitrogen flow to the flame spray gun that carries an oxygen/acetylene gas for the 

oxidation of bismuth varying the SOD and feedstock particle size.  

 

The parameters used for the synthesis of Bi2O3 powder by flame spray (Table 1) were 

varied in a 22-factorial design. The SOD measured from the nozzle to the surface of the 

water was set at 20 cm and 30 cm. The feedstock particle size of bismuth powder was fixed 

at 16-60 m and 18-122 m distributions. From the factorial experimental design, four 

experiments were performed labeled as 20P1, 30P1, 20P2, and 30P2, where P1 and P2 

correspond to fine and coarse feedstock powder, respectively, and 20 and 30 are the used 

SOD (in cm). A home-made set-up able to collect either evaporated or quenched in-flight 

particles in water was used (Cinvestav-CENAPROT). The evaporated particles were 

collected by condensation and identified as “nanometric sized powder.” The water 

quenched powder was identified as “micrometric sized powder.” 
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2.2.2. Structure and microstructure  

Phase identification was performed by X-ray diffraction XRD with a Rigaku TX, 

USA Dmax 2100 diffractometer with monochromatic radiation CuKα (λ = 1.5406 Å) 

operating at 30 kV and 20 mA. Diffraction patterns were collected in the range of 20° to 

60° of 2θ scale with a 0.02 step size and a step time of 0.5 s with a fixed angle of 5°. Phase 

quantification was determined by Rietveld refinement using GSAS® software103. 

 

The size distribution of bismuth feedstock was measured using the laser 

diffractometer (HELOS/BR, Sympatec GmbH, Germany). The technique for measuring the 

dry powder was REDOS, where samples were placed in the powder feeder and air 

pressurized at 200 kPa. 

 

Analysis of morphology and particle size distribution of synthesized powder was 

done by field emission scanning electron microscopy (FESEM) using a JEOL 7610F 

microscope (Tokyo, Japan) with secondary electron (SE) detector at 2 kV and 

backscattering electron (BSE) detector at 15 kV electron acceleration voltage. The 

cumulative size distribution of flame spray powder was determined by ImageJ®104. For 

each sample, the average particle size was measured in at least 5 micrographs. 

 

The oxidation mechanism of the obtained micrometric powder was analyzed by 

cross-sectional area of the as-synthesized powder. The powder was embedded in epoxy 

resin and polished until the particle cross section was observed in an optical microscope. 

These samples were analyzed with a scanning electron microscope XL30 ESEM-Philips 

(Massachusetts, USA) using energy dispersive spectroscopy (EDS) for semi-quantitative 

chemical composition characterization. The oxidation characteristics of bismuth were 

identified by tracking the oxygen distribution with EDS using a backscattering electron 

detector. The semi-quantitative chemical characterization was analyzed with an atomic and 

mass percentage on at least 3 zones of sample cross-sections.  
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2.2.3. Thermal transformation analysis 

Phase transitions of commercially available -Bi2O3 powder (Sigma-Aldrich S. 

de RL. de CV.) have been studied using differential scanning 

calorimeter/thermogravimeter DSC-TGA (SETSYS Setaram, Caluire-etCuire, France). 

DSC-TGA was run using 70 mg of the powder in platinum crucibles. The heating stage was 

performed from 400 °C up to 800 °C at a rate of 1 °C/min in air. The cooling stage was 

performed from 800 °C up to 25 °C varying the cooling rate up to 10 °C/min. 

 

2.2.4. Optical properties 

UV-Vis NIR spectrophotometry was used to determine the band gap energy of the 

prepared Bi2O3 powder with a Varian spectrophotometer (Cary 5000) coupled to a PTFE 

integration sphere (Malvern, UK). The band gap was determined by measuring reflectance 

spectra and using Tauc plot (Eq 2.1), of the intersection of the extrapolated tangent, which 

is based on the Kubelka-Munk theory105.  

                                             𝐹(𝑅)ℎ𝜈 = 𝑘(ℎ𝜈 − 𝐸𝑔)
𝑛                        (Eq  2.1)  

where h is the Planck´s constant (4.135E-15 eVs), ν is the frequency of light (s-1), k is 

a proportional constant, Eg is the band gap energy (eV), and n is ½ or 2 if it is a direct 

permitted or indirect permitted transition. F(R) is a function of reflectance and is 

calculated with the following equation (Eq 2.2). 

                                                           𝐹(𝑅) =
(1−𝑅)2

2𝑅
                 (Eq  2.2) 

The band gap energy value was obtained by plotting (F(R)hv)1/2 vs hv and 

extrapolating a linear fit to the abscissa axis106. 

 

2.3. Results and discussion 

2.3.1. Characterization of precursor bismuth powder  

As mentioned in the experimental section, bismuth feedstock powder was 

classified in fine and coarse by milling and sieving with different mesh number. Figure 

2.1a and 2.1b show the SEM micrographs of both milled powders. The powder 



Synthesis and characterization of photoactive β-bismuth oxide by flame spray 

33 
 

morphology is irregular with flat faces and pronounced corners at the edges, which is 

expected due to the milling process. Figure 2.1c shows the cumulative particle size 

distribution Q3% (black lines) and the distribution density q3 (blue lines) of both 

powder types. Fine powder presents a maximum frequency of 38.8 µm, while the 

maximum frequency for coarse powder is 78.7 µm. 90% of the cumulative distribution 

of fine particles has a maximum size of 60 and 122 μm for coarse particles . Geometry 

and particle size distribution are relevant characteristics of the fed powder because of 

its direct influence in energy and mass transfer with the gas flow during the oxidation 

process. 

 

 

Figure 2.1 SEM micrographs of a) fine and b) coarse bismuth feedstock powder, c) 

cumulative particle size distribution and d) X-ray diffraction patterns.  

 

X-ray diffraction patterns of milled bismuth powder are shown in Figure 2.1d. In 

both samples, a single bismuth phase is identified according to the PDF 44-1246 with 
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the theoretical lattice parameters a = b = 4.547 Å, c = 11.8616 Å, hexagonal structure, 

and space group R-3m. XRD patterns evidence a pure semi-metallic bismuth phase. 

 

2.3.2. Phase transitions of Bi2O3 by DSC 

Phase transformations were analyzed in a commercial α-Bi2O3 powder by DSC. 

Figure 2.2 shows the DSC plot, where positive or negative heat transfer is identified with 

up and down arrows, which respectively correspond to exothermic and endothermic 

reactions. According to previous data reported elsewhere, two intermediate metastable 

phases can be obtained by quenching the δ-Bi2O3 phase from temperatures between 730 

and 823 oC. β and γ are present in the range between 667-662 °C and 652-633 °C, 

respectively. The transformations δ → β and δ → γ depend not only on the chosen 

atmosphere but also on the used cooling rate33. 

 

 

Figure 2.2 Thermal behavior of -Bi2O3 starting powder. 
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In the current results, a unique transition from  to δ (peak 1) is present on heating at 

730 °C99. During cooling from 800 °C to room temperature and a cooling rate of 10 

°C/min, two endothermic phase transitions are observed at 660-630 °C (peak 2) and 538-

518 °C (peak 3). In the case of peak 2, the δ → β and δ → γ transformations seem to be 

overlapped. The latter transition (peak 3) corresponds to the formation of α-Bi2O3, which 

remains stable at room temperature.  

 

The analysis as a function of cooling rates (not shown here) allowed retaining both 

phases at room temperature in a metastable state if high cooling rates and oxidizing 

atmospheres are used. Based on these results, it is possible to envisage retaining the β-

Bi2O3 by flame spray if abrupt cooling (high cooling rates) from temperatures above 650 oC 

is undertaken, which can be easily achieved by collecting evaporated or water quenched in-

flight particles.  

 

Thermally sprayed oxidized powder was collected in two ways, from evaporated 

particles and quenched in water inferring two mechanisms of bismuth oxidation. Bigger 

particles dropped into the water leading to partial oxidation, whereas a certain number of 

fine particles evaporated and were completely oxidized due to the high temperature of the 

flame. 

 

2.3.3. Characterization of nanometric-sized bismuth oxide powder 

The evaporated powder presents a characteristic bright yellowed color and 

nanometric particle size. This powder was labeled as “nanometric” and its physicochemical 

properties were as follows. Figure 2.3 shows typical SEM micrographs recorded at high 

magnifications of the nanometric powder obtained by varying the SOD and particle size of 

feedstock powder.  
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Figure 2.3 SEM micrographs for nanometric sized thermal sprayed -Bi2O3 powder. 

The synthesized powder showed agglomerated nanometric sized spherical particles. 

Most particles have sizes less than 100 nm and few bigger ones of around 200 nm, 

irrespective of the tested processing conditions. Agglomeration is observed in samples 

20P1 and 30P1 (Figure 2.3a and 2.3b) when fine feedstock powder is used. The produced 

nanometric particles have a large effective contact surface, which causes friction and 

electrostatic forces between them promoting agglomeration. The cumulative size 

distribution of this powder is shown in Table 2.1. For each sample, at least 5 

micrographs were measured reporting the average particle size. The 90% (d90) of the 

cumulative distribution of nanometric particles has a maximum size between 227-

163 nm for fine feedstock powder and 188-133 nm for coarse powder. 
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Table 2.1 Flame spray parameters and particle size distribution of thermal sprayed 

nanometric and micrometric sized powder. 

Sample 

ID 

Standoff 

distance 

(cm) 

Cumulative particle size distribution 

 

Precursor 

bismuth 

powder (μm) 

Micrometric 

oxidized powder 

(μm) 

Nanometric 

oxidized powder 

(nm) 

20P1 20 

d10 12 11 ± 1.41 49 ± 3.05 

d50 36 26 ± 1.41 100 ± 2.04 

d90 60 41 ± 5.65 227 ± 5.18 

30P1 30 

d10 12 15 ± 7.07 56 ± 5.18 

d50 36 26 ± 5.65 94 ± 1.19 

d90 60 35 ± 2.82 163 ± 3.38 

20P2 20 

d10 18 10 ± 0.10 25 ± 1.51 

d50 60 38.5 ± 2.12 56 ± 2.29 

d90 122 63.5 ± 2.12 188 ± 4.21 

30P2 30 

d10 18 14.5 ± 0.70 28 ± 1.52 

d50 60 36.5 ± 2.12 57 ± 2.43 

d90 122 61.5 ± 9.19 133 ± 3.92 

 

An increase in the SOD decreases the size of the nanometric oxidized powder 

(see d90 in Table 2.1). Additionally, an increase in the size of feedstock powder 

decreases the size of the nanometric oxidized powder. Specifically, fine P1 feedstock 

generated agglomerates of nanometric sized particles, which are larger than those 

obtained with coarse P2 feedstock.  

 

X-ray diffraction and Rietveld refinement patterns of as-synthesized powder are 

shown in Figure 2.4. A typical XRD pattern of 20P1 sample is shown in Figure 2.4a. All 
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samples exhibit a high pure Bi2O3 phase with a tetragonal structure. No evidence of 

secondary phases or impurities was observed. All diffraction lines can be indexed to a 

tetragonal phase with a = b = 7.742 Å, c = 5.631 Å unit cell parameters identified with PDF 

27-0050 with a space group P421-c. 

 

 

Figure 2.4 a) X-ray diffraction and b) Rietveld refined patterns of nanometric sized 

thermal sprayed -Bi2O3 powder. 

 

Rietveld refinement allowed us to calculate the structural parameters of as-

synthesized powder. Figure 2.4b shows the refined pattern of 20P1 sample. The calculated 

lattice parameters are a = b = 7.7405 Å and c = 5.6328 Å, which are in good agreement 

with theoretical values. The goodness coefficient (χ2) and the structural factor (Rf) are 3.07 

and 0.03, respectively, which represent the refinement quality (Figure 2.4b). The Rf-value 

suggests an excellent relationship between the calculated model and the experimental XRD 

pattern. 

 

The optical absorption characteristics of the as-synthesized Bi2O3 measured 

respective to its band gap energy are shown in Figure 2.5. The band gap energy for a 

semiconductor can be measured by plotting (F(R)hν)1/n vs hν that corresponds to Tauc plot 

(Eq 2.1). As mentioned before, the function of reflectance F(R) (Figure 2.5a) is determined 

by a method based on the Kubelka-Munk theory105 (Eq 2.2). Figure 2.5b shows the 
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measured band gap energy of β-Bi2O3 by extrapolating the tangent of Tauc plot by a linear 

fit. For an indirect allowed transition n = 2, as obtained β-Bi2O3 powder possess a band gap 

energy of 2.26 eV. These results show that β-Bi2O3 can be excited in the visible range of 

the solar spectrum from 548 nm to the UV region and be applied as a visible light driven 

semiconductor for photocatalytic applications. Thus, flame spray oxidation allows 

obtaining a photoactive highly pure tetragonal bismuth oxide with a nanometric spherical 

morphology and a narrow band gap energy.  

 

 

Figure 2.5 a) Reflectance spectra and b) Tauc plot to determine the indirect band gap 

energy of β-Bi2O3. 

 

2.3.4. Characterization of micrometric-sized bismuth oxidized powder  

The quenched powder (collected in water) was labeled as “micrometric” and can 

be distinguished by a dark green color. The morphology of the micrometric sized 

oxidized powder recorded with a BSE detector is shown in Figure 2.6. The micrometric 

powder showed particles with a rough surface and an approximately spherical 

morphology joined to the hemispheres of other smaller particles. Molten in-flight 

particles collided with each other leading to particular agglomeration features between 

few elements leading to the formation of the so-called “snowman-like” 

morphology107,108. These particles show different colors, associated with at least two 

different phases. Clear zones Z1 correspond to bismuth while the dark zones Z2 are 
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bismuth oxides (see arrows from Fig. 2.6c) according to their molecular weight. 

Samples 20P1 and 30P1 (Fig. 2.6a and 2.6b, respectively) present smaller particles < 

50 m compared to samples 20P2 and 30P2 > 50 m (Fig. 2.6c and 2.6d, 

respectively). 

 

 

Figure 2.6 SEM micrographs of micrometric sized thermal sprayed β-Bi2O3 powder. 

 

Table 2.1 shows the cumulative size distribution of the micrometric oxidized 

powder. The size of this powder decreases as the SOD distance increases. The d90 of 

this powder using fine P1 feedstock is 37 µm and 33 µm for SOD of 20 cm and 30 cm 

respectively. In the case of coarse P2 feedstock, the d90 size is 68 µm and 64 µm for 

SOD of 20 cm and 30 cm, respectively. Thus, the size of the obtained powder directly 

depends on the size of the feedstock material and is inversely proportional to the SOD 

distance, i.e., the size of the obtained micrometer powder decreases as the spray 

distance increases. 
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A change in the morphology and size of the feedstock powder is expected to take 

place interacting with the flame spray. It is well known, that the shape changes from 

irregular/angular morphology to a spherical shape (droplets formation) due to the 

flame process97. The particles are subject to conductive heat transfer and become 

spherical after reaching their melting point (271 °C) while passing through the flame. 

All particles exhibit rough surfaces generated due to the quenching into cool water and 

in some cases address fractures because of the thermal shock. During the in-flight, the 

particles start evaporating (1564 °C) after reaching their melting point, where the 

amount of evaporated mass depends on the size, thermal conductivity, speed, and 

trajectory followed by each particle, leading to a decrease in size of the oxidized 

particles97. 

 

X-ray diffraction patterns of micrometric sized powder are shown in Figure 2.7a. 

All samples present not oxidized bismuth identified with PDF 44-1246. The oxidized 

bismuth shows a tetragonal structure identified with PDF 27-0050. Moreover, samples 

20P1 and 30P1 show a higher content of -Bi2O3 according to the relative intensity of 

(201) plane at 27.9o of 2θ. 
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Figure 2.7 a) X-ray diffraction and b) Rietveld refined patterns of micrometric sized 

thermal sprayed bismuth oxidized powder. 

 

Rietveld refinement was done to all X-ray patterns to quantify the phase content 

of samples and evaluate the effect of the flame spray process on the structure of 

bismuth oxide (Fig. 2.7b). Each refinement is composed by four curves: a) the 

experimental patterns (shown in black), b) the adjusted patterns (red), c) the adjusted 

background to calculate the phase content and lattice parameters (green) and d) the 

error line (blue) generated from the difference between the experimental and adjusted 

patterns. The obtained χ2 and Rf were 3 and 0.1, respectively (Table 2.2). The 

quantification confirmed that samples prepared with fine feedstock powder (sample 

20P1 and 30P1) exhibit a higher content of β-Bi2O3 77% and 91%, respectively. The 

increase in SOD generates an increase in the amount of oxidized bismuth, which was 

consistently observed for fine and coarse feedstock powder.  
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In all samples, the lattice parameters a and c of β-Bi2O3 increased respectively to 

the theoretical value. Particularly, 30P1 sample presents the highest expansion of the 

crystal lattice generated due to the thermal spray process. β-Bi2O3 exhibits 

enhanced electron transport arising from its c-axis oriented tetragonal structure and its 

intrinsic polarizability. As mentioned before, the unique tunnel structure of -Bi2O3 

due to the special orientation of Bi LEPs has been reported to be associated with its 

excellent photocatalytic activity. These tunnels provide channels for the transfer of the 

photogenerated electrons and holes, preventing their excessive recombination and 

enabling more free charge carriers to participate in the photodecomposition 

process72,109. 

 

Table 2.2 Structural parameters of micrometric sized thermal sprayed powder obtained 

from Rietveld refinement. 

Sample 

Lattice parameters for 

β-Bi2O3 (Å) 

Phase fraction 

(wt.%) GoF Rf 

a=b c β-Bi2O3 Bi 

Theoretical 7.743 5.631 100 0 — — 

20P1 7.739 5.635 77.9 22.1 3.22 0.12 

30P1 7.751 5.642 91.07 8.92 1.98 0.04 

20P2 7.747 5.640 41.44 58.55 2.33 0.04 

30P2 7.744 5.636 71.64 28.35 2.36 0.10 

 

It is worth mentioning that the physicochemical characteristics of this powder make it 

suitable to be used in spraying deposition processes, e.g., by cold spray. 
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2.3.5. Influence of flame spray parameters on oxidation characteristics of 

bismuth 

The influence of thermal spray parameters is evidenced in the content of bismuth 

oxide. As mentioned before, a smaller feedstock size leads to a higher oxidation 

content. If the particle possesses a smaller diameter the heat transfer from the surface 

onto the core is favorable and the oxidation process is promoted. A similar effect is 

obtained with longer stand-off distances. The residence time of the in-flight particle in 

the flame increases by increasing the SOD. The particle is surrounded by oxidant gas 

for a longer time. Smaller particles have a higher surface area which maximizes the 

total content of formed bismuth oxide. Under these conditions, bismuth coarse powder 

does not completely oxidize due to its big size. The low surface area carries out poor 

contact with oxygen molecules. Moreover, the residence time of the in-flight particles 

in the heat zone of the flame is not enough to reach a melting state diminishing the 

conditions promoting oxidation97,102.  

 

For the sake of clarity, the effect of flame spray parameters, feedstock size, and 

SOD combinations on the oxidation of bismuth and the size of the micrometric as-

synthesized powder is shown in Figure 2.8. This figure provides a good summary of 

previously described effects, where the formation of β-Bi2O3 is promoted by using fine 

bismuth feedstock powder and small SOD (Figure 2.8a). The same effect is evidenced 

in the synthesis of small micrometric β-Bi2O3 particles (Figure 2.8b). This analysis 

agrees with the literature that establishes that oxidation of particles increases with the 

temperature, a higher residence time of in-flight particles in the flame by increasing 

SOD and with an adequate size of feedstock powder. 
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Figure 2.8 Effect of SOD and feedstock particle size on the a) phase content of -Bi2O3 and 

b) particle size of micrometric sized thermal sprayed powder. 

 

2.3.6. Oxidation mechanisms by electron microscopy 

Figure 2.9 shows the oxidation characteristics of bismuth identified by EDS using an 

electron backscattering detector. The cross-sectional area of as-synthesized micrometric 

sized bismuth oxidized particles of 30P1 (Figure 2.9a) and 30P2 (Figure 2.9b) samples are 

shown. The oxidized powder shows a micrometric sized snowman-like morphology that 

possesses a heterointerface of two phases, similarly to that observed in Figure 2.6. Figure 

2.9a shows a typical SEM micrograph of a 30P1 sample, where two micrometric dark and 

bright semi-spherical particles attached to each other are shown. The composite shows the 

coexistence of a flat interface between both particles. According to the atomic percentage 

measured from EDS analysis clear and dark colored zones correspond to bismuth and 

bismuth oxide, respectively. 
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Figure 2.9 a, b) SEM micrographs of particle cross-sections for 30P1 and 30P2 samples 

respectively and c) heterointerface area between Bi/-Bi2O3. 

 

Sample 30P2 (Figure 2.9b) shows a similar heterointerface between bismuth (clear 

zone) and bismuth oxide (dark zone). Whereas the oxidation mechanism is the opposite 

than 30P1 sample since the snowman-like particle possesses a higher content of bismuth 

than bismuth oxide. Although, the semi-sphere of bismuth is partially oxidized on its core. 

 

Regarding the heterointerface between Bi and β-Bi2O3, the inset of Figure 2.9c shows 

a magnification of a 30P2 particle interface. This micrograph evidences the formation of a 

composite sharing different compositions in a heterogeneous interface between a metal 

and a metal oxide Bi/β-Bi2O3. 

 

These composites are usually classified as Janus particles and have a particular 

shape and surface chemistry showing different physical and chemical properties 108. 

Janus particles may show different magnetic, electrical, semiconductive, optical, 

optoelectronic, and catalytic properties107. Due to the nature of as-synthesized 

snowman-like Bi/-Bi2O3 Janus particles, the photocatalytic properties of Bi2O3 are 

expected to be enhanced because of the interfacial interactions originated from electron 

transfer across the interface. It has been reported that Bi2O3 shows an enhancement in 

its photocatalytic activity by depositing metallic particles to serve as electron 

scavenger to decrease photorecombination of the electron-hole photogeneration and 

then induce charge separation to carry out redox reactions with pollutants22,110–112. 

Electrodes of Bi/-Bi2O3 have shown stronger visible light absorption and high 
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photoactivity for hydrogen generation due to the electron transfer from Bi to -Bi2O3
48. 

The current as-synthesized micrometric snowman-like Bi/-Bi2O3 Janus particles are a 

promising candidate for photocatalytic applications. 

 

The obtained powder with 30P2 conditions kept the snowman morphology but 

showed as expected different oxidation characteristics. An internally partially oxidized big 

bismuth particle appears attached to a smaller one (Figure 2.9b). This behavior can be 

explained based on the heat transfer mechanism that takes place immediately after the 

particles interact with the hot gas, where they are heated from the surface to their nuclei. 

The kinetic of this process depends on several parameters, such as size and particle 

trajectory inside the flame, thermal conductivity, etc. Small particles (P1) get uniformly 

heated and reach faster conditions of fusion, vaporization, with the simultaneous oxidation 

process. On the opposite, bigger particles (P2) have intrinsically lower kinetics leading to 

an overall lower oxide content. 

 

Heat and mass transfer play an important role in the definition of the oxidation 

characteristics of in-flight particles. The following expression (Eq 2.3) describes the net 

heat transfer between hot gas and particles and thus their reached temperature102: 

                                   𝑄 = ℎ(𝜋𝑑𝑝
2)(𝑇∞ − 𝑇𝑠) − (𝜋𝑑𝑝

2)𝜀𝜎𝑠(𝑇𝑠
4 − 𝑇𝑎

4)            (Eq  2.3) 

where dp and Ts are the diameter and surface temperature (K) of the particle respectively, 

𝑇∞  and Ta are the temperature of hot gas and  the environment (K), ε is the emissivity of 

the particle, σs is the Stefan-Boltzmann constant (5.67×10-8 W/m2K4, ℎ is the heat transfer 

coefficient between the hot gas and the particle and expressed in terms of the Nusselt 

number (Nu) defined in Eq 2.497,102: 

                                                             𝑁𝑢 =
ℎ𝑑𝑝

𝜅
                                     (Eq  2.4) 

where 𝜅 is the thermal conductivity of the gas. 
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For a particle to reach a uniform temperature it is required that its thermal 

conductivity Kp is higher than the K of the gas, described as the Biot number 𝐵𝑖 = 𝜅 𝜅𝑝⁄  

and should be Bi < 0.0197,102. 

 

A schematic representation of the oxidation mechanism that corresponds to an in-

flight particle oxidized by combustion thermal spray as described elsewhere97 can be 

adapted to the current results. In the referred figure, the oxidation mechanism of an in-flight 

particle interacting with hot gas depends on the heat transfer processes and the size of 

feedstock powder. Under melting and/or evaporation conditions, oxidation of the particles 

takes place and their diameter naturally decreases inside the flame plume, which is a time-

dependent process influenced by their trajectory within the heat zone102. 

 

2.4. Conclusion 

Controlling flame spraying parameters (stand-off distance, flame temperature, Bi-

powder morphology, and size) allows the synthesis of photoactive tetragonal bismuth oxide 

powder with nano- and micrometric sizes. Morphology of micrometric sized powder 

corresponds to Janus particles of a Bi/β-Bi2O3 snowman-like morphology, where the 

heterostructure potentially allows the electron transfer between a semiconductor (β-Bi2O3) 

and an electron scavenger (Bi). This powder is ready to be used in spraying deposition 

processes, e.g., by cold spray. The obtained nanometric sized powder corresponds to highly 

pure β-Bi2O3, which is highly photoactive with a band gap energy Eg = 2.26 eV.  
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Chapter 3:Photocatalytic H2 evolution and methanol photooxidation of 

visible-light driven bismuth-based heterojunctions synthesized 

by flame spray 

3.1. Introduction 

The properly designed semiconductor (SC) photocatalysts are promising materials for 

solving the current serious energy and environmental issues because of their ability of using 

sunlight to stimulate various photocatalytic reactions113. Especially, the constructed direct 

Z-scheme photocatalysts, mimicking the natural photosynthesis system, possess many 

merits, including increased light harvesting, spatially separated reductive and oxidative 

active sites, and well-preserved strong redox ability, which benefit the photocatalytic 

performance114.  

 

The most effective approaches to enhance the photocatalytic activity of a catalyst and 

to carry on desired redox reactions is by semiconductor engineering coupling by a 

heterojunction assembles two or more catalyst115. The fate of heterojunctions relies on the 

efficient charge carrier separation, transfer, and reaction. As has been reported elsewhere, 

the energetic levels should be staggered and the catalyst with higher potential of the 

conduction band (ECB), should be able to be a visible light driven semiconductor to inject 

electrons on the CB of the other semiconductor60. Construction of heterojunction by 

combining two or more disparate functional materials in a hybrid structure offers an 

advanced strategy for enhanced solar energy utilization in photocatalysis and facilitate the 

charge separation due to the formation of an inner electric field between the composites of 

n-type and p-type semiconductors27. 

 

In the constructed heterojunctions, the Type-Ⅱ photocatalytic mechanism usually 

takes place. The electrons in SC A with higher CB position can migrate to SC B with lower 

CB position (see Figure 1.7). Meanwhile, the photogenerated holes in these two 

semiconductors follow a reverse migration. The photoinduced electrons and holes are 

accumulated on SC B for a reduction reaction and SC A for an oxidation reaction, 

respectively27. This promotes the spatial separation and suppresses recombination of charge 
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carriers, which significantly enhances the energy conversion efficiency of the designed 

heterojunction. However, these advantages are at the expense of redox abilities of charge 

carriers, which indicate a weakened driving force that may fail to drive a specific 

photocatalytic reaction. Therefore, manipulating the photogenerated electron–hole pairs in 

a Z-scheme mode is highly desirable for the constructed heterostructure because of its 

advantages over Type-Ⅱ mode14.  

 

In the direct Z-scheme mechanism, the relative band alignment is similar to type II 

heterojunction and resembles the natural photosynthesis mechanism. When excited by 

incident light, the photogenerated electrons in SC A and the photogenerated holes in SC B 

remain in their respective bands, preserving the strong reduction and oxidation activity of 

the components114. Meanwhile, the photogenerated electrons on SC B with a lower 

reduction potential than the electrons in SC A and holes on SC A with a lower oxidation 

potential than the holes in SC B recombine. As a result, the junction simultaneously has the 

strong redox capacity of both semiconductors and the reductive and oxidative sites are 

spatially separated, regarding direct Z-scheme composites for hydrogen production and 

organic compounds degradation, respectively14.  

 

It is noteworthy that the close contact between SC A and SC B in the direct Z-scheme 

heterojunction system plays a crucial role because the interface has the same role as the 

electron mediators. Hence, the effective combination of SC A and SC B is essential for 

preparing efficient direct Z scheme heterojunction system. It is remarkable that the same 

materials can lead to different mechanisms depending on their synthesis procedure. 

Generally, it is necessary to investigate the charge transfer pathway for any heterojunction 

system because of the competition between Z-scheme and the type II heterojunction 

mechanisms116.  

 

In this context, the construction of a heterojunction composed by metal oxide 

semiconductors is here presented for the photocatalytic generation of hydrogen and the 

photooxidation of methanol. Bismuth oxide-copper oxide multi-heterojunction was 
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synthesized by an alternative flame spray process reported for the first time and its 

physicochemical properties and photocatalytic performance was measured. 

 

Bismuth oxide (Bi2O3) is a visible light driven semiconductor that has recently 

emerged as a multifunctional material applied in environmental remediation as a 

photocatalyst for degradation of hazardous compounds in aqueous and gas phase34,117–120. 

Between its electrochemical properties, the positive valence band potential EVB is suitable 

to undergo oxidative reactions of the photogenerated holes. Some of the major interesting 

functionalities of Bi2O3 is the different electronic, semiconducting, and photocatalytic 

properties depending on its structure phase121. Bi2O3 presents seven different polymorphs 

reported so far33. The tetragonal structure β-phase has attracted attention in photocatalytic 

applications due to its tunable structure and the polarizability of its tetragonal unity due to 

the lone electron pair of Bi3+ which is attributed to an efficient separation of the 

photogenerated electron-hole pairs37. However, Bi2O3 has a low conduction band potential 

ECB ~+0.3 V vs NHE that is disadvantageous for the photogenerated electrons to scavenge 

molecular oxygen O2/O2
- -0.33 V vs NHE76.  

 

Bi2O3 has proven to enhance its photocatalytic efficiency in the degradation of 

pollutants by coupling with other semiconductors in a heterojunction engenniering31,122. 

Cu2O is a p-type visible active semiconductor with a narrow band gap energy of 2 eV and 

possess a remarkable photoconductivity and an advantageous potential of the conduction 

band (-1 V vs NHE) and the valence band (1 V vs NHE)123–125. Therefore, it is 

demonstrated that coupling Cu2O with Bi2O3 in a staggered band alignment could 

efficiently suppress the recombination of photogenerated electrons and holes inside Bi2O3, 

thus promoting the photocatalytic activity for organic pollutants degradation or water 

oxidation61–64.  

 

Most of the reported works available in the literature have proved that the 

physicochemical properties obtained in Bi2O3-Cu2O heterojunctions and in the single 

catalyst, are directly dependent on the synthesis method and therefore relies on the 

photocatalytic performance. The synthesis of β-Bi2O3 presents many challenges for being a 
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metastable phase at room temperature. Recent studies reported the synthesis by several 

routes that include conventional chemical methods34,42,89–91 using bismuth nitrates and 

carbonates as precursors, and alternative physical methods based on the oxidation of 

granulated bismuth under air or vacuum atmospheres92–94. Even these research groups 

reported the synthesis of bismuth oxide with a control on the processing parameters in the 

physicochemical properties and a remarkable photocatalytic activity, the necessity of a 

novel one-step synthesis route, low cost, sustainable and with high production efficiency is 

still needed. As has been reported in our previous studies126, the synthesis of tetragonal -

Bi2O3 with nanometric spherical size (with narrow band gap energy) and micrometric Bi/-

Bi2O3 Janus particles was achieved by flame spray process by collecting these two different 

powders from: i) in-flight particles evaporated and ii) quenching the as-sprayed powders in 

water, both of them collected in a home-made set-up powder collector. 

 

Therefore, the synthesis of -Bi2O3/Cu2O by flame spray seems to be feasible based 

on our previous results for the successful synthesis of -Bi2O3, from semi-metallic bismuth 

and metallic copper as precursor powder. The use of bismuth presents a potential use from 

its production as a byproduct from mineral refinement of silver, copper or lead mainly in 

China, Canada, Mexico, South America and USA101. Although bismuth and bismuth oxide 

are non-toxic and non-carcinogenic. 

  

 Further, based on the phase diagram and melting temperature of the precursors 

(bismuth has a melting point of 271 °C and a boiling point of 1560 °C, copper has a melting 

point of 1085 °C and a boiling point of 2595 °C)127,128, the oxidation of both metals by the 

heat released due to the oxy-acetylene flame could be easily address. In this context, 

thermal spray process can be used for the synthesis of metal oxides in a one-step method to 

produce highly pure semiconductors with nanometric particle size or micrometric particles 

that are composed of a metal/metal oxide composition126. The synthesis of Janus particles is 

one of the aims to achieve in bismuth-copper oxide heterojunctions since these particles 

share a heterointerface where the photocatalytic properties enhance because of the 

interfacial interactions originated from electron transfer across the interface108. 
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Flame spray process is a thermal spray process in which the material to be sprayed 

can be fed in powder form and is the simplest and among the oldest spray processes usually 

used for the fabrication of coatings97. FS uses the chemical energy of fuel gases to generate 

the high temperature flow. The combustion reaction involves a significant heat release. The 

powder is introduced axially through the rear of the nozzle into the flame burning at the 

nozzle exit. The powder is heated by the oxy-fuel flame and carried by the carrier gas and 

the hot gas to the work piece. A stream of compressed air, surrounding the flame, atomizes 

and generates material droplets in a continuous stream. The feedstock materials are melted 

and the particles or droplets accelerated toward the substrate surface (in this case a powder 

collector) by the expanding hot gas flow and air jets102.  

 

Flame spraying requires the melting of the sprayed material. The flame temperature 

and enthalpy are determined by the fuel gas composition (CxHy) and flow rate and by the 

oxidizer (oxygen or air) flow rate. The mixture of acetylene (C2H2)–oxygen (O2) at a 

stoichiometric ratio yields a temperature of 3,410 K at atmospheric pressure, which is the 

highest temperature of all combustible gases (CxHy) at this pressure (oxyacetylene torches 

are the most common ones)102.  

 

If there is too much oxidizer, part of it will not be burned but will have to be heated to 

the combustion temperature without participating in it and thus the final temperature will be 

lower than that obtained with the stoichiometric mixture. Similarly, in a fuel-rich mixture, 

the excess of fuel will have to be heated by the reaction and the temperature will be lower 

than with the stoichiometric mixture. 

 

Flame velocities depend on the combustible gas flow rates and are generally below 

100 m/s. As the flame length is limited and the particle velocity is a few tens of m/s, the 

maximum temperature that particles can achieve (Tp) after their flight is about Tp = 0.7Tg to 

0.8Tg, Tg being the gas temperature, i.e., about 2,300 K for Tp
102.  

 

To the authors best knowledge, no previous reports on the synthesis of metal oxides, 

composites or heterojunctions in powder form by flame spray process has been reported so 
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far. There are several available reports on the thermal spray of metal oxides in powder form 

such as zirconia (ZrO2), silica (SiO2) or mullite where the only physical and chemical 

modification is a spheroidization process129,130. Although the synthesis of different 

compounds (SiO2, TiO2, SnO2, -Bi2O3 among others) by flame spray pyrolysis is very 

common and has been widely studied where the feeding material is in liquid solution either 

water or organic solvent131,132. In this work we part from metallic copper and semi-metallic 

bismuth in powder form to be feed in this granular form; by a one-step flame spray process 

we obtained a multi-heterojunction of bismuth oxide and copper oxide in powder form. The 

collection of the as-sprayed powder was achieved by a home set-up powder collector. The 

production efficiency, oxidation characteristic and different physical and chemical 

properties of the obtained powders is controlled based on the flame spray parameters and 

the design of the powder collector.  

 

3.2. Materials and methods 

3.2.1. Powder feeder calibration 

The feeding rate of Bi and Bi-Cu powder was characterized using a PF50 powder 

feeder Spray Tech (Flame Spray Technologies, USA). The feeding process consist of a 

wheel speed displayed in revolution per minute. The feeder operates on a volumetric 

principle that directly controls the powder feed rate by the speed of the powder wheel. 

During operation the slots in the powder wheel fill with powder. Gravity, carrier gas 

(highly pure N2), and rotation of the powder wheel deliver the powder to the powder hose. 

An inert carrier gas provides canister pressurization then transports the powder to the 

thermal spray torch. To set the wheel speed, the desired rpm into the controller is selected. 

The calibration was performed for 1, 2, 3, 4 and 5 rpm for each powder. The calibration 

curve obtained from a linear fit to obtain the feeding rate (g/min) is shown in Figure S3.1.  

 

3.2.2. Pulverization of bismuth pellets 

The pulverization of bismuth pellets was performed by manual mechanical grinding 

using a ceramic mortar. After pulverization, the powder was sieved for 15 min in a Sieve 

shaker RO-Tap RX-94 (W.S. Tyler, USA) using sieving of 25, 53, 88, and 105 μm 
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aperture. The Bi pulverized powder used for flame spray were in the range from 25-53 μm. 

For the spraying of the heterojunctions, precursor feeding powders; pulverized bismuth 

powder and commercial copper powder (Praxair 99.9%) was mixed in an agate mortar in a 

3:1 bismuth:copper ratio.  

 

3.2.3. Thermal spray and collection 

The choose flame spray conditions for Bi and Bi-Cu powder were chosen to study the 

different chemistry of the flame for the oxidation of the feeding powders and is shown in 

Table 3.1. Highly pure nitrogen was used as carrying gas in the feeder and to carry out the 

particles to the torch. The feeding rate was chosen at 5 rpm that correspond to 88 g/min. 

Pressurized air was used to cool the torch. Oxygen and acetylene mixture was used as the 

combustion gases. Two oxidative and two reductive flames were studied varying the total 

gas flow according to the equivalence ratio  described in Eq 3.1:  

              φ =
𝐹/𝐴

(𝐹/𝐴)𝑠𝑡𝑜𝑖𝑐ℎ
                                                (Eq  3.1) 

where F correspond to fuel and A correspond to the oxidizer. The mixture is called fuel rich 

if  > 1 and fuel lean if  < 1. The stoichiometric reaction (Eq 3.2) where  = 1 corresponds 

to the full transformation of C into CO2 and H into H2O, according to the global reaction102: 

                                                  2𝐶2𝐻2 + 5𝑂2 → 4𝐶𝑂2 + 2𝐻2𝑂                       (Eq  3.2) 

 

The equivalence ratio for oxidative flames is  = 0.8, that according to theoretical 

data the temperature of the flame is approximately 3276 K. The reductive flames with a 

equivalence ratio  = 1.7 has a theoretical temperature of 3432 K102.  
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Table 3.1 Flame spray conditions and parameters. 

Feeding conditions 
Oxygen fuel 

conditions 
1 2 3 4 

Particle size (d50) 

feeded Bi 
8-45 μm 

Oxygen flow 

(NLPM) 
28 35.5 22 28 

Particle size (d50) 

feeded Cu 
6-17 μm 

Acetylene flow 

(NLPM) 
9 11.5 15 19 

Powder feeding 

rate 
88 g/min 

Total gas flow 

(NLPM) 
37 47 37 47 

Nitrogen pressure 
15 psi 

(103.4 kPa) 

Equivalence 

ratio f 
0.8 0.8 1.7 1.7 

Air pressure 

 

20 psi 

(137.8 kPa) 

Flame temperature 

(K) 
3276 3276 3432 3432 

Oxygen pressure 

 

30 psi 

(206.8 kPa) 
     

Acetylene pressure 

 

10 psi 

(68 kPa) 
     

 

3.2.4. Structural and optical characterization 

The relative structural phases and structural parameters of the samples were 

determined by a XRD-6000 X-ray diffractometer Rigaku, SmartLab (Tokyo, Japan) 

coupled to a DTech lineal detector. The Cu-Kα radiation (1.542 Å) was generated at 44 mA 

and 40 kV, recording the relative intensity in the scattering range of 2θ from 20° to 60° 

with a step size of 2θ = 0.01°. Phase identification and quantification, structural parameters 

and crystallite size were analyze using Xpert High Score® and Rietveld refinement with 

GSAS®103. The shape of the peaks in the experimental diffractions patterns was well 

described by an asymmetric pseudo-Voigt function. The procedure was adopted for the 

minimization of the difference between the observed (Io) and the simulated (Ic) powder 

diffraction data. Refinements were carried out until convergence was reached and the value 

of GoF factor became close 1, which confirms the goodness of refinement.  

 

Particle size distribution and morphology of precursor powders and as-synthesized 

heterojunction were characterized by field emission scanning electron microscopy 

(FESEM) with JEOL 7610F microscope (Tokyo, Japan) using a backscattered electron 

detector (BSE) at 15 kV electron acceleration voltage. EDS analysis was performed in the 

cross-sectional area of as-sprayed powders to observe the junction and assemble between 
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the different phases. The size distribution of feedstock powder and as-sprayed powder was 

measured using the laser diffractometer (HELOS/BR, Sympatec GmbH, Germany). The 

technique for measuring the dry powder was REDOS, where samples were placed in the 

powder feeder and air pressurized at 200 kPa.  

 

Optical properties of Bi-based heterojunctions and precursor powders were measured 

to determine the band gap energy of as-prepared powders by diffused reflectance 

spectrophotometry (DRS) UV-Vis-NIR using a Cary Varian 100 spectrophotometer 

(Malvern, UK) in the range 200-900 nm.  

 

From reflectance spectra, Kubelka Munk theory (Eq 3.3) was applied to measure 

band gap energies of semiconductors using Tauc method (Eq 3.4). For as-sprayed β-Bi2O3, 

an indirect optical transition133 (n = 2) was used and for β-Bi2O3/Cu2O heterojunction a 

direct optical transition (n = 0.5) based on the linear fit of Tauc plot134.  

                                                        𝐹(𝑅) =
(1−𝑅)2

2𝑅
                        (Eq  3.3) 

                                              (𝐹(𝑅)ℎ𝜈)1/𝑛 = 𝐶(ℎ𝜈 − 𝐸𝑔)            (Eq  3.4) 

F(R) is a function of reflectance, R is the reflectance measured by UV-Vis 

spectrophotometry, hν is the energy of the photons induced, n is the optical transition, C is 

a constant and Eg is the band gap energy of the bulk of semiconductor. The calculated band 

gap energies can be determined by a linear fit with x-axes that correspond to the intercept.  

 

3.2.5. Photocatalytic activity 

Methanol photoxidation was performed using a UV-light Xenon lamp of 75 W. In a 

typical procedure a flask of 100 mL was used. 80 mL 2.47 molL-1 methanol (10% V) 

solution was used using ultrapure distilled water (18.2 MΩcm). 1gL-1 of catalyst was 

loaded to assure optical density. The solution was kept in the dark for equilibrium during 

10 min under continuous stirring. After that, the solution was illuminated for 60 min. 

Aliquots of 1.5 mL were taken every 10 min to then keep it under dark in a freezer. Every 

single experiment was performed at least twice to assure the accuracy of the method and its 
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reproducibility. The photooxidation rate was determined by measuring the formaldehyde 

(HCHO) generated as a result of the methanol oxidation employing the Nash method135. 

This method is based on the reaction of formaldehyde with Nash reagent (2 M ammonium 

acetate, 0.05 M acetic acid, 0.02 M acetylacetone) to form the yellow-colored 3:5-diacetyl-

1:4-dihydrolutidine (DDL) with a maximum of absorbance at 412 nm. After irradiation, 1.5 

mL aliquots of the anolyte were mixed with 1.5 mL of fresh Nash reagent and diluted in 1.5 

mL of distilled water. After an overnight incubation, the yellow-colored (DDL) is formed. 

The absorbance of DDL was measured in the range from 200-800 nm in a quartz cuvette of 

1 cm path length using a Varian Cary 100 Scan UV-vis spectrophotometer.  

 

H2 evolution experiments were carried out in septum-sealed 10 mL borosilicated 

glass reactors. The photocatalyst in a concentration of 1 gL-1 was suspended in 6 mL of 

deionized water (18.2 MΩ) with 2.47 molL-1 of methanol used as hole scavenger. Pt loaded 

in 1, 2, 3, 4 and 5 wt.% was photodeposited in situ by addition of the required amount of 

H2PtCl6. The system was purged with argon for 10 min and then irradiated with a 1000 W 

Xenon lamp (Hönle UV Technology, Sol 1200) under constant stirring. The temperature 

was maintained at 25 ± 1 °C using a water bath. The evolved gases were quantified by gas 

chromatography using a Shimadzu GC-8A (thermal conductivity detector). 

 

3.3. Results and discussion 

3.3.1. Characterization of precursor metallic powder 

The particle size distribution of feeding powder is shown in Figure 3.1. Bismuth 

pulverized powder shows a distribution of d10 = 8.9 μm, d50 = 28.4 μm and d90 = 45.5 μm 

while copper commercial powder presents a distribution of d10 = 6.2 μm, d50 = 10.8 μm and 

d90 = 17.03 μm. 
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Figure 3.1 Particle size distribution for feeding powders a) bismuth pulverized and b) 

copper commercially available. 

 

3.3.2. Experimental set-up and thermal spray conditions 

The experimental set-up used for the collection of as-sprayed powders is shown in 

Figure 3.2. The torch is placed vertical to favor the collection of powder. Bi is a semimetal 

of low melting (271 °C) and boiling temperature (1564 °C) while for bismuth oxide the 

melting and boiling temperature are 817 °C and 1890 °C, respectively. In our previous 

studies126, the volatilization of as oxidized bismuth oxide was one of the major problems 

while the retention of the collected powder is a major challenge. For this purpose, a powder 

feeder collector was designed and manufactured in the lab which consist of several steps 

that permits the cooling and carrying of the in-flight particles. The particles are first address 

to a hopper, this is connected to a series of steel tubes that carries the particles to a bucket 

and finally to a glass cyclone. The upper part of the cyclone is connected to a blower that 

suggest the gases evolved of the flame spray process. This generates that the in-flight 

particles address the pathway to be collected in the different chambers according to its 

particle size and oxidizing mechanism. All the set-up is inside a sealed cabin chamber. 
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Figure 3.2 Flame spray cabin and experimental set-up for powder collection of in-flight 

particles. 

 

3.3.3. Effect of flame sprayed parameters on the physicochemical properties of 

the obtained powder 

The obtained bismuth and bismuth-copper as-sprayed powder was characterized 

dependent on the chemistry of the oxygen/acetylene flame and the stage of collection in the 

hopper, tubes, bucket and cyclone by X-ray diffraction and UV-vis spectrophotometry.  

 

The X-ray patterns of as-sprayed bismuth powders are shown in Figure 3.3 for a), b) 

oxidizing atmosphere ( = 0.8) and c), d) reductive atmosphere ( = 1.7) varying the total 

oxygen/acetylene gas flow, 37 NLPM (a and c) and 47 NLPM (b and d). The formation of 

tetragonal β-Bi2O3 was observed in all the samples indexed with a = b = 7.7299 Å, c = 

5.6587 Å unit cell parameters identified with PDF 27-0050 with a space group P421-c 

(identified with •). Remanent bismuth not oxidized was observed and indexed to PDF 44-

1246 (identified with •) with space group R-3m and lattice parameters a = b = 4.5392 Å, c 

=11.8347 Å. The presence of some traces of the room temperature stable phase α-Bi2O3 
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was observed for bismuth sprayed powders b), c) and d) (identified with •). The α-phase 

was indexed to PDF 41-1449 with a space group P21/c and a = 5.83 Å, b = 8.14 Å, c = 7.48 

Å. 

 

The effect of the chemistry of oxygen/acetylene gases and the mechanism of 

oxidation dependent on the collection stage is clearly evidenced. For powders collected in 

the hopper, tubes and bucket the formation of tetragonal β-Bi2O3 increase in the first stage 

of collection while the content of semi-metallic bismuth decreases. This can be clearly seen 

in the mean peak of β-Bi2O3(201) located at 27.93° and Bi(012) located at 27.16°. All as-

sprayed powders collected in the cyclone shown a pure phase of β-Bi2O3.  

 

As-sprayed powders in oxidizing atmosphere ( = 0.8) with lower gas flow (Figure 

3.3a), present the higher content of semi metallic bismuth not oxidized that can be related 

due to the low temperature of the flame (3276 K). As it has been reported elsewhere102, the 

in-flight particles can only rich the 70% of the temperature of the flame and the velocities 

that reaches the particles are commonly in the range of 100 m/s. Although using a low gas 

flow there are less molecules of the mixture oxygen/acetylene that can oxidize bismuth.  
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Figure 3.3 XRD patterns of bismuth flame sprayed powder for a)  = 0.8, 37 NLPM, b)  = 

0.8, 47 NLPM, c)  = 1.7, 37 NLPM, and d)  = 1.7, 47 NLPM. 

 

X-ray patterns of bismuth-copper as-sprayed powders are shown in Figure 3.4 for a), 

b) oxidizing atmosphere ( = 0.8) and c), d) reductive atmosphere ( = 1.7) varying the 

total oxygen/acetylene gas flow, 37 NLPM (a and c) and 47 NLPM (b and d), respectively. 

For powders collected in the hopper, tubes and bucket the formation of tetragonal β-Bi2O3 

and cubic Cu2O was identified and indexed to PDF 27-0050 and PDF 05-0667 (identified 

with •) space group Pm-3m (224) and a = b = c = 4.2696 Å, respectively. Semi-metallic 

bismuth (identified with •) and metallic copper (identified with •) not oxidized is observed 

and indexed to PDF 44-1246 and PDF 04-0836 space group Fm-3m (225) and a = b = c = 

3.6153 Å. Small traces of α-Bi2O3 are also observed. For powder collected in the cyclone a 

pure phase of β-Bi2O3 is observed, no traces of Bi, Cu or Cu2O are observed. 
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These results evidence that the collection stage serves as a separator for the different 

chemistry of the powders obtained and is similar for flame spraying of bismuth. The 

amount of remanent metals not oxidized decreases from the hopper to the tubes and then to 

the bucket.  

 

 

Figure 3.4 XRD patterns of bismuth-copper flame sprayed powder for a)  = 0.8, 37 

NLPM, b)  = 0.8, 47 NLPM, c)  = 1.7, 37 NLPM, and d)  = 1.7, 47 NLPM. 

 

The phase quantification of as-sprayed bismuth-copper powders obtained by Rietveld 

refinement using GSAS is shown in Table S3.1. The plot of the experimental patterns, the 

adjusted patterns, the adjusted background to calculate the phase content and lattice 

parameters, and the error line generated from the difference between the experimental 

and adjusted patterns is shown in Figure S3.2 The effect of the different amount of 

phases obtained by flame sprayed is shown in Figure 3.5 based on the stage of powder 
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collector (hopper, tubes, bucket and cyclone) according to the atmospheres used for the 

flame spraying. 

 

 

Figure 3.5 Phase quantification of as-sprayed heterojunctions as effect of powder collector 

stage and flame atmosphere. 

 

The band gap energy of bismuth (Figure 3.6a and Figure 3.6b) and bismuth-copper 

(Figure 3.6c and Figure 3.6d) as-sprayed powder collected in the hopper and cyclone, 

respectively was determined using Kubelka-Munk function.  

 

The heterojunction Bi/β-Bi2O3 formed in the hopper (Figure 3.6a) exhibits a single 

absorption signal that is related to the efficient coupling between bismuth and bismuth 

oxide which generates the electron transfer from the semiconductor to the metal generating 

a red shifting to the visible range. The band gap energies determined are shown in Table 

3.2. The Eg of the heterojunction tends to increase from oxidizing flame to reductive flame 



Photocatalytic H2 evolution and methanol photooxidation of visible-light driven bismuth-

based heterojunctions synthesized by flame spray 

65 
 

and when the total gas flow increases. As it was observed in XRD, as-sprayed powders in 

oxidizing flame presents higher amount of bismuth which generate that, electrons are 

transferred to the metal serving as an electron scavenger. For β-Bi2O3 powders obtained in 

the cyclone, the Eg increases from 2.29 eV to 2.32 eV for oxidizing (light blue line) to 

reductive (wine line) flame (Figure 3.6b). This difference might be attributed to structural 

parameters of the tetragonal phase of β-Bi2O3 or the particle size of the powder. 

 

 

Figure 3.6 Tauc plot of as-sprayed recollected powder in hopper and cyclone for a), b) 

bismuth and c), d) bismuth-copper flame sprayed powder. 

 

The band gap energies for bismuth-copper as-sprayed powders are shown in Figure 

3.6c and 3.6d. The heterojunction Bi/β-Bi2O3/Cu/Cu2O formed in the hopper present a 

single absorption edge that refers to the formation of a heterojunction. The Eg of the 

compounds are presented in Table 3.2, as-sprayed powders in oxidizing flame present 

higher band gap energies compared to the compounds obtained with reductive flame. The 
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value decreases form 2.60 eV to 1.88 eV. For β-Bi2O3 powders obtained in the cyclone the 

band gap energies decrease from 2.67 eV to 2.24 eV for oxidizing to reductive atmosphere. 

 

Table 3.2 Band gap energies (eV) determined from Tauc plot of as-sprayed powders. 

Flame sprayed 

Parameters 

Band gap energy Eg (eV) 

Bi flame sprayed n=2 Bi-Cu flame sprayed n=1/2 

Bi/β-Bi2O3 β-Bi2O3 Cu/Cu2O/Bi/β-Bi2O3 β-Bi2O3 

Hopper Cyclone Hopper Cyclone 

0.8 F1 2.2273 2.2947 2.6014 2.6712 

0.8 F2 2.2427 2.3126 2.5639 2.5628 

1.7 F1 2.2611 2.3198 2.1234 2.2470 

1.7 F2 2.2618 2.3205 1.8891 2.4699 

 

The particle size distribution density of bismuth (Figure 3.7a, b and c) and bismuth-

copper (Figure 3.7d, e and f) flame sprayed are shown according to the stage of collection 

in hopper, tubes and bucket. The distribution d10, d50 and d90 is shown in Table S3.2.  The 

particle size of powder obtained in the cyclone is not shown since is composed of 

nanometric particles that cannot be analyzed with lased diffraction. For powder collected in 

the hopper and bucket the particles are composed of a bimodal mode of two populations. 

The clear tendency shows a majority of bigger particles in the powders as-sprayed with 

oxidizing atmosphere and it decreases in the powders obtained with reductive atmosphere. 

Although, the population of smaller particles is bigger for bismuth as-sprayed and it 

increases from oxidizing to reductive atmosphere. 
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In the case of powder collected in the tubes, the population of smaller particles 

increases that can be related to the mixing of particles collected in the hopper and the in-

flight particles that carries to the cyclone generating a mixing of micrometric and 

nanometric particles. 

 

 

Figure 3.7 Particle size distribution density of a), b) and c) -Bi2O3 and d), e) and f) -

Bi2O3/Cu2O flame sprayed at (•)  =0.8, 37 NLPM, (•)  =0.8, 47 NLPM, (•)  =1.7, 37 

NLPM, (•)  =1.7, 47 NLPM. 

 

FESEM micrographs of as-sprayed bismuth-copper powder in oxidative ( = 0.8) and 

reductive ( = 1.7) flame using a gas flow of 37 NLPM is shown on Figure 3.8. The figure 

shows the powder collected in the hopper, tubes, bucket and cyclone. As it is clearly 

observed. The particle size decreases from the hopper to the cyclone from a micrometric 

size around 20 m to nanometric size. The micrographs recollected in the hopper, tubes and 

bucket exhibits snowman and raspberry morphology.  
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Figure 3.8 FESEM micrographs of bismuth-copper as-sprayed powder a)  = 0.8, 37 

NLPM and b)  = 1.7, 37 NLPM at different collection stages. 
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Figure 3.9 Oxidation mechanism of -Bi2O3/Cu2O heterojunction obtained in the hopper 

analyzed in the cross-sectional area with EDS and EBSD. 

 

EDS analysis on the cross-sectional area of β-Bi2O3/Cu2O flame sprayed 

heterojunctions collected in the hopper in oxidizing atmosphere ( = 0.8, 37 NLPM) is 

shown in Figure 3.9. The EDS mapping show the coexistence of different phases also 

identified by XRD. The zone of the particle that shows presence of oxygen is attributed to 

the oxide compounds of copper and bismuth respectively. 
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All the particles shown the junction of at least two phases a metal oxide join to its 

metal by a heterointerface, e.g., Cu/Cu2O or Bi/-Bi2O3. Moreover, these particles are 

grafted on its surface by nanometric -Bi2O3. This phenomenon could be explained since 

some bismuth as-sprayed particles are evaporated and oxidized according to the physical 

phenomena explained by Pawloski et. al97 (Figure S3.3). 

 

Although, EDS mapping of micrograph c) shows the coexistence of Bi/-Bi2O3/Cu2O 

by sharing a heterointerface between semiconductors and metal that serves as an electron 

scavenger when the photocatalyst is irradiated with light. These results probe the formation 

of Janus particles that share different chemical composition with different semiconducting 

and optical properties to induce novel properties such as an efficient charge carrier 

transport to enhance the photocatalytic activity. 

 

The mechanism of oxidation for bismuth and bismuth-copper sprayed powders is 

analyzed by electron microscopy and is shown in Figure 3.10. The heterojunctions formed 

in the hopper Bi/β-Bi2O3 and Bi/β-Bi2O3/Cu/Cu2O present a micrometric particle size with 

Janus raspberry morphology136,137. For bismuth flame sprayed powder the formation of a 

micrometric particle of ~10 m is formed and grafted on the surface is bismuth. For the 

heterojunction, Bi/β-Bi2O3/Cu/Cu2O is formed of a micrometric particle of Cu2O (dark 

gray) and grafted of the surface is nanometric particles of β-Bi2O3. 

 

The proposed oxidation mechanism is illustrated in the right side of the micrographs. 

For Bi/β-Bi2O3 the oxidation starts in the surface and goes to the nuclei of the particle 

generating that some remanent semi-metallic bismuth remains not oxidized. For the 

oxidation of bismuth-copper the oxidation of every single particle starts in the surface and 

goes into the nuclei. In the process of oxidation, the particles are in a molten or semi-

molten state which generated the fusion of both metals by a heterointerface generating a 

multi composite107. 

 

For the β-Bi2O3 powders collected in the cyclone all of them exhibits a nanometric 

particle size with spherical morphology. As it has been reported in our previous studies126, 
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bismuth presents low fusion temperature which enhances the oxidation to form Bi2O3, the 

evaporation temperature of Bi2O3 is ~1500 °C much lower from the temperature of the 

flame which enhances the vaporization of the in-flight particles decreasing significantly its 

particle size (steps from 1 to 6). Pawlowski et al, reported the decrease in particle size and 

the oxidation mechanism for a particle with boiling point lower than the temperature of the 

flame (Figure S3.3). 

 

 

Figure 3.10 Proposed oxidation mechanism of bismuth and bismuth-copper flame sprayed 

in the hopper and in cyclone and the formation of Janus particles (obtained in the hopper) 

and nano-spherical particles (obtained in the cyclone). 

 

3.3.4. Photocatalytic activity for methanol oxidation and hydrogen generation 

The photocatalytic activity of micrometric heterojunctions Bi/β-Bi2O3 and Bi/β-

Bi2O3/Cu/Cu2O collected in the hopper (Figure 3.11a and 3.11d) and the respective β-Bi2O3 

nanometric powder collected in the cyclone (Figure 3.11b and 3.11d) was measured for 

methanol photooxidation as the evolution in concentration of formaldehyde versus the 
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irradiation time using Nash method. Bi/β-Bi2O3 (Figure 3.11a) shows higher activity than 

β-Bi2O3 (Figure 3.11b) and is higher in the powders sprayed in oxidizing atmosphere. This 

can be related since the content of Bi is higher and could serve as electron scavengers, then 

diminishing the electron-hole recombination and holes migrate to the surface of the particle 

and oxidize methanol. For the case of β-Bi2O3, the sample synthesize in oxidizing 

atmosphere and low gas flow present higher activity. These results might be referred due to 

the structural parameters of tetragonal bismuth oxide, the morphology and particle size. 

 

Bi/β-Bi2O3/Cu/Cu2O heterojunctions also present higher activity than β-Bi2O3 (Figure 

3.11c and 3.11d). The multi-heterojunction synthesized in oxidizing atmosphere shows 

higher activity which infers that a higher amount of metals in the surface promote the 

electron transfer from the semiconductor.  
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Figure 3.11 Formaldehyde formation over methanol photooxidation of as-sprayed 

recollected powder in hopper and cyclone for a), b) bismuth and c), d) bismuth-copper 

flame sprayed powder. 

 

The measured reaction rates dC/dt for methanol oxidation was obtained from the 

slopes of the concentration-time plots and is shown in Table 3.3. Bismuth as-sprayed 

powder collected in the hopper present higher activity than the powder collected in the 

cyclone. The heterojunction between bismuth and bismuth oxide in micrometric particle 

size presents higher activity than pure nanometric bismuth oxide. In the case of bismuth-

copper as-sprayed powder collected in the hopper shows higher activity than the powder 

collected in the cyclone. The multi-heterojunction between bismuth and copper and their 

respective oxide present higher activity than bismuth oxide recollected in the hopper. 
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Table 3.3 Reaction rate (dC/dt) for methanol photooxidation for bismuth and bismuth-

copper as-sprayed powders collected in the hopper and in cyclone. 

Feedstock as-

sprayed powder 

Flame spray 

conditions 

Reaction rate (dC/dt) 

molL-1min-1 

Collection stage Collection stage 

Hopper Cyclone 

Bismuth sprayed 

 = 0.8, 37 NLMP 0.8986 0.7725 

 = 0.8, 47 NLMP 0.6440 0.2432 

 = 1.7, 37 NLMP 0.4745 0.3330 

 = 1.7, 47 NLMP 0.1396 0.3761 

Bismuth-copper 

sprayed 

 = 0.8, 37 NLMP 0.1286 0.0196 

 = 0.8, 47 NLMP 0.0592 0.0156 

 = 1.7, 37 NLMP 0.0055 0.0059 

 = 1.7, 47 NLMP 0.0087 0.0006 

 

The photocatalytic activity of heterojunctions evaluated for H2 evolution over 

platinized surface and in methanol aqueous solution using a solar simulator reactor with 

UV-visible light of 1000 W is shown in Figure 3.12. From the heterojunctions obtained in 

the hopper only Bi/β-Bi2O3/Cu/Cu2O shows activity for H2 evolution, specifically the 

heterojunctions obtained in oxidizing atmosphere. However, β-Bi2O3 obtained in the 

cyclone do not show any activity even by platinizing the surface with different wt.% or in 

methanol to work as a hole scavenger. The evolved H2 of the heterojunctions sprayed in 

oxidizing atmosphere ( = 0.8) for an oxygen/acetylene gas flow of 37 NLPM (Figure 
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3.12a) and 47 NLPM (Figure 3.12a) is presented. For both heterojunctions, a higher amount 

of H2 is evolved for 4 and 5 wt.% Pt and decreases gradually for 2 and 1 wt.% Pt.  

 

The reaction mechanism to evolved H2 in the heterojunction -Bi2O3/Cu2O infers that 

the charge carrier transfer corresponds to a direct Z-scheme where electrons are transferred 

from the CB of -Bi2O3 to the VB of Cu2O and then photoexcited to its CB, then holes 

remain in the VB of Bi2O3 creating a p-n junction barrier. Therefore, electrons in the CB of 

Cu2O can reduce protons to form molecular hydrogen H+/H2 and the holes in the VB of 

Bi2O3 can oxidize methanol •CHOOH,H+/CH3OH. 

 

 

Figure 3.12 Photocatalytic H2 evolution over flame sprayed β-Bi2O3/Cu2O heterojunction 

obtained in the hopper for oxidizing atmosphere using a total gas flow of a) 37 NLPM and 

b) 47 NLPM. Catalyst concentration: 1gL-1, methanol (hole scavenger) 2.47 molL-1, Pt 

(photodeposition H2PtCl6). 

 

The platinized surface serves as electron scavenger to enhance the charge carrier 

separation decreasing recombination. Although, metallic bismuth and copper grafted on the 

surface as effect of flame spray process serves as electron scavengers. A higher amount of 

these metals and Pt suggest that the photocatalytic activity of the heterojunctions enhance. 
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3.4. Conclusion 

By the first time in the literature, the synthesis of a heterojunction in powder form 

was achieved by flame spray process. A family of bismuth based multi-heterojunctions and 

highly pure tetragonal β-Bi2O3 were synthesized by flame spray using metallic powder as 

feeding precursors. The chemistry of the oxygen/acetylene atmosphere and the total gas 

flow was varied to analyze the oxidation of the feeding powders. A powder collector set-up 

was designed and manufactured, and the powder collected in each step present different 

physicochemical properties indicating that two different materials can be synthesized: 

i) Metal/Semiconductor micrometric particles that present a Janus morphology 

which consists of a heterointerface between two different inorganic materials 

with different physicochemical properties. Bi/β-Bi2O3 and Bi/β-

Bi2O3/Cu/Cu2O heterojunctions were synthesized and collected in the hopper. 

These heterojunctions are formed of Janus particles with raspberry 

morphology.  

ii) A highly pure tetragonal phase β-Bi2O3 with nanometric particle size and 

spherical morphology is obtained in the cyclone as effect of the evaporation 

process due to high temperature of the flame. 

 

The oxidation mechanism analyzed by X-ray diffraction and electron microscopy 

elucidate that as-sprayed powders synthesized in oxidation atmosphere present a higher 

content of metal not oxidized due to the low temperature of the flame. The heterojunctions 

synthesized in the oxidizing flame present higher photocatalytic activity for methanol 

oxidation and H2 evolution. The high content of metal work as electron scavengers 

promoting the separation of electron-hole photogenerated. 
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3.5. Appendix 

The calibration curve for bismuth powder fed using a flame spray technologies feeder 

is shown in Figure S3.1. The powder was fed for 1, 2, 3, 4 and 5 rpm. The amount of 

powder obtained after 1 min of feeding under N2 gas as carrying gas was weight and is plot 

in y-axis. A fitting linear curve was done to obtain the equation for feeding rate at each 

rpm. 

 

 

Figure S3.1 Calibration curve of powder feeder for bismuth powder. 
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Table S3.1 Phase quantification obtained from Rietveld refinement for bismuth-copper as-

sprayed powder 

Collected 

powder 

Flame spray 

conditions 

Phase composition (wt.%) 

Chi2 Radj 

Bi -Bi2O3 -Bi2O3 Cu Cu2O 

Hopper 

 = 0.8, 

37NLMP 
7.735 12.847 0 46.894 32.524 2.357 0.0225 

 = 0.8, 

47NLMP 
6.21 22.6 4.331 39.729 27.13 1.778 0.0462 

 = 1.7, 

37NLMP 
6.403 21.705 8.232 45.692 17.968 2.02 0.028 

 = 1.7, 

47NLMP 
3.598 33.25 3.754 35.39 24.007 1.786 0.0349 

Tubes 

 = 0.8, 

37NLMP 
6.237 34.701 2.033 33.724 23.304 1.918 0.0235 

 = 0.8, 

47NLMP 
5.742 34.594 2.446 33.4 23.818 1.73 1.73 

 = 1.7, 

37NLMP 
6.624 52.888 4.998 21.56 13.928 1.554 0.0117 

 = 1.7, 

47NLMP 
4.362 57.453 3.214 15.741 19.23 2.648 0.1222 

Bucket 

 = 0.8, 

37NLMP 
8.126 31.543 4.231 41.256 14.843 2.491 0.047 

 = 0.8, 

47NLMP 
8.223 29.746 3.433 44.064 14.533 2.572 0.0499 

 = 1.7, 

37NLMP 
3.974 39.642 2.273 38.38 15.73 1.415 0.0366 

 = 1.7, 

47NLMP 
2.08 42.626 7.682 30.351 17.263 2.158 0.0545 
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Figure S3.2 Rietveld refined patterns of bismuth-copper as-sprayed powder. Each 

refinement is composed by four curves: a) the experimental patterns (shown in black), 

b) the adjusted patterns (red), c) the adjusted background to calculate the phase 

content and lattice parameters (green) and d) the error line (blue) generated from the 

difference between the experimental and adjusted patterns.  
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Table S3.2 Particle size distribution density (m) of as-sprayed bismuth and bismuth-

copper in the powder collector at hopper, tubes, bucket and cyclone at different flame spray 

atmospheres. 

Feedstock 

as-sprayed 

powder 

Flame 

spray 

conditions 

Hopper Bucket Tubes 

d10 d50 d90 d10 d50 d90 d10 d50 d90 

Bismuth 

sprayed 

 = 0.8, 

37NLMP 
0.42 2.93 21.7 - - - - - - 

 = 0.8, 

47NLMP 
0.39 2.93 23.1 0.32 0.78 8.95 0.32 1.38 10.5 

 = 1.7, 

37NLMP 
0.31 1.12 19.6 0.44 1.57 20.7 0.28 0.81 2.45 

 = 1.7, 

47NLMP 
0.27 0.75 18.0 0.30 0.67 14.9 0.25 0.63 5.23 

Bismuth-

copper 

sprayed 

 = 0.8, 

37NLMP 
0.46 9.81 18.1 0.38 9.43 21.3 0.43 2.50 10.8 

 = 0.8, 

47NLMP 
0.45 10.0 18.1 0.41 11.1 22.2 0.37 2.17 11.9 

 = 1.7, 

37NLMP 
0.36 9.04 19.6 0.33 9.82 18.5 0.30 0.86 10.2 

 = 1.7, 

47NLMP 
0.32 1.21 17.0 0.30 0.99 15.1 0.31 0.91 2.99 
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Table S3.3 Production efficiency from as-sprayed bismuth and bismuth-copper in the 

powder collector at hopper, tubes, bucket, and cyclone at different flame spray 

atmospheres. 

Feedstock 

powders 

Flame 

sprayed 

parameters 

Hopper Tubes Bucket Cyclone Total 

Bismuth 

flame 

spray 

 = 0.8, 

37NLMP 
15.954 6.549 7.266 4.658 34.427 

 = 0.8, 

47NLMP 
16.997 7.552 7.799 3.288 35.636 

 = 1.7, 

37NLMP 
20.201 8.207 7.717 9.394 45.519 

 = 1.7, 

47NLMP 
16.565 5.626 7.963 5.597 35.751 

Bismuth-

copper 

flame 

spray 

 = 0.8, 

37NLMP 
45.461 7.871 12.335 2.014 67.681 

 = 0.8, 

47NLMP 
26.251 7.196 17.698 3.023 54.168 

 = 1.7, 

37NLMP 
13.081 3.081 11.786 6.197 34.145 

 = 1.7, 

47NLMP 
24.308 2.874 10.833 5.241 43.256 

 

Different situations that might occur during particle flight are depicted in Figure S3.3. 

The figure shows a diagram of the associated physical phenomena. At stage 1, the particle 

is heated until its temperature reaches the melting point. A liquid shell develops around the 

particle in stage 2. At stage 3, the particle starts to cool down and the liquid shell becomes 

solidified. Then, the particle solidifies entirely at stage 4. In the thermal history of the 
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particle described by stages 1–4, the particle size is not changed. On the other hand, stage 5 

initiates particle evaporation. The model of Knight (1979) for rapid surface vaporization 

with a back pressure can be used to investigate the particle evaporation. This model is 

based on the conservation of mass, momentum, and energy across a thin layer. At the stages 

7 and 10, the particle has cooled down after evaporation from its surface and thus the outer 

diameter is d´
p < dp. 
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Figure S3.3 Diagram of possible physical phenomena occurring at flight in a plasma or 

flame. 
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Chapter 4:Bi-based heterojunctions synthesized by mechanical milling: 

Effect of the structural parameters in the optical properties 

4.1. Introduction 

Over the past few decades, bismuth oxide sesquioxide (Bi2O3) has become a 

promising candidate in photovoltaic138 and fuel cells139, optical coatings140, oxygen 

sensors141, optoelectronics, supercapacitors142,143, ferroelectric and multiferroic 

materials144,145. Bismuth oxide is a highly active photocatalyst for the degradation of 

environmental pollutants26,30,150–153,39,45,51,96,146–149 and has been used as a photoanode for 

hydrogen generation under visible light irradiation47–49,109. Its non-toxicity and its excellent 

properties such as narrow band gap energy121,133,154, high photoconductivity, low 

photoluminescence65,96,109, oxygen-ion conductivity155,156 and dielectric permittivity157; has 

positioned Bi2O3 to be suitable in multiple applications reflecting the industrial, technologic 

and scientific importance of this compound29,31.  

 

Its high-performance efficiency is attributed to the anti-bonding states between the 

lone electron pairs of Bi3+ and electrons in O2p orbital that facilitates the photoinduced 

charge separation enhancing its photocatalytic properties76,158. The electronic structure is 

composed of Bi6p orbitals in the conduction band minimum (CBM) and Bi6s and O2p 

orbitals in the valence band maximum (VBM). From the polymorphism of bismuth oxide, 

β-Bi2O3 exhibits enhanced electron transport arising from its c-axis oriented tetragonal 

structure. The high photoconductivity of β-Bi2O3 is attributed to its intrinsic polarizability 

and tetragonal structure, both of which favor the separation of photogenerated electron-hole 

pairs76. The unequal bond lengths cause the formation of irregular BiO4 tetrahedrons, which 

share corners to form large-size straight tunnels throughout the entire crystal. This unique 

crystal structure results in free charge and mass transportation and hence induces high 

photocatalytic activity35. Since there exits displacement between the centers of bismuth and 

oxygen atoms, every BiO4 tetrahedron causes the formation of electric dipole moments 

(EDM). EDM of the four BiO4 tetrahedrons are offset along the c-axis, i.e., the tunnel 

direction. The components perpendicular to the c-axis oppositely point to the tunnel wall, 
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which will benefit the separation of the electron–hole pairs and induce the charge-carriers 

accumulation on the tunnel wall to react with the mass incoming from the environments37. 

 

β-Bi2O3 possess a deep valence band potential (EVB) +2.83 V vs NHE153 which offers 

a higher oxidation power of the holes in the valence band and a narrow band gap ~2.2 

eV159. However, the conduction band potential (ECB) around +0.61 V vs NHE is not enough 

to achieve the reduction potential of water H+/H2 at 0 V vs NHE for photocatalytic water 

splitting applications or to scavenge molecular oxygen O2/O2
- at a potential of -0.33 V vs 

NHE37.  

 

The construction of composites/heterojunctions is considered as the most viable 

method to improve the charge separation/transfer process and thereby increasing the overall 

photocatalysis efficiency22. Due to its appealing physico-chemical properties, many metal 

nanoparticles and semiconductors could easily be combined with Bi2O3 semiconductor. 

Coupling Bi2O3 and other semiconducting materials with different favorable properties 

induces the creation of band bending at the interface of the heterojunction with an inner 

electric field so that the transfer and the separation of free charges can be significantly 

improved160. Type II heterojunction is commonly formed by the combination of two 

semiconductors (SC1 and SC2) possessing wide and small band gaps; among them one 

must has a more negative CB level. Upon light irradiation, when the CB and VB levels of 

SC1 are greater than the CB and VB positions of SC2, photogenerated holes (h+) migrate 

from the VB of SC2 to the VB of SC1. Meanwhile, photoexcited electrons (e-) migrates 

from the CB of SC1 to the CB of SC2116. In this way, the transfer of photoinduced e- and h+ 

in opposite directions results in an efficient charge separation, which greatly enhance the 

photocatalytic efficiency. In this context, an efficiently approach to enhance the 

photocatalytic activity of Bi2O3 relays on the coupling with a semiconductor that possess a 

conduction band more negative than 0 V vs NHE, to entail the reduction reaction of O2/O2
-• 

or H+/H2 for hydrogen generation by water splitting12.  

 

Cu2O is a non-toxic low cost visible light active catalyst with a direct band gap that 

possess high photocurrent and it has proven to be an active catalyst in visible light for H2 
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generation by water splitting71. In reported studies coupling Bi2O3 with Cu2O has shown to 

enhance the photocatalytic activity of the single oxides due to the efficient band alignment 

in a staggered engineering. Bi2O3-Cu2O heterojunction has been synthesized by different 

routes and the photocatalytic activity was measured for water oxidation or dyes 

degradation. These studies shown the formation of a heterojunction with a narrow band gap 

energy around 2.12-2.7 eV. The enhanced in photocatalysis reactions is address due to the 

decrease of recombination of electron-hole pairs which promotes the transfer and reaction 

entailed in a type II heterojunction. Although most of the authors prove that the surface 

modification due to the coupling of both semiconductors promotes the photocatalytic 

activity61–64. Few studies have been devoted to exploring the synergistic effects of crystal 

structure, structural parameters and optical properties in the charge carrier recombination, 

excitation, and separation aiming to realize efficient visible-light utilization and redox 

reaction for photocatalysis. 

 

In this context, herein is presented the synthesis and characterization of β/Bi2O3-Cu2O 

heterojunctions by a one-step method using high energy ball milling. We investigate the 

effect of Cu2O concentration and milling parameters on the structural, microstructural, and 

optical properties of heterojunctions to enhance the photoresponse respect to single 

semiconductors and the mechanism of charge carrier recombination and transfer in a p-n 

heterojunction. 

 

4.2. Materials and methods 

4.2.1. Synthesis of heterojunctions 

Precursor powders Bi2O3 and Cu2O were used as reagent grade from Sigma Aldrich 

(99.99 %) without further purification. Heterojunctions (1-χ)β/Bi2O3-χCu2O with χ = 25, 

50, 75 wt.% were synthesize by high energy ball milling using SPEX SamplePrep mill 

(Metuchen, EE. UU.). In a typical procedure a ratio of 10:1 ball-to-powder ratio were used 

with Si3N4 balls of 5 mm and 10 mm diameter as milling media, 200 μL of methanol were 

used as surfactant and then were sealed and milled for 5, 10-, 20-, 30- and 60 min. Samples 

were collected and dried for 30 min at 100 °C in an oven.  
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4.2.2. Structural and microstructural characterization 

The relative structural phases and structural parameters of the samples were 

determined by an XRD-6000 X-ray diffractometer Rigaku, SmartLab (Tokyo, Japan) 

coupled to a DTech lineal detector. The Cu-Kα radiation (1.542 Å) was generated at 44 mA 

and 40 kV, recording the relative intensity in the scattering range of 2θ from 20° to 60° 

with a step size of 2θ = 0.01°. Phase quantification, structural parameters and crystallite 

size were analyze using the Rietveld refinement with Full Prof®161. The shape of the peaks 

in the experimental diffractions patterns was well described by an asymmetric pseudo-

Voigt function. The background of each pattern was fitted by a polynomial function of 

degree 5. To simulate the theorical X-ray powder diffraction patterns the initial structure 

refinement for Bi2O3 and Cu2O was based on the structural parameters of Blower & 

Greaves162, space group P-421C and Kirfel & Eichhorn163, space group Pn-3m, 

respectively. 

 

The procedure was adopted for the minimization of the difference between the 

observed (Io) and the simulated (Ic) powder diffraction data. The progress of minimization 

has been monitored using the reliability index parameters, such as the weighted residual 

error (Rwb) (Eq 4.1) and the expected error (Rexp) (Eq 4.2) defined as: 

                                                     𝑅𝑤𝑝 = [
∑ 𝑤𝑖(𝐼0−𝐼𝑐) 

2
𝑖

∑ 𝑤𝑖(𝐼0) 
2

𝑖
]
1/2

            (Eq  4.1)                               

                                                       𝑅𝑒𝑥𝑝 = [
𝑁−𝑃

∑ 𝑤𝑖(𝐼0)
2

𝑖
 ]
1/2

                       (Eq  4.2) 

where 𝑤𝑖 are weight factors, N is the number of experimental observations and P is the 

number of refined parameters. Also, we used the goodness of fit factor (GoF) (Eq 4.3): 

                                                           𝐺𝑜𝐹 =
𝑅𝑤𝑝

𝑅𝑒𝑥𝑝
             (Eq  4.3) 

Refinements were carried out until convergence was reached and the value of GoF factor 

became close 1, which confirms the goodness of refinement.  
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Particle size distribution and morphology of precursor powders and as-synthesized 

heterojunction were characterized by field emission scanning electron microscopy 

(FESEM) with JEOL 7610F microscope (Tokyo, Japan) using a backscattered electron 

(BSE) detector at 15 kV electron acceleration voltage. Particle size were measured by 

image analysis using ImageJ®104. The specific surface area of the photocatalysts was 

determined by a single-point Brunauer–Emmett–Teller (BET) measurement through 

physisorption of nitrogen at liquid nitrogen temperature (−196 °C) using a Chemisorb 2700 

apparatus from Micromeritics Instrument Company (Norcross, EE. UU.). The 

heterojunction Bi2O3-Cu2O synthesized at 60 min milling were characterized by 

transmission electron microscopy (TEM) analysis using a JEM-2200FS microscope 

(Tokyo, Japan).  

 

4.2.3. Optical properties 

Optical properties of Bi-based heterojunctions and precursor powders were measured 

to determine the band gap energy of as-prepared powders by diffused reflectance 

spectrophotometry (DRS) UV-Vis-NIR using a Cary Varian 5000 spectrophotometer 

(Malvern, UK) with an integrated sphere recovered of PTFE in the range 200-900 nm.  

 

From reflectance spectra, Kubelka Munk theory (Eq 4.4) was applied to measure 

band gap energies of semiconductors using Tauc method (Eq 4.5). For β-Bi2O3, an indirect 

optical transition133 (n = 2) was used and for Cu2O a direct optical transition123 (n = 0.5).  

                                                     𝐹(𝑅) =
(1−𝑅)2

2𝑅
                      (Eq  4.4) 

                                             (𝐹(𝑅)ℎ𝜈)1/𝑛 = 𝐶(ℎ𝜈 − 𝐸𝑔)            (Eq  4.5) 

F(R) is a function of reflectance, R is the reflectance measured by UV-Vis 

spectrophotometry, hν is the energy of the photons induced, n is the optical transition, C is 

a constant and Eg is the band gap energy of the bulk of semiconductor. The calculated band 

gap energies can be determined by a linear fit with x-axes that correspond to the intercept.  

 



Bi-based heterojunctions synthesized by mechanical milling: Effect of the structural 

parameters in the optical properties 

90 
 

Photoluminescence spectra were performed with a microRaman LabRam HR 

Evolution, Horiba (Villeneuve d'Ascq, France) under ambient conditions at 22 °C with a 

blue laser of 488 nm. The oxidation states were characterized in an X-ray photoelectron 

spectroscopy (XPS) instrument assembled by Intercovamex (Morelos, Mexico) with a 

monochromatic X-ray aluminum Kα1 (hν = 1486.7 eV) source (XR5, from ThermoFisher, 

East Grinstead, UK) and a 7-channeltron hemispherical spectrometer Alpha110, also from 

ThermoFisher (Masachussets, USA). XPS measurements were done at a base pressure of 

9×10-11 Torr. The energy was calibrated by setting the adventitious C1s binding energy to 

284.8 eV. The deconvolution of the XPS signals was performed using a Voight function 

and Tougaard background. 

 

4.2.4. Electrochemical measurements 

The electrochemical measurements were performed in a three-electrode 

electrochemical cell consisting of a working electrode, a Pt wire counter electrode and an 

Ag/AgCl/NaCl (3 molL-1) reference electrode. A pH 6 0.1 molL-1 KCl solution was used as 

the electrolyte. The working electrodes were prepared by using a spray coating technique. 

For this purpose, 50 mL of 2-propanol solutions containing 20 gL-1 of powder was sprayed 

on top of fluoride-doped tin oxide (FTO) conductive glasses heated to 100 °C for 3 h as 

reported in our group34. The solution was forced through the nozzle using pressurized air at 

1 bar (100 kPa) pressure. A solar simulator (LOT-Quantum Design GmbH) with a 300 W 

Xe lamp and an AM (air mass) 1.5-global filter was employed as the light source and a 

Zennium potentiostat (Fa. Zahner-Elektrik GmbH & Co. KG, Germany). Cyclic light 

voltammetry (CLV) measurements were performed in an aqueous solution with 10 vol-% 

methanol (2.47 molL-1) in a potential regime between -0.2 V and 1.6 V at a scan rate of 10 

mVs-1. The flat band potentials (EFB) were determined according to the Mott-Schottky 

equation (Eq 4.6)164.  

                                        
1

𝐶𝑆𝐶
2 =

2

𝜀𝜀0𝑞𝑁𝐷
(𝐸𝑎𝑝𝑝𝑙 − 𝐸𝐹𝐵 −

𝑘𝑇

𝑞
)                                  (Eq  4.6) 

CSC is the capacitance of the space charge layer, ε is the dielectric constant of the 

semiconductor, ε0 is the permittivity of the vacuum, A is the interfacial area, ND the donor 

density, EFB the flat band potential, kB the Boltzmann constant, T the temperature and q the 
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electronic charge. By plotting CSC
-2 against Eappl, the flat band potential can be derived from 

the abscissa intercept. The EFB at pH 7 is measured from (Eq 4.7), X is the pH of the 

electrolyte used in the electrochemical cell.  

                            𝐸𝐹𝐵(𝑝𝐻 = 7) = 𝐸𝐹𝐵(𝑝𝐻 = 𝑋) + 0.059(𝑝𝐻 = 𝑋)          (Eq  4.7) 

The measurements were performed in the dark in an aqueous solution in a potential area 

between -1V to -0.6V for Bi2O3 and 0V to 0.6 V for Cu2O at a frequency of 10 Hz. 

 

4.3. Results and discussion 

4.3.1. Characterization of precursor catalyst powders 

X-ray diffraction patterns of precursor powder are shown in Figure S4.1. Bismuth 

oxide shows a tetragonal phase (β-phase) identified with PDF 27-0050 that possess a 

spatial group P-421c and lattice parameter a = b = 7.742 Å c = 5.631 Å. Cu2O powder 

presents a single cubic phase identified with PDF 05-0667 with the spatial group Pn-3m 

and lattice parameter a = 4.2696 Å. Mathematical Rietveld refinement were used to 

calculate the lattice parameters, cell volume and crystallite size using Fullprof® (Figure 

S4.1b). The calculated data is shown on Table S4.1. The refinement shows that the 

adjustment (GoF) less than or equal to 1 ensures the accuracy of the calculation.  

 

Microstructural characteristics of as-received Cu2O and β-Bi2O3 commercial powders 

evaluated by SEM microscopy is shown in Figure 4.1a and 4.1b, respectively. β-Bi2O3 

shows a homogeneous distribution of sub-micrometric spherical particles. Cu2O presents 

angular morphology with flat faces and micrometric heterogeneous distribution. Particle 

size distribution was calculated using image analysis in at least 5 micrographs for each 

sample with ImageJ®. The cumulative distribution for β-Bi2O3 and Cu2O is d50 = 0.047 μm 

and d50 = 1.6 μm, respectively. According to this result, the particle size of β-Bi2O3 powder 

is approximately one order of magnitude smaller than Cu2O. The BET surface area 

measured is 4.13 m2/g for β-Bi2O3 and 0.45 m2/g for Cu2O. As it has been reported 

elsewhere, low-dimensional β-Bi2O3 could provide more advantages for photocatalytic 

reaction, for example, fast carrier mobility and slow recombination for enhanced charge 
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separation in the plane direction63. The particle size and morphological characteristics of a 

catalyst are of great significance to promote a high contact heterointerface between both 

semiconductors forming a composite. 

 

 

Figure 4.1 SEM micrographs and particle size distribution of a) Cu2O and b) β-Bi2O3, 

respectively and c) Tauc plot with the bang gap energy of the catalysts. 

 

Figure 4.1c shows the Tauc plot for β-Bi2O3 with an indirect band gap of 2.27 eV and 

for Cu2O with a direct gap of 1.99 eV. β-Bi2O3 absorbs in the UV and near-visible range 

from 546 nm while Cu2O absorbs from 620 nm which indicates strong responses to the 

visible light. Both catalyst are visible light active semiconductors able to be activated under 

solar light irradiance165. 

 

Photoluminescence spectra were measured for both catalysts to compare the electron-

hole recombination when light is irradiated to the semiconductor. PL emission spectra can 

be used to investigate the efficiency of charge carrier trapping, immigration, and transfer, 

and to understand the fate of electron–hole pairs in semiconductors, as PL emissions result 

from recombination of free carriers either directly (band–band) or indirectly (via a band gap 
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state)166. Figure 4.2 shows the PL spectra and the deconvolution to show the signal of the 

electronic transitions present in β-Bi2O3 (a) and Cu2O (b). β-Bi2O3 shows a lower intensity 

of PL signals compared to Cu2O which represents the lower recombination of electron-

holes pair. 

 

β-Bi2O3 shows a broad signal center at 647 nm that is the contribution of three PL 

signals at 2.05 eV, 1.87 eV and 1.56 eV. The emission at 2.05 eV can be related to the 

direct transitions between the conduction and valence band, since the band-gap energy of β-

Bi2O3 is 2.27 eV. Trivalent Bi ions in inorganic compounds exhibit PL properties related to 

their 6s2 levels. The luminescence of Bi3+ ions appear in the blue-green region (400-600 

nm) of the spectrum and is attributed to the 3P1−
1S0 transitions or charge transfer between 

the bonding oxygen and Bi3+ ions167. The PL emissions at 1.87 and 1.56 eV correspond to 

lower energies in the red region (600-800 nm). Recent research associated emissions in the 

low‐energy spectral range to structural defects of oxygen (oxygen vacancies)168. The higher 

the emission intensity at this spectral range, the greater the vacancy density. Moreover, the 

luminescence in the low-energy spectral range is normally attributed to the 2P3/2−
2P1/2 

transition of Bi2+ ions167. In order to determine the cause for the PL emission at this spectral 

range, it is necessary to verify the existence of Bi2+ ions on the material surface. 

 

For Cu2O several peaks are detected at 634 nm (1.96 eV) and 910 nm (1.36 eV). 

These PL emissions are attributed to exciton luminescence around 1.96 eV which is in good 

agreement with the UV-vis measurements. The PL peak at 1.36 eV correspond to the 

luminescence signal VCu that is due to the recombination of bound excitons at copper 

vacancies169. This luminescence signal is usually assigned from signal resulting defect 

states170. 
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Figure 4.2 Photoluminescence spectra of a) β-Bi2O3, b) Cu2O and c) (1-χ)β-Bi2O3 /χCu2O 

for χ=25, 50, 75 (w/w) at 15 min of milling and d) 75β-Bi2O3/25Cu2O heterojunction as 

function of milling time. 

 

4.3.2. Optical properties of heterojunctions 

The optical properties were evaluated to study the effect of synthesis procedure on the 

coupling between both catalyst by PL characteristics. Figure 4.2c shows the PL spectra of 

(1-χ)β-Bi2O3/χCu2O heterojunctions in different amounts χ = 25, 50, 75% (w/w). As the 

content of Cu2O decreases the PL emission of the compound diminishes until it is lower 

than the intensity of β-Bi2O3 for χ = 25% of Cu2O. These results indicate that a certain 

amount of Cu2O is necessary to enhance the charge carrier transfer between both 

semiconductors. Figure 4.2d shows the effect of milling time of 75β-Bi2O3/25Cu2O 

heterojunction on the PL intensity. By increasing the time from 5 to 60 min, the decrease of 

PL emission is evidenced and in all cases is lower than the intensity of β-Bi2O3. This effect 

evidence that milling plays an important role on the physical coupling of both powders as is 
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evidenced a decrease on the counts of recombination of electron hole pairs that are 

observed in PL spectra as effect of photon release.  

 

Figure 4.3a shows the UV-vis diffused reflectance spectra of 75β-Bi2O3/25Cu2O 

heterojunction as function of milling time. As milling time increases up to 60 min the 

material shows stronger absorption which infers that the absorption of the catalyst shifts to 

narrow visible light. From DRS of 5 min, it is seen two absorption signals that might 

correspond to Cu2O that starts at 640 nm (2 eV) and a second signal around 560 nm (2.21 

eV) that is attributed to β-Bi2O3, as time increases up to 60 min the signal become one in 

the absorbance emission which can be seen as an effect of coupling of both 

semiconductors. Figure 4.3b shows Tauc plot to determine band gap energy for an indirect 

transition n = 2 in accordance with the band structure of β-Bi2O3 since is the majority 

semiconductor in the heterojunction. The band gap energy of the composite decreases from 

2.13 eV at 5 min to 1.84 eV at 60 min. This effect can be explained as an efficient coupling 

between both materials that now can absorb in lower energies in the visible region due to 

efficient charge transfer.  
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Figure 4.3 a) Reflectance spectra and b) Tauc plot of band gap energies of 75β-

Bi2O3/25Cu2O heterojunction as function of milling time. 
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4.3.3. Structural and microstructural properties of heterojunctions 

XRD patterns of 75β-Bi2O3/25Cu2O heterojunction powders after high energy ball 

milling process, at 5, 10, 15, 20, 30 and 60 minutes is shown in Figure 4.4a. All the pattern 

peaks were indexed with the Cu2O and β-Bi2O3 phases, PDF 05-0667 and PDF 27-0050 

respectively, the same reported for the starting powders. They are readily identified as none 

of the phase peaks are overlapped and no other peaks of additional phases are observed. 

From these results it is assumed that there is no solid solution formation or changes in the 

starting materials phases, promoted by the milling conditions. Additionally, there are no 

peaks related to impurities introduced from the Si3N4 balls milling media, for they are 

highly stable. In Figure 4.4b and 4.4c are presented a shorter range of the patterns in 2, 

where are observed the main peaks of the two identified phases, the (201) of β-Bi2O3 (27.5-

28.4°) and (111) of Cu2O (35.6-37.4°) respectively, for all the milled conditions. In both 

plots was observed that with the increment of the milling time, the peak positions did not 

show a significant change, but the widths and intensities showed differences, which are 

related to changes in the crystallite size. Figure S4.2 shows the Rietveld refinement. The 

lattice parameters and crystallite size of the heterojunction determined by Rietveld 

refinement is shown in Table S4.1. The goodness of fit (GoF) was close to 1 for all these 

patterns indicates the quality of the fitting is quite good. 
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Figure 4.4 a) XRD patterns of as prepared 75-Bi2O3/25Cu2O heterojunctions by solid 

state reaction, b) and c) effect of milling time on the lattice distortion of (201) β-Bi2O3 and 

(111) Cu2O plane respectively. 

 

Figure 4.5 shows the crystallite size of β-Bi2O3 in its single form and in the 

heterojunction as a function of the milling time (blue line). Crystallite size generally 

corresponds to the coherent volume in the material for the respective diffraction peak. In 

simple terms is the smallest single crystal in powder form. For both catalysts, crystallite 

size decreases as the milling time increases. The crystallite size dropped from about 504 nm 

to 279 nm for β-Bi2O3 and from 382 nm to 137.45 nm for Cu2O. The variation of lattice 

parameter c for β-Bi2O3 with increasing the milling time is also shown (purple line). An 

increase in the lattice parameter was observed respect to the time; probably caused by the 

grain expansion due to the increase in the density of dislocations with their characteristic 
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fields. The band gap energy obtained from Figure 4.3 is also shown in Figure 4.5 (black 

line) showing a decrease respect to the milling time.  

 

Figure 4.5 Effect of milling time in the band gap energy (dark line), lattice parameter c 

(purple line) and crystallite size (blue line) of 75β-Bi2O3/25Cu2O heterojunction. The 

values at t=0 correspond to single β-Bi2O3. 

 

In the mechanical milling process homogenization and reduction of particle size 

occur, not necessarily with mechanically induced transformations or material transfer. 

Mechanical deformation is introduced into the powder, particle and crystallite refinement 

occurs and the lattice strain increases, leading to the X-ray diffraction peak broadening and 

heights decreasing171. Ball milling produces much finer particles with larger surface area 

and also activates them mechanically via the introduction of high concentration defects.  
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The crystal refinement, the increase of tetragonality (increase of lattice parameter c) 

of -Bi2O3, and the high absorbance of the heterojunction in the visible region are well 

related to the diminish of PL signal that is a direct analysis of the low recombination of 

electron-hole pairs. The tunnels structure in -Bi2O3 sample can provide the channels for 

the charge carriers transfer and separation. The formation of vacancies functioned as 

trapping sites to induce the delocalized photogenerated carriers to be converged and then 

accelerate the separation efficiency. The introduction of defects could induce the 

localization of charge carriers, which can not only facilitate the adsorption and activation of 

reactants but also accelerate the separation of photogenerated carriers35. 

 

In Figure 4.6 are shown the SEM micrographs recorded with backscattering detector, 

of the 75-Bi2O3/25Cu2O heterojunction powder milled at 5, 10, 15, 20, 30 and 60 min. 

From the previous microstructural analysis of the precursor powder (Fig. 4.1), in the milled 

powder micrographs showed irregular shape particles with different contrasts, these 

observations suggests that the darker gray shade microstructures correspond to the Cu2O 

particles, whereas the smaller spherical particles of a lighter gray shade, to the -Bi2O3 

powder. On the SEM images of the powder milled at 5 and 10 min, the -Bi2O3 and Cu2O 

particles are mixed, however the microstructures of both compounds can be distinguished 

since the precursor powder morphology and size characteristics did not show significant 

changes. With higher milling times (20 – 60 min) is observed a progression of the powder 

mixing process, particle fragmentation is more evident, especially on the Cu2O particles of 

larger sizes. In the micrograph of the powder milled for 60 min is observed that a good 

assemble of the two compounds is achieved, in the present work this would be considered 

as the optimal milling time. Since the milled compounds are not of ductile nature, the 

product of the mechanical milling process of the samples is not expected to be an alloy, 

additionally, the use of a process control agent (surface active agent), in this case methanol, 

inhibits agglomeration and reduces the effect of cold welding171. 
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Figure 4.6 SEM micrographs of powder mixtures showing the evolution of the 

heterojunction assemble as a function of by milling time. 

 

In order to get more details about the structure of β-Bi2O3/Cu2O TEM, high resolution 

transmission electron microscopy (HRTEM) and selected area electron diffraction (SAED) 

of the sample 75-Bi2O3/25Cu2O milled 60 min was investigated to give an intuitionistic 

image for the formation of chemically bonded interfaces between -Bi2O3 and Cu2O 

particles. Based on the areas selected in the yellow and red circle in Figure 4.7a and 4.7b, 

the average thickness of lattice fringes of Cu2O and -Bi2O3 have been found. The lattice 

spacing was estimated to be approximately 0.135 nm and 0.127 nm, which matched well 

with the (310) plane of Cu2O and (610) crystal plane of -Bi2O3, respectively suggesting 

that both compounds exist in the heterojunction. Figure 4.7c, shows the clear boundary and 

transition area between Cu2O and -Bi2O3. Figure 4.7d and 4.7e shows the SAED patterns 

obtained in two different particles (Z1 and Z2). The SAED of zone 1 (Z1) (Figure 4.7d) 

was indexed as (4 -2 5) axis zone, the diffraction spots corresponding to the tetragonal -

Bi2O3 and zone 2 (Z2) (Figure 7e) was indexed as (-2 2 0) axis zone, the diffraction rings 

corresponding to the (1 1 1), (2 2 0) and (3 1 1) planes indicate that the particle Z2 is a 

Cu2O crystal with a cubic structure. All results clearly demonstrate that β-Bi2O3 and cubic 
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Cu2O coexist in heterojunction. Figure 4.7f and 4.7g shows a mapping of EDS that shows 

the zones of β-Bi2O3 and Cu2O in a heterojunction assemble. 

 

 

Figure 4.7 a), b) HRTEM of 75-Bi2O3/25Cu2O (60 min) showing the heterojunction phase 

of both catalyst and the index planes of Cu2O and β-Bi2O3 respectively, c) TEM, d), e) XRD 

patterns of Bi2O3 (Z1) and Cu2O (Z2), f) EDS map of the heterojunction zone. 

 

XPS analysis was performed to identify the chemical states of β-Bi2O3 and Cu2O 

before and after the heterojunction. Figure 4.8 shows the deconvolution fitting of XPS 

signals to evaluate the chemical states of Bi4f level in β-Bi2O3 (Fig. 4.8a) and (Fig. 4.8b) in 

the heterojunction. Two peaks located at 158.82 eV and 164.03 eV correspond to Bi4f5/2 

and Bi4f7/2, a small peak is located at 156.53 eV related to the presence of α-Bi2O3. The 

binding energy difference of 5.3 eV confirms that Bi exists in the Bi3+ oxidation state. In 

the heterojunction the peaks are shifted to smaller energy 156.8 eV and 162.1 eV for Bi4f5/2 
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and Bi4f7/2, respectively. The shift of the peaks of Bi3+ indicated that the surfaces of Bi2O3 

nanospheres were successfully modified by Cu2O, and there is a strong interaction between 

them 63,109.  

 

XPS analysis of Cu2p level of Cu2O in single form (Fig. 4.8c) and in heterojunction 

(Fig. 4.8c) is shown for Cu2p1/2 and Cu2p3/2 located at 935.8 eV and 955.7 eV which are 

characteristic peaks for Cu+1. The satellite peaks located at 947.1 eV are attributed to Cu2+. 

This observation suggested that a small portion of Cu2O on the surface of the particle was 

oxidized to CuO, which may be attributed to the exposure to the air. After the milling of the 

powders to form the heterojunction, Cu2O shows a shifting of the peaks to 930.6 eV and 

950.1 eV for Cu2p1/2 and Cu2p3/2, respectively. The satellite peak shift to lower energy to 

939 eV and the intensity increases which can be related to higher oxidation of Cu2O to CuO 

due to the high energy released in the milling process. 

 

Figure 4.8 XPS spectra of Bi4f in a) β-Bi2O3 as single catalyst and b) in heterojunction and 

Cu2p in c) Cu2O as single catalyst and d) in heterojunction. 
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4.3.4. Electrochemical measurements of heterojunctions 

Figure 4.9 shows Mott-Schottky plots for β-Bi2O3 (Fig. 4.9a) as a n-type 

semiconductor and Cu2O (Fig. 4.9b) as a p-type semiconductor. The plot shows the relation 

between C-2 (interfacial capacitance) and E the applied potential (Eq. 4.6). For β-Bi2O3 the 

flat band potential EFB is -0.28 V and for Cu2O is +0.51 V. In the case of β-Bi2O3 EFB 

correspond to the potential of its conduction band (ECB) and for Cu2O the value of EFB 

correspond to the valence band (EVB). The position of the VB of -Bi2O3 is determined by 

subtracting the band gap energy value to the ECB. The same procedure is used to determine 

the value of the ECB for Cu2O. The potential of the valence and conduction band potential 

for both semiconductors are shown on Figure 4.9c. The graph shows the reduction potential 

of protons and oxygen and the oxidation potential of water and methanol. β-Bi2O3 is a 

promising photocatalyst for water and methanol photooxidation due to its positive potential 

of its VB. However, the electrons on its CB do not have the potential to carry out reduction 

of H+ or O2. In the case of Cu2O, its negative potential of the CV is able to produce H2 and 

reduce O2. The holes photogenerated on the VB will be able to photooxidize water but not 

methanol as it requires more positive potential.  
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Figure 4.9 Mott-Schottky plot of a) β-Bi2O3 and b) Cu2O and c) the band edge potential of 

both catalyst at pH 7 and oxidation of water and methanol and reduction of oxygen. 

 

The band alignment of the heterojunction is presented in Figure 4.10. The 

configuration is a staggered engineering that correspond to a type II heterojunction (Fig. 

4.10a) where photogenerated electrons are accumulated in the CB of -Bi2O3 and holes 
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remain in the VB of Cu2O. These two semiconductors are p-type and n-type, respectively, a 

p–n heterojunction can be obtained. Before light irradiation, a space-charge region can be 

formed at the interface due to the diffusion of majority carriers, resulting in a built-in 

electric field that can direct the photogenerated electrons and holes to flow in the opposite 

direction. Compared with type-II heterojunction, the charge separation of p–n 

heterojunction is faster due to the synergy between the interval field and the band 

alignment27. In the case of a Z-scheme (Fig. 4.10b) the mechanistic pathway on charge 

carrier transfer will induce and electron injection from 𝐶𝐵𝐵𝑖2𝑂3 to 𝑉𝐵𝐶𝑢2𝑂. Electrons then 

will be photoexcited to 𝐶𝐵𝐶𝑢2𝑂 to carry out hydrogen production and -Bi2O3 will have a 

saturation of holes on its VB to oxidize water or methanol (usually used as hole scavenger). 

 

Figure 4.10 Possible mechanism of charge carrier transfer and reaction in the -

Bi2O3/Cu2O. 

To obtain a general idea of the ability of the electrodes to generate currents from its 

photoelectrochemical oxidation we performed CLV measurements under polychromatic 

irradiation (Figure 4.10). The photoelectrochemical activity of the electrodes was analyzed 
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via the oxidation of methanol in a 0.1 M KCl and 10 vol-% methanol electrolyte. Methanol 

is a typical model compound for the determination of the photocatalytic or 

photoelectrochemical activity of a material, since it is a small molecule, readily available, 

and colorless.  

 

Cyclic voltammetry curves were performed in the dark and in polychromatic 

illumination using a solar simulator. Figure 4.10a shows CV curves of Cu2O as-prepared 

electrodes as a measure of the photocurrent density vs the applied potential. Cu2O is a p-

type semiconductor that works as a photocathode and is able to reduce molecular oxygen or 

protons for water splitting. Cu2O shows an increase in photocurrent as the potential applied 

is increased to positive values. The maximum anodic photocurrent recorded at 1.6 V was 

171.4 μAcm-2. This demonstrates that Cu2O is able to carry out oxidation reactions. One 

cathodic peak and two anodic peaks are observed in the potential range from -0.2 to 0.6 V. 

As it has been reported elsewhere, Cu2O suffers from oxidation and reduction induced by 

photogenerated electrons and the photocorrosion of Cu2O has been recognized as a cause 

for the degradation of its photocatalytic properties. The first anodic peak (1) at about 0.17 

V correspond to the oxidation of Cu2O to CuO170,172. 

𝐶𝑢2𝑂 + 2𝑂𝐻
− + 2ℎ+ ↔ 𝐶𝑢𝑂 + 𝐻2𝑂             + 0.17 𝑉             (Eq  4.8)            

The second anodic peak (2) at 0.5 V correspond to the dissolution of Cu2O to Cu2+ 

𝐶𝑢2𝑂 + 2𝐻2𝑂 → 2𝐶𝑢
+ + 2𝑒− + 2𝑂𝐻−        + 0.5 𝑉             (Eq  4.9)            

The cathodic peak (3) at -0.05 V correspond to the reduction of CuO to Cu2O 

   2𝐶𝑢𝑂 + 𝐻2𝑂 + 2𝑒
− ↔ 𝐶𝑢2𝑂 + 2𝑂𝐻

−        − 0.05 𝑉                (Eq  4.10)

          

A clear and consistent trend in the electrochemical behavior of Cu2O films with 

repeated CV cycling was observed in all Cu2O samples. 

 

Examining the band structure of Cu2O in Figure 4.9 it can be concluded that the 

redox potentials for H2 evolution, O2 reduction and water oxidation as well the oxidation of 
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Cu2O to CuO are all within the band gap and therefore, all these processes are possible, in 

principle. However, the driving force for water oxidation is minimal, while the oxidation of 

Cu2O is thermodynamically favorable. 

 

 

Figure 4.11 Cyclic voltammetry of Cu2O and Bi2O3 electrodes synthesized by spray coating 

(100 mg of powder, 80 L of nafion and 1 mL of 2-propanol) dispersed on FTO glass and 

heated at 100 °C for 3h. The measurement was carried out in aqueous solution of 0.1M 

KCl+10vol% methanol recorded at a scan rate of 10 mVs-1. 
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CLV curves of -Bi2O3 electrode is shown in Figure 4.11b. The electrode β-Bi2O3 of 

n-type semiconductivity function as a photoanode. The maximum anodic photocurrent 

recorded at 1.6 V was 7 μAcm-2 which it refers to the oxidation of methanol and in cathodic 

potential the maximum photocurrent recorded at -0.2 V was -9.28 μAcm-2. This reduction 

peak could be related to dissolution of Bi2O3 into the ionic species BiO2
- which has been 

reported in alkaline media173. The reduction of the dissolved species is shown in Eq 4.11 to 

Eq 4.13. 

𝐵𝑖2𝑂3 + 2𝑂𝐻
− → 2𝐵𝑖𝑂2

− + 𝐻2𝑂             (Eq  4.11) 

𝐵𝑖𝑂2
− + 𝑒− → 𝐵𝑖𝑂2

2−               (Eq  4.12) 

2𝐻2𝑂 + 3𝐵𝑖𝑂2
2− → 2𝐵𝑖𝑂2

− + 4𝑂𝐻− + 𝐵𝑖0            (Eq  4.13) 

 

In this context, the photocurrent density of -Bi2O3 shows faster charge transfer and 

efficient electron-hole pair separation with a slow recombination rate than Cu2O at the 

surface as is evidenced from the signal under light illumination vs the dark. The increased 

visible-light harvesting by -Bi2O3 is attributed to its lower band gap and tetragonal 

structure, which facilitates fast hole transport. The heterojunction -Bi2O3/Cu2O composed 

of a photoanode, and a photocathode can then address oxidation of water or methanol and 

reduction of molecular oxygen or protons for H2 evolution. 

 

4.4. Conclusion  

A p-n β-Bi2O3/Cu2O junction was synthesized by a one-step mechanical milling 

process. The synthesis procedure was analyzed on the optical and structural properties. The 

increase of milling time generates an increase of the lattice parameter c of β-Bi2O3 in the 

heterojunction and a decrease of crystallite size. Although the increase of milling time 

enhances the coupling between both semiconductor as it was proved by photoluminescence 

and UV-vis spectrophotometry. The heterojunction synthesized at 60 min present a low PL 

intensity which refers the low electron-hole recombination and a band gap of 1.88 eV. The 

increase of tetragonality of the β-Bi2O3 phase promotes the charge separation as it was 
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observed in PL intensity. The decrease of the crystallite size generated by mechanical 

milling induce the presence of structural defects that generates a decrease of band gap 

energy.  

 

Mott-Schottky plots and cyclic voltammetry prove the presence of a p-n junction 

between Bi2O3 (n-type semiconductor) and Cu2O (p-type semiconductor). The band edge 

potentials elucidate the possible charge carrier transfer where electrons remain in the CB of 

Cu2O and holes remain in the VB of Bi2O3 via direct Z-scheme. The heterojunction 

synthesized can be used for H2 evolution by water or methanol oxidation as was 

demonstrated in the photocurrent density. 

 

4.5. Appendix 

The X-ray patterns of Cu2O and β-Bi2O3 as-received commercially powders are 

shown in Figure S4.1a. Both powders did not show impurity or secondary phases. β-Bi2O3 

presents a tetragonal phase indexed with PDF 27-0050 with lattice parameters a = b = 

7.742 Å c = 5.631 Å and spatial group P-421c. Cu2O powder presents a single cubic phase 

identified with PDF 05-0667 with the spatial group Pn-3m and lattice parameter a = 4.2696 

Å. Mathematical Rietveld refinement were used to calculate the lattice parameters, cell 

volume and crystallite size using Fullprof® (Figure S4.1b). The calculated data is shown on 

Table S4.1. The refinement shows that the adjustment (GoF) less than or equal to 1 ensures 

the accuracy of the calculation.  
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Figure S4.1 a) XRD and b) Rietveld refined patterns of β-Bi2O3 and Cu2O precursor 

powders. 

 

Rietveld refinement patterns of XRD 75β-Bi2O3/25Cu2O heterojunction synthesized 

at different milling time is shown in Figure S4.2. The red points correspond to the signal 

obtained from the X-ray patterns, the black line is the fitting between the theoretical and the 

experimental signal, the green line is the residual of the fitting and the blue lines correspond 

to the crystallographic information file (CIF) of the crystal phases (β-Bi2O3 and Cu2O). 
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Figure S4.2 Rietveld refinement of X-ray patterns of -Bi2O3/Cu2O heterojunctions as 

function of milling time. 

 

 The calculated structural parameters from the Rietveld refinements of heterojunction 

are shown in Table S4.1. The phase percent and crystallite size are shown for Cu2O and β-

Bi2O3 as individual powders and in the heterojunction as function of milling time. 

Although, the lattice parameter a and c of β-Bi2O3 is shown as single catalyst and in the 

heterojunction. The BET surface area is only shown for β-Bi2O3 and Cu2O, and 75β-

Bi2O3/25Cu2O heterojunction milled at 60 min. 
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Table S 4.1 Structural parameters, phase content, crystallite size, BET Surface area and 

refined parameters of precursor powders and 75-Bi2O3/25Cu2O heterojunction obtained 

from XRD and Rietveld refinement. 

Sample 

Phase content (%) 
Lattice parameter 

β-Bi
2
O

3
 (Å) 

Crystallite 

size  

β-Bi
2
O

3
 

Crystallite 

size  

Cu
2
O 

GoF 

BET 

surface 

area 

m
2
/g 

β-Bi
2
O

3
 Cu

2
O a (A) c (A) 

β-Bi
2
O 100 ̶ 7.7383 5.6257 676 ̶  4.135 

Cu
2
O ̶ 100 4.271 4.271 ̶ 574  0.454 

7
5


-B
i 2

O
3
/2

5
C

u
2
O

 

5 min 74.81 25.19 7.7383 5.6257 504.26 382 1.47 ̶ 

10 min 76.03 23.97 7.7387 5.6266 458.54 265.42 1.43 ̶ 

15 min 75.46 24.54 7.7389 5.6271 431.23 238.51 1.36 ̶ 

20 min 76.01 23.99 7.7398 5.6280 405.46 209.37 1.33 ̶ 

30 min 72.34 27.66 7.7399 5.6282 359.11 181.43 1.64 ̶ 

60 min 72.89 27.11 7.7400 5.6295 279.73 137.45 1.55 3.136 
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Chapter 5:Photocatalytic activity of Bi-based heterojunction for methanol 

oxidation using a black-body like reactor  

5.1. Introduction 

Semiconductor photocatalysis has emerged as one of the potential methods for fuel 

production and environmental remediation by utilize solar energy174. Heterogeneous 

photocatalysis in solid–liquid systems is an effective method to harvest photons for the 

oxidative degradation of organic water pollutants, the generation of molecular hydrogen by 

water splitting or reforming of organic compounds, the fixation of carbon dioxide or 

molecular nitrogen, and the synthesis of organic compounds113.  

 

In photocatalytic reactions, reaction rates are usually reported to compare the 

activities of the catalyst. In addition to the reaction rate, the number of absorbed photons 

should be measured to obtain the quantum yield. The quantum yield of a photochemical 

reaction is defined as Φ = the number of events, e.g. molecules changed, formed or 

destroyed, divided by the number of absorbed photons of that particular wavelength in the 

same period of time175. However, in heterogeneous systems the measure of absorbed 

photons implicates some struggles due to scattering and reflection of the light by solid 

particles of the photocatalyst which generates a loss of photons176.  

 

 In photocatalytic reactions that uses photoreactors with external illumination source, 

the photons enter to the fluid phase throw a window and inevitably some of them are 

reflected. In photoreactors that have a positive irradiation geometry, reflection at the 

interfaces of the window and scattering of the suspension takes place. The portion of 

photons that are transmitted through the windows enter the fluid phase and interact with the 

photocatalyst and could be absorbed or transmitted by them. The photons transmittance 

through the suspension generates a decrease on the efficiency of the photocatalytic reaction. 

However, this can be avoided using an appropriate reactor geometry and by choosing a 

sufficiently high catalyst concentration along the optical path of sufficient length177,178. 
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The concept of a black body reactor (BBR) was firstly named by Emeline and 

coauthors177. Herein, the fraction of reflected and transmitted light is approximately zero 

due to the negative irradiation geometry of the reactor and the high optical density of the 

system. The light entrance is surrounded by the suspension containing the catalyst in all 

three spatial directions. It can be assumed that all photons of suitable wavelengths emitted 

by the light source and entering the suspension are absorbed by the photocatalyst. The 

reaction rate determined in a photoreactor having positive irradiation geometry and the 

resulting photonic efficiency is then influenced by the optical properties of the suspension 

and is, therefore, not a measure of the intrinsic activity of the photocatalyst under 

consideration. The suspension optically dense for all photons with appropriate energy 

emitted by the light source, photons that have an energy greater than the band gap energy of 

the photocatalyst, are absorbed by the photocatalyst (no photons are transmitted through the 

reactor). 

 

Thus employing a BBR to carry on photocatalytic reactions, it is assumed that the 

reaction rate (dn/dt) is just only diminished by the recombination of the photogenerated 

charge carriers and is independent form the scattering properties of the photocatalyst178. 

Therefore, reaction rates can be easily compared for different photocatalytic systems179. To 

measure the amount of photons emitted by the light source and entering to the BBR, 

chemical actinometry was employed180. When using a monochromatic light source, a 

quantum yield as is usual for homogeneous photochemical reactions can thus be calculated 

for heterogeneous systems176. Although. It must be considered that a measurement of 

quantum yield will only be meaningful if the photocatalyst is the only species that absorbs 

the photons entering the suspension. By means, the probe compound must therefore be 

optically transparent, and additionally the photocatalytic conversion of the probe compound 

must not yield intermediates and products capable to absorb the incoming light. 

 

Further, Megatif and coauthors apply this black body reactor for the degradation of 

dichloroacetic acid in UV light. At sufficiently high concentrations of the probe compound 

and the photocatalyst, the rate of conversion was found to be impartial by the initial 
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concentration of the probe compound, the mass concentration of the photocatalyst, and the 

suspension volume178,181. This work is based on them results.  

 

The photocatalytic activity of aqueous semiconductor suspension using a black body 

reactor is measured for methanol photooxidation. Nowadays, water splitting is one of the 

most attractive applications of semiconductor photocatalysis10. Although it presents some 

limitations, in the process employing pure water is usually rather inefficient or is not even 

operative at all. This is related to the fact that the simultaneous reduction and oxidation of 

water is a complex multistep reaction involving four electrons5,182. Using sacrificial 

molecules as electron donors is one of the easiest and feasible approaches to remarkably 

improve the H2 production. The photogenerated holes are scavenged by these molecules 

thus reducing significantly the charge carrier recombination4. Furthermore, since O2 is not 

produced, the back reaction to produce water is suppressed thus increasing the H2 yield and 

avoiding a subsequent gas separation stage. Some common and widely used hole 

scavengers (electron donors) for photocatalytic H2 generation are inorganic compounds 

such as alcohols, organic acids, and hydrocarbons4. Methanol has been and is being used as 

a model compound for sacrificial reagent. The addition of methanol as an electron donor in 

water splitting reactions generates an irreversible reaction with the photogenerated valence 

band holes thus enhancing the photocatalytic electron-hole separation efficiency, resulting 

in higher quantum yields19.  

 

Two possible mechanisms for methanol photooxidation have been proposed, the first 

one is the direct oxidation by photogenerated holes (Eq 5.1) and the second is the indirect 

oxidation via interfacially formed •OH radicals (Eq 5.2). These radicals are products of the 

trapping of VB holes by surface –OH groups or adsorbed water molecules15,183. It has been 

reported that the oxidation by •OH radicals is the mechanism when water is the dominant 

surface specie184. In the presence of molecular oxygen, formaldehyde is formed as the 

dominant stable product in a quantitative reaction183 (Eq 5.3). 

𝐶𝐻3𝑂𝐻 + ℎ
+ →• 𝐶𝐻2𝑂𝐻 + 𝐻

+                                                                     (Eq  5.1) 

𝐶𝐻3𝑂𝐻 +• 𝑂𝐻 →• 𝐶𝐻2𝑂𝐻 + 𝐻2𝑂                                                                     (Eq  5.2) 
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𝐶𝐻2𝑂𝐻 + 𝑂2 → 𝐻𝐶𝐻𝑂 +𝐻𝑂2
•                                                                              (Eq  5.3) 

 

Thus, to envisage the photocatalytic methanol oxidation in a liquid-solid system, the 

formation of formaldehyde (HCHO) as the first stable oxidation product is measured by the 

Nash method135. 

 

For methanol photooxidation four different catalysts and its heterojunctions were 

evaluated. β-Bi2O3 is a visible light active photocatalyst that possess a deep valence band 

potential EVB (+2.4 V vs NHE) which has probe to possess high photocatalytic performance 

for organic pollutants degradation due to the high oxidative power of its photogenerated 

holes. However, the electrons have a positive conduction band edge potential ECB (+0.4 V 

vs NHE) which are not suitable for oxygen reduction or hydrogen generation159. A 

heterojunction composite with β-Bi2O3 has proven to present an enhanced performance for 

photocatalytic reactions due to charge carrier transport between both semiconductors and 

also to generate reduction reaction in the cocatalyst that possess a more negative 

conduction band potential59,60,64. Three different heterojunctions and the single catalysts 

were evaluated for methanol photooxidation Cu2O/β-Bi2O3, ZnO/β-Bi2O3 and 

Bi0.5Na0.5TiO3/β-Bi2O3. The photon flux and the quantum yield were evaluated by chemical 

actinometry. The mechanism of charge transfer process of photocatalytic methanol 

oxidation is discussed based on the band alignment of the catalyst and the heterojunctions. 

 

5.2. Materials and methods 

5.2.1. Synthesis of photocatalyst  

Four different photocatalyst (β-Bi2O3, Cu2O, ZnO and Bi0.5Na0.5TiO3) and its 

heterojunctions (Cu2O/β-Bi2O3, ZnO/β-Bi2O3 and BNT/β-Bi2O3,) were probed for the 

photocatalytic methanol oxidation. β-Bi2O3, Cu2O and ZnO were commercially available 

powders (99.95%, Sigma Aldrich). Bi0.5Na0.5TiO3 were prepared by a solid-state reaction78 

from the precursors β-Bi2O3 (99.95%, Sigma Aldrich), Na2CO3 (99.95%, Meyer) and TiO2 

(99.95%, Sigma Aldrich). All the precursors were mill in a planetary mill Retsch (Haan, 

Germany) for 2 h in a ball:powder ratio 10:1 in weight percent. For milling media, Si3N4 
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balls of 10 mm and 5 mm diameter were used. 1 mL of methanol (99.8%, J.T. Baker) was 

added per gram of powder as surfactant171. The calcination was performed 2 times at 920 

°C for 5 h with a heating rate of 5 °C/min in a Thermolyne Furnace, TermoFischer 

Scientific (Massachusetts, USA). The heterojunctions were synthesized by high energy ball 

milling using a SPEX 8000D mill SPEX SamplePrep (Metuchen, USA). The milling time 

were chosen at 1 h using Si3N4 as milling media of diameter of 10 mm and 5 mm, 200 μL 

of methanol was added as surfactant. 

 

5.2.2. Catalysts characterization 

Optical properties of photocatalysts and the heterojunctions were measured to 

determine the band gap energy of as-prepared powders by diffused reflectance UV-Vis-

NIR spectrophotometry (DRS) using a Cary Varian 100 spectrophotometer (Malvern, UK) 

in the range 200-900 nm. 

  

From reflectance spectra, Kubelka Munk theory (Eq 5.4) was applied to measure 

band gap energies of semiconductors using the Tauc method (Eq 5.5). For β-Bi2O3 and 

BNT133,185 an indirect optical transition (n = 2) was used and for Cu2O and ZnO123,186 a 

direct optical transition (n = 1/2).  

                                                           𝐹(𝑅) =
(1−𝑅)2

2𝑅
                   (Eq  5.4) 

                                                ((𝐹(𝑅)ℎ𝑣)
1

𝑛 = 𝐶(ℎ𝑣 − 𝐸𝑔)                       (Eq  5.5) 

F(R) is a function of reflectance, R is the reflectance measured by UV-Vis 

spectrophotometry, hν is the energy of the photons induced, n is the electronic transition, C 

is a constant and Eg is the band gap energy of the bulk of semiconductor. The calculated 

band gap energies can be determined by a linear fit of the plot and extrapolate (F(R)hν)1/n = 

0 to obtained Eg. 

 

The electrochemical measurements were performed in a three-electrode 

electrochemical cell consisting of a working electrode, a Pt wire counter electrode and an 

Ag/AgCl/NaCl (3 molL-1) reference electrode. A pH 6 0.1 molL-1 KCl (>99%, Fluka) 
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solution was used as the electrolyte. The working electrodes were prepared by using a spray 

coating technique. For this purpose, 50 mL of 2-propanol (>99.7%, J.T. Baker) solutions 

containing 20 gL-1 of powder was sprayed on top of fluoride-doped tin oxide (FTO) 

conductive glasses (7 /sq, Sigma-Aldrich) heated to 100 °C for 3 h as reported in our 

group159. The solution was forced through the nozzle using pressurized air at 1 bar pressure 

(100 kPa). A solar simulator (LOT-Quantum Design GmbH) with a 300 W Xe lamp and an 

AM 1.5-global filter was employed as the light source and a Zennium potentiostat (Fa. 

Zahner-Elektrik GmbH & Co. KG, Germany). The flat band potentials (EFB) were 

determined under the dark at a frequency of 10 Hz according to the Mott-Schottky equation 

(Eq 5.6)164. 

                                          
1

𝐶𝑠𝑐
2 =

2

𝜀𝜀0𝑞𝑁𝐷
(𝐸𝑎𝑝𝑝𝑙 − 𝐸𝐹𝐵 −

𝑘𝐵𝑇

𝑞
)           (Eq  5.6) 

CSC is the capacitance of the space charge layer, ε is the dielectric constant of the 

semiconductor, ε0 is the permittivity of the vacuum, A is the interfacial area, ND the donor 

density, EFB the flat band potential, kB the Boltzmann constant, T the temperature and q the 

electronic charge. By plotting CSC
-2 against E, the flat band potential can be derived from 

the abscissa intercept. The EFB at pH 7 is measured from Nernstian pH dependence 

equation (Eq 5.7), which shifts negative 59 mV per pH unit at room temperature164. X is the 

pH of the electrolyte used in the electrochemical cell.  

                           𝐸𝐹𝐵(𝑝𝐻 7) = 𝐸𝐹𝐵(𝑝𝐻 𝑋) + 0.059(𝑋 − 7)           (Eq  5.7) 

 

5.2.3. Photocatalytic methanol oxidation 

Methanol photooxidation was performed in a black body like reactor shown in Figure 

5.1. A 250 mL volumetric glass flask is used, on the top of the flask a glass tube is fixed to 

place the optical fiber. The monochromatic LED lamp is directed to the optical fiber (to 

work as a waveguide) and placed on the center of the suspension, and then connected to the 

power supply of 1.2 A. The light inlet was thus surrounded by the suspension in all spatial 

directions. Therefore, it can be assumed that the condition for a blackbody reactor, all 

incident photons are absorbed in the suspension, is satisfied. The suspension that contains 
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the methanol solution with the catalyst is added to the flask and is kept under stirring in a 

mixing plate maintained at room temperature.  

 

Figure 5.1 Experimental set-up of the black body like reactor for methanol 

photooxidation177. 

 

In a typical procedure a flask of 250 mL was used. A solution of 2.47 molL-1 

methanol (≥99%, Carl Rot) was used using ultrapure distilled water (18.2 MΩcm). 5gL-1 of 

catalyst was loaded to assure an optical density allowing the absorption of all photons 

entering in the suspension. The solution was kept in the dark for equilibrium during 30 min 

with continuous stirring. After that, the solution was illuminated at ambient temperature 

with monochromatic light using an LED lamp (ThorLabs, Germany) emitting either UV (λ 

= 365 nm, irradiance 21 µW/mm2) or visible light (λ = 455 nm light, irradiance = 31.2 

µW/mm2). Aliquots of 750 μL were taken every 30 min for 6 hours and then kept in the 

dark in a freezer. Every single experiment was performed at least twice to assure the 

accuracy of the method and its reproducibility. The photooxidation rate was determined by 

measuring the formaldehyde (HCHO) generated as a result of the methanol oxidation 
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employing the Nash method135. This method is based on the reaction of formaldehyde with 

Nash reagent; 2 M ammonium acetate (≥97%, Carl Roth), 0.05 M acetic acid (100%, Carl 

Roth), 0.02 M acetylacetone (≥98%, Carl Roth), to form the yellow-colored 3:5-diacetyl-

1:4-dihydrolutidine (DDL) with a maximum of absorbance at 412 nm. After irradiation, 

750 μL aliquots of the anolyte were mixed with 750 μL of fresh Nash reagent and diluted in 

750 μL of distilled water. After an overnight incubation, the yellow-colored (DDL) is 

formed. The absorbance of DDL was measured in the range from 200-800 nm in a quartz 

cuvette of 1 cm path length using a Varian Cary 100 Scan UV-vis spectrophotometer.  

 

5.2.4. Determination of quantum yields  

The determination of the incident photon flux was performed by chemical 

actinometry using ferrioxalate [Fe(C2O4)3]
3− as an actinometer. All the experimental data is 

shown in Supporting Information.  

 

The catalyst’s efficiency in utilizing the absorbed photons, known as the quantum 

yield (), needs to be determined accurately. The quantum yield of heterogeneous 

photochemical systems is described exactly following to the quantum yield definition in 

homogenous systems, as the number of defined events divided by the number of photons 

absorbed by the catalyst at a specific wavelength.  can also be expressed in a kinetic 

definition (Eq 5.8) as the ratio of the rate of conversion of molecules relative to the 

absorbed photon flux at one specific wavelength175.               

                                            𝛷 =
𝑟𝑎𝑡𝑒 𝑜𝑓 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛

𝑟𝑎𝑡𝑒 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑
            (Eq  5.8) 

 

5.3. Results and discussion 

The photocatalytic oxidation of methanol in aqueous suspensions containing bismuth-

based heterojunctions and its catalysts employing a black body photoreactor is shown 

respect to the quantum yields measured. The quantum yield is calculated from Eq. 5.9 

according to the reported data for photochemical reactions175. 



Photocatalytic activity of Bi-based heterojunction for methanol oxidation using a black-

body like reactor 

123 
 

                                       𝛷 =
𝑟𝑎𝑡𝑒 𝑜𝑓 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛

𝑟𝑎𝑡𝑒 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑
=

𝑑𝜉(𝑖)

𝑑𝑡
𝑑𝑛𝑝

𝑑𝑡

           (Eq  5.9) 

where dξ(i)/dt is the evolved species (formaldehyde formed from oxidation of methanol) 

and dnp/dt is the photons absorbed measured by chemical actinometry. For UV light, the 

number of photons absorbed per time is 2.11 µmols-1 and for visible light is 4.36 µmols-1, 

as it is shown in the plots of Figure S5.1.  

 

 The obtained quantum yields are shown in Figure 5.2 for each catalyst and 

heterojunction, the left bars correspond to 365nm for UV light and the right bars for 455nm 

in visible light. As it is obvious, all the photocatalysts present higher quantum yield in UV 

than in visible light.  

 

Figure 5.2 Quantum yield of methanol photooxidation for the formation of formaldehyde in 

UV (right bars) and visible light (left bars). 
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The comparison of quantum yields for methanol photooxidation on bismuth-based 

heterojunctions and its catalysts then must be studied as the effect of β-Bi2O3 in the activity 

of the cocatalyst. For UV light the quantum yields of each set of heterojunctions are: 

ZnO>ZnO/β-Bi2O3>β-Bi2O3, BNT≥BNT/β-Bi2O3>β-Bi2O3, and β-Bi2O3>Cu2O/β-

Bi2O3>Cu2O. From this point of view, β-Bi2O3 diminishes the 365nm in the coupling of 

ZnO but the quantum yield of the heterojunction ZnO/β-Bi2O3 is higher than β-Bi2O3. On 

the other hand, BNT and BNT/β-Bi2O3 shows almost the same 365nm, here it can be 

suggested that the contribution of β-Bi2O3 in the heterojunction does not significantly 

modifies the efficiency of the compound. An interesting case is that β-Bi2O3 shows higher 

efficiency than Cu2O/β-Bi2O3 heterojunction and Cu2O. 

 

In visible light experiments, the 455nm respect to the heterojunction effectivity are 

BNT/β-Bi2O3≥β-Bi2O3>BNT, β-Bi2O3>ZnO/β-Bi2O3≥ZnO and β-Bi2O3>Cu2O/β-

Bi2O3>Cu2O. For the case of BNT/β-Bi2O3, the 455nm is similar as β-Bi2O3, this might be 

attributed to the wide band gap of BNT which are not able to be activated under visible 

light (455 nm). The same behavior is observed for ZnO/β-Bi2O3, the 455nm is lower than β-

Bi2O3 since ZnO presents a wide band gap and it cannot be excited in visible light, the 

charge carrier transfer between both catalyst is suppressed decreasing the activity of the 

heterojunction. An interesting case is Cu2O/β-Bi2O3, both catalysts are visible light driven 

semiconductors with advantageous ECB and EVB potentials for methanol oxidation, (i.e., 

from holes photogenerated in EVB(Bi2O3)) and oxygen reduction (i.e., from electrons 

photogenerated ECB(Cu2O)), respectively. However, the heterojunction shows a diminishing 

of the  compared with single β-Bi2O3. This behavior might be attributed to the mechanism 

of charge transfer process between the conduction band and valence band of the charge 

carriers photogenerated that will be discussed below. 

 

The photocatalytic activity of Bi-based heterojunctions and the single catalysts for 

methanol photooxidation is presented as the evolution in concentration of formaldehyde 

versus the irradiation time using Nash method and is shown in Figure 5.3 for UV (a) and 
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visible light (b). The concentration of formaldehyde was determined by Beer-Lambert Law 

(Eq 5.10). 

                                                                    𝐴 = 𝜀𝑙𝑐                                 (Eq  5.10) 

where c is the concentration of the formed yellow-colored DDL, A is the absorbance 

(412 nm), ε is the extinction coefficient for DDL (8000 M-1cm-1)135, l is the path of the light 

(1 cm). 
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Figure 5.3 Formaldehyde formation from the methanol photooxidation with different 

photocatalysts in a) UV (365nm) and b) visible (455 nm) light. 
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All the experimental runs shown linear concentration-time plots obtained from at 

least two replicates per each catalyst. The photocatalytic activity for single catalysts in UV 

light (Figure 5.3a) presents the tendency ZnO>BNT>β-Bi2O3>Cu2O. In the case of 

bismuth-based heterojunctions the photocatalytic activity is as BNT/β-Bi2O3>ZnO/β-

Bi2O3>Cu2O/β-Bi2O3. Comparing the effect of coupling β-Bi2O3 with the different 

catalysts, it can be clearly seen that BNT/β-Bi2O3 show a similar activity as BNT but higher 

than β-Bi2O3. ZnO/β-Bi2O3 shows higher activity than β-Bi2O3 but lower than ZnO. In the 

heterojunction Cu2O/β-Bi2O3, the activity is higher than Cu2O but lower than β-Bi2O3. For 

visible light, the activity of the photocatalysts is shown in Figure 5.3b. By comparing the 

single photocatalysts the activity is as β-Bi2O3>BNT>ZnO>Cu2O and for the 

heterojunctions the activity behaves the same as in UV light BNT/β-Bi2O3>ZnO/β-

Bi2O3>Cu2O/β-Bi2O3. In visible light all the heterojunctions present higher activity than the 

single cocatalyst. Although, β-Bi2O3 presents a similar activity than BNT/β-Bi2O3 but 

higher than ZnO/ β-Bi2O3 and Cu2O/β-Bi2O3. 

 

For comparative studies of the photocatalytic activities of methanol photooxidation 

the reaction rates are measured. Reaction rates are usually reported on a volume basis 

(converted amount of the probe compound per unit time and unit suspension volume)178. 

For the direct comparison of the rates obtained by the measurements of these analytes, the 

rates of conversion as defined by the IUPAC are used175. The rate of conversion of a 

species i is defined as the time derivative of the extent of reaction ξ(i) (Eq 5.11). 

                                               
𝑑𝜉(𝑖)

𝑑𝑡
=

𝑉

𝑣(𝑖)

𝑑𝐶(𝑖)

𝑑𝑡
=

1

𝑣(𝑖)

𝑑𝑛(𝑖)

𝑑𝑡
          (Eq  5.11) 

where n(i) and C(i) are the amount and the amount concentration (molarity), respectively, 

of this species at any time t, ν(i) is its stoichiometric coefficient, and V is the volume of the 

suspension. Then the reaction rates defined as the time derivative of the amount 

concentration (dC/dt) are directly obtained from the slope of the formation of formaldehyde 

over the time. 
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The reaction rate dn/dt was obtained from the slopes of Figure 5.3 and multiplied by 

the volume of the suspension used in the BBR and are shown in Table S5.1. The table 

shows the comparison of single catalyst for UV (left) and visible (right) light. ZnO and 

BNT presents high reaction rates for methanol photooxidation in UV light. The reaction 

rate of β-Bi2O3 for methanol photooxidation in UV light, increases by coupling the catalyst 

in the heterojunction composites BNT/β-Bi2O3 and ZnO/β-Bi2O3. Moreover, β-Bi2O3 and 

BNT/β-Bi2O3 presents the higher reaction rate in methanol photooxidation under visible 

light. 

 

To understand the behavior of quantum yields and reaction rates of Bi-based 

heterojunctions and its single catalyst. The structural characteristics, the band gap energies 

and the potential of the conduction band and valence band were determined.  

 

 

Figure 5.4 FESEM micrographs of a) -Bi2O3, b) Cu2O, c) ZnO, and d) BNT 

photocatalysts. a), c) and d) are nanometric sized powder, whereas b) is micrometric sized. 
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The SEM micrographs of the catalyst are shown in Figure 5.4. β-Bi2O3 presents a 

nanometric particle size of spherical morphology. BNT and ZnO also shows nanometric 

particles with rhombohedral and cubic morphology, respectively. On the other hand, Cu2O 

present irregular morphology of bigger particles. The mean cumulative size distribution 

measured by ImageJ® in at least five micrographs per catalyst is d50 = 0.047 m for β-

Bi2O3, d50 = 1.40 m for Cu2O, d50 = 0.175 m for ZnO and d50 = 0.44 m for BNT (Figure 

S5.2).  

 

The coupling between β-Bi2O3 and the cocatalyst is shown in Figure 5.5. Figure 5.5a 

shows the coupling of the heterojunction Cu2O/β-Bi2O3, the micrographs exhibit that both 

catalysts are well attached, the bigger dark particles correspond to Cu2O and in the surface 

there is grafted smaller spherical particles that correspond to β-Bi2O3. For BNT/β-Bi2O3 

(Figure 5.5b) and ZnO/β-Bi2O3 (Figure 5.5c) the same catalyst coupling is observed, β-

Bi2O3 is deposited on the surface of the cocatalyst as it is clearly evidenced by the 

difference in color detected by back scattering electrons. These results shows that as-

synthesized bismuth-based heterojunctions by mechanical milling exhibits an efficient 

coupling between both catalysts to induce a good contact in the heterointerface to promote 

the charge carrier transfer, separation, and migration.  
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Figure 5.5 FESEM micrographs of heterojunctions a) Cu2O/-Bi2O3, b) BNT/-Bi2O3 and 

c) ZnO/-Bi2O3 synthesized by high energy ball milling at 60 min. 
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The band gap energy of single photocatalysts and its heterojunction assembles is 

shown in Figure 5.6. β-Bi2O3 and Cu2O shows an indirect band gap of 2.2 eV and 2 eV 

respectively, while BNT and ZnO shows a direct band gap of 3.05 eV and 3.2 eV 

respectively (Figure 5.6a), these values are in good agreement with reported data126,187–189. 

β-Bi2O3 and Cu2O are photoactive semiconductors that absorb light in a wide range of the 

UV and visible region while BNT and ZnO only absorbs in the UV region.  

 

The light absorption properties of the heterojunctions can also be measured by 

Kubelka-Munk theory and is shown in Figure 5.6b for a direct band gap and in Figure 5.6c 

for an indirect band gap. Direct band gap energies show a best linear fit than indirect 

transition, two absorption edges for all heterojunctions are observed suggesting the 

contribution of both catalysts for each case. All as-synthesized bismuth-based 

heterojunctions present a bright yellow color which infers that can be photoactivated in 

visible light. For direct optical transition (Figure 5.6b) ZnO/β-Bi2O3 and BNT/β-Bi2O3 

heterojunctions shows a red shift i.e., lower band gap energies than ZnO and BNT, 

respectively. However, Cu2O/β-Bi2O3 presents a higher band gap energy than Cu2O due to 

the contribution of β-Bi2O3.  
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Figure 5.6 Band gap energies determined from Tauc plots of a) photocatalysts and 

bismuth-based heterojunctions for b) direct and c) indirect transitions. 
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For indirect transition (Figure 5.6c), all the heterojunctions present lower band gap 

energies than its respective co-catalyst. These results indicate that the band structure of the 

photocatalyst might be modified. As has been reported before, the efficient electronic 

transfer between two semiconductor approaches when there is an efficient assemble formed 

by a heterointerface22. The idea of coupling of two semiconductors to overcome the 

disadvantages of their pure phases appears to be challenging and promising since it can 

improve the light absorption and charge carrier separation efficiency. Considering that the 

shown data are a contribution of the Eg of both photocatalysts, this value reflects the light 

absorption characteristics as an effect of charge carrier excitation, mobility, and transfer 

between both photocatalysts. Band gap energy matching between two semiconductors is 

one of the most important parameters in designing and fabricating composite photocatalysts 

because band gap energy matching can efficiently separate electron-hole pairs114. 

 

The semiconducting type of the photocatalysts was identified in a 

photoelectrochemical set-up using a potensiostat where the electrodes were placed inside a 

PEC cell immersed in an electrolyte. A solar simulator lamp was used for these 

measurements, the measured negative or positive potential as effect of the charge carrier’s 

mobility after equilibrium under light irradiation indicates an n-type or p-type 

semiconductivity, respectively. Capacitance–voltage measurements are widely used to 

determine the flat band potential and doping density of semiconductors. Plots of 1/CSC
2 

versus electrode potential are expected to be straight lines with slopes that are inversely 

proportional to the doping density164. The positive slope of β-Bi2O3 and ZnO of Mott-

Schottky plots in the depletion region show that the catalysts are n-type semiconductor. 

BNT and Cu2O shown the opposite behavior with negative slopes, indicating that are p-

type semiconductors (Figure S5.3). From this point of view β-Bi2O3/Cu2O and β-

Bi2O3/BNT heterojunctions correspond to a n-p type junction while β-Bi2O3/ZnO is a n-n 

type junction. 

 

For n-type semiconductors the Fermi level which is the energetic level of 0.5 

probable occupancy is positioned lower than the conduction band while for p-type 

semiconductors the Fermi level is higher than the energetic level of the valence band. In the 
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energetic situation of a semiconductor/electrolyte, after equilibrium the Fermi level can be 

estimated in the measurement of the flat band potential respective to Mott-Schottky 

equation190. The flat band potential EFB from Mott-Shottky plots were determined by the 

slope of the lineal part of the curve for n-type or p-type semiconductors. The EFB was 

determined at pH 7 according to Eq 5.7. The EFB is a direct information of the position of 

the potential of conduction band ECB for n-type semiconductor. To determine the value of 

the potential of the valence band EVB for n-type semiconductors, the band gap energy is 

added to the ECB. For p-type semiconductors, the EFB correspond to the valence band 

potential (EVB) and to determine the conduction band potential, the band gap energy is 

subtracted to this value. The valence band and conduction band potential respective to the 

normal hydrogen electrode (NHE) of photocatalysts are shown in Figure 5.7. The potential 

for water oxidation and hydrogen evolution for 2e- reaction are shown in the graph 

according to reported data. The potential of methanol oxidation and the reduction of oxygen 

as well the redox couples relevant for the mechanisms of HCHO formation from methanol 

photooxidation are also presented191–193.  

 

 



Photocatalytic activity of Bi-based heterojunction for methanol oxidation using a black-

body like reactor 

135 
 

 

Figure 5.7 Conduction and valence bands edge positions of photocatalysts determined at 

pH 7. The potentials for methanol and water oxidation reactions and proton and oxygen 

reduction are also shown.  

 

The potential of conduction and valence band of photocatalyst elucidate the 

mechanism for methanol photooxidation and the subsequent reactions in aerobic 

conditions. From the plotted potentials, β-Bi2O3, ZnO and BNT present high oxidative 

power of the holes in the valence band suitable for methanol and water oxidation. Cu2O is 

the only photocatalyst that is not able to oxidize methanol, the EVB is more negative that the 

redox reaction •CH2OH, H+/CH3OH (Eq 5.1). ZnO, BNT and Cu2O present a favorable ECB 

able to reduce H+ by electrons photogenerated to produce H2 or to form the superoxide 

radical O2
- by the scavenging of e- to molecular O2. However, the ECB of β-Bi2O3 (-0.28 V) 

is less negative than the reduction potential of 2H+/H2 (-0.21 V) and O2/O2
- (-0.33V). The 

inability of the conduction band electrons to scavenge surface oxygen molecules result in 

fast recombination of the photoexcited electrons and holes. 
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These results exemplify that the heterojunction assemble between β-Bi2O3 with the 

cocatalyst Cu2O, ZnO and BNT could efficiently enhance the electron transfer and 

separation due to the band energy alignment, since the cocatalysts are able to reduce 

molecular oxygen and β-Bi2O3 is capable to carry on methanol photooxidation. The 

construction of heterojunctions by coupling two semiconductors with staggered band 

structure configuration results in an efficient way to realize the spatial separation of 

photoexcited electron-hole pairs. The formation of the built-in electric field at the 

heterojunction interface and photoexcited carrier transfer behavior depend on many factors, 

such as semiconductivity (n-type or p-type) and ECB/EVB potentials of semiconductors160. 

The type of heterojunction formed by coupling the semiconductors and the mechanism of 

electronic excitation, mobility and transfer will be proposed based on these results and the 

photocatalytic activity for methanol oxidation.  

 

To elucidate the mechanism of charge transfer process for methanol oxidation in UV 

light, the scheme of heterojunctions assemble is shown in Figure 5.8. The potential of the 

valence band and conduction band of the catalyst is plotted according to Mott-Schottky 

measurements and the band gap energies. The redox couples relevant for the 

photooxidation of methanol are also plotted. According to the comparison of the 

photocatalytic activity as concentration-time plots, the reaction rates (dn/dt) and the 

quantum yields the mechanism of charge transfer process in the photocatalytic oxidation of 

methanol in UV light of the Bi-based heterojunctions is here presented.  
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Figure 5.8 Mechanism of charge carrier transfer in photocatalytic process for methanol 

oxidation in bismuth-based heterojunctions at pH 7. 

 

β-Bi2O3/Cu2O is a p-n heterojunction that shows the lower activity for methanol 

photooxidation. After irradiation of the heterojunction the electrons and holes 

photogenerated can migrate to the surface of the catalyst. In Cu2O, some of the electrons 

can scavenge molecular oxygen while other electrons can migrate to the conduction band of 

β-Bi2O3. These e- are not able to react with any absorbed specie and thus the 

photorecombination process happens. Even when β-Bi2O3 is capable to oxidize methanol 

the photocatalytic reactions suppressed for the recombination of e- and the inability of holes 

in the valence band of Cu2O to oxidize methanol. 

 

BNT/β-Bi2O3 is a p-n type heterojunction with high photocatalytic activity for 

methanol oxidation. After excitation of the heterojunction under UV light, the 

photogenerated electrons in the CB of BNT are capable to scavenge molecular oxygen and 

some others are transferred to the CB of β-Bi2O3. Even than the e- in the CB of β-Bi2O3 

recombine, both catalyst presents a high positive potential of its valence band to promote 

methanol photooxidation. Further, the staggered alignment in BNT/β-Bi2O3 promotes a 

better charge carrier separation and mobility. 
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ZnO/β-Bi2O3 is an n-n type heterojunction, the band alignment between the catalysts 

is not favorable for electron separation as it is corroborated by the photocatalytic activity 

since it decreases compared to single ZnO. After photoexcitation of the heterojunction in 

UV light, the photogenerated e- in the CB of ZnO can scavenge molecular oxygen or 

migrate to the CB of β-Bi2O3. Both catalysts are able to photooxidize methanol, the activity 

diminishes due to the inability of β-Bi2O3 electrons to scavenge O2, and thus decreasing the 

activity.  

 

5.4. Conclusion 

A new family of visible-light active bismuth-based photocatalytic heterojunctions 

shows to present an efficient activity for photooxidation of methanol in aqueous 

semiconductor suspension. BNT/β-Bi2O3, β-Bi2O3 and BNT show high quantum yields for 

methanol photooxidation in UV and visible light. These compounds are non-toxic80 and 

low-cost materials that can be synthesized by a simple solid-state solution78 or thermal 

spray process126 making them a promising candidate for different photocatalytic 

applications.  

 

A black body reactor was employed to measure reaction rates and quantum yields for 

methanol photooxidation with good accuracy and high reproducibility thanks to i) the 

reactor geometry that allows to measure the absorbed photons emitted by the light source 

(photon flux), ii) the high optical density of the catalyst to assure that all photons can be 

absorbed and iii) the probe compound does not absorb light, the catalyst is the only light 

absorbing species. The quantum yields measure are an intrinsic measurement of the catalyst 

properties. 

 

5.5. Appendix 

The determination of the incident photon flux was performed by chemical 

actinometry using ferrioxalate [Fe(C2O4)3]
3− as an actinometer. All the experimental data is 

shown in Supporting Information.  
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A chemical actinometer is a chemical system that undergoes a light-induced reaction 

(at a certain wavelength, λ) for which the quantum yield, Φ(λ), is accurately known194. 

Determination of conversion to the products affords the total number of photons absorbed 

by the liquid or gas volume or solid surface, which may have any form or geometry194. 

Potassium ferrioxalate undergoes degradation by photolysis to form ferrous iron Fe2+. For 

the spectrophotometric determination of the ferrous iron formed in this reaction, 1,10-

phenanthroline suggests itself as a suitable reagent. Under suitable conditions it forms a 

compound with ferrous iron which is very stable and has a strong absorption band with 

peak intensity at a wavelength of 510 nm where the absorption by the ferrioxalate ion is 

very low.  

 

This potassium ferrioxalate was prepared by mixing a solution of 1.5M K2C2O4 

(≥98.5%, Carl Roth) with a solution of 1.5M FeCl3 (98%, Sigma Aldrich) in the ratio of 3 

to 1. The mixed solution was stirred in a dark flask during 30 min at 40 °C and dried for 24 

h in a desiccator. The solution was filtered in a kitosato flask with a funnel using a vacuum 

pump to obtain the crystals. The formed crystals were dried in a desiccator for 24 h. 

Crystals were washed with distilled water under stirring at 65 °C for 30 min and let it cool 

at room temperature inside a desiccator. The recrystallization process was repeated 2 times. 

The obtained K3Fe(C2O4)3∙3H2O green crystals were placed in a dark bottle and dried 

overnight in 45 °C in a hot plate. It should be mentioned that all the procedure was done in 

a dark room under red light.  

 

The photolysis experiments were done by preparing 30 mM ferrioxalate solution in 

0.1 N H2SO4 (96%, Carl Roth). The solution was placed in the glass flask used as the black 

body reactor (250 mL) and illuminated for 60 min. Samples were taken in 10 min time 

intervals. For analysis, the samples were mixed in a ratio 2 to 1 with a buffer solution of 

0.105 molL-1 sodium acetate and 0.199 molL-1 acetic acid (100%, Carl Roth). In a typical 

procedure 2 mL of buffer were mixed with 1 mL of illuminated solution and 2 mL 0.1 wt.% 

1,10-phenanthroline in a flask and made up to 15 mL by adding water. Exactly after 60 min 

for each sample, the concentration of the complex of ferrous iron and 1,10-phenanthroline 

[Fe(phen)3]
2+ was measured with a UV–vis spectrophotometer at 510 nm. In order to 
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interpret the obtained results, a standard curve was prepared. For this purpose, a solution of 

ferrous iron in 0.1 N H2SO4 was mixed with a buffer solution and 0.1 wt. % 1,10-

phenanthroline and left for 60 min so that the complex of ferrous iron and 1,10-

phenanthroline could fully develop. 

 

The photon flux determined by actinometry is measured by the absorbance of 

potassium ferrioxalate in the black body reactor under the same conditions of the geometry 

of the reactor. On exposure to light of wavelength less than about 490 nm solutions of the 

ferrioxalate ion undergo decomposition according to Eq. 5.12180: 

                           2[𝐹𝑒(𝐶2𝑂4)3]
3−

ℎ𝑣
→ 2𝐹𝑒2+ + 5[𝐶2𝑂4]

2− + 2𝐶𝑂2         (Eq  5.12)  

The number of photons absorbed by the iron complex can easily be calculated by 

measuring the rate of the light-induced reduction of Fe3+ for which the quantum yield is 

known. The concentration of Fe2+ is measured through monitoring the colored complex of 

this ion with 1,10-phenanthroline at 510 nm wavelength by means of a UV–vis 

spectrophotometer.  

 

The absorbance spectra are shown in Figure S5.1a and S5.1c for UV and visible light, 

respectively. The concentration of the complex over the time measured from Beer-Lambert 

equation is shown in Figure S5.1b and S5.1d. The reaction rate (dnp/dt) can be determined 

form the slope of the fitting of concentration-time plots multiplied by the volume of the 

probe suspension. This value is then the rate of photons absorbed, i.e., mols of photons per 

unit time (μmols-1) (Eq. 5.13)175 that is defined as the photon flux in amount basis for a 

photoelectrochemical reaction. 

                                                                𝐼0 =
𝑑𝑛𝑝

𝑑𝑡
                 (Eq  5.13) 
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Figure S5.1 a) and c) UV-vis absorbance spectra and b) and d) concentration-time plots of 

ferrioxalate photolysis to determine the photon flux in UV and visible light. 

 

For UV light, the number of photons absorbed per time is 2.11 µmols-1 and 4.36 

µmols-1 for visible light as it is shown in the plots of Figure S5.1b and S5.1d, respectively. 

 

The determination of photon flux for monochromatic light using chemical 

actinometers are usually measured employing Eq. 5.14195,196. 

                                                    𝐼0 =
𝑛𝑎

𝛷𝑎𝑡(1−10−𝜀
[𝑎𝑐𝑡]𝑙)

          (Eq  5.14) 

where I0 is the photon flux (einsteins-1), Φa is the quantum yield of oxalate at a certain 

wavelength (Φ365nm = 1.21 and Φ455nm = 0.92)180, t is the irradiation time, ε is the extinction 

coefficient of ferrioxalate (1.10E4 mol-1cm-1L), [act] is the concentration of the ferrioxalate 

measured from Beer-Lambert equation, l is the path of the light and na correspond to Eq. 

5.15: 
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                                                          𝑛𝑎 =
𝑁𝑉1𝑉3𝐴510

𝜀𝑉2𝑙
                      (Eq  5.15) 

where N is the Avogadro number, V1, V2 and V3 correspond to the volume of the 

solution irradiated in the reactor, the aliquots, and the volume of the mixture, A510 is the 

maximum absorbance of ferrioxalate at 510 nm, ε is the extinction coefficient (1.104E4 

mol-1cm-1L) and l is the path of the light (1 cm). The obtained photon flux for UV light is 

1.90E16 einsteins-1 and for visible light is 5.14E16 einsteins-1. 

 

Figure S5.2 shows the particle size distribution obtained from image analysis of the 

micrographs per each catalyst using ImageJ®. The analysis was performed in at least five 

micrographs in each catalyst and the size distribution can be measured from the cumulative 

frequency. The graph shows the distribution for the 10% (d10), 50% (d50) and 90% (d90) of 

the density of particles. -Bi2O3 shows a nanometric particle size while ZnO and BNT 

exhibits submicrometric size distribution and Cu2O presents the biggest particle size. 
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Figure S5.2 Cumulative particle size distribution of single catalyst obtained from image 

analysis. 

 

Figure S5.3 shows the Mott-Schottky plots obtained from the electrodes in a 

potentiostat using a 0.1 M KCl electrolyte (pH 6) recorded at 10 Hz. -Bi2O3 and ZnO 

shows a positive slope of the capacitance vs potential curve which indicates an n-type 

semiconductivity. Cu2O and BNT shows negative slopes that indicates the p-type 

semiconductivity. The flat band potential is measured by a linear fit and then measured at 

pH 7 using Nernstian equation. 
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Figure S5.3 Mott-Schottky plots of electrodes synthesized by spray coating. The 

measurement was carried out in aqueous solution of 0.1M KCl recorded at a frequency of 

10Hz. 

 

Table S5.1 shows the reaction rate (dn/dt) obtained from the slopes of concentration-

time plots for formaldehyde evolution over photocatalytic methanol oxidation in UV and 

visible light as a comparative between the single catalyst studied. Besides, the band gap 

energy, flat band potential the band edge potential of the valence band and conduction band 

as well the surface energy and the particle size distribution (d50) is shown. 
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Table S5.1 Bang gap energies, band edge potential, surface area and particle size of 

photocatalysts. The reaction rates (dn/dt) for methanol photooxidation in UV and visible 

light is also shown. 

Catalyst 
Eg 

(eV) 

EFB 

(pH 7) 

ECB 

(pH 7) 

EVB 

(pH 7) 

SA 

(m2g-1) 

d50 

(mm) 

(
𝒅𝒏

𝒅𝒕
)𝟑𝟔𝟓𝒏𝒎 

molmin-1 

(
𝒅𝒏

𝒅𝒕
)𝟒𝟓𝟓𝒏𝒎 

molmin-1 

β-Bi2O3 2.27 -0.28 V -0.28  1.98 2.77 0.047  
0.002712    ± 

0.0007 

0.003135     ± 

0.0004 

Cu2O 2 0.51 V -1.48 0.51  1.07 1.40 
0.000255    ± 

0.00006 

0.0002925   ± 

0.00001 

ZnO 3.26 -0.38 V -0.38  2.78 6.5 0.175 
0.1806        ± 

0.0036 

0.0013225   ± 

0.0003 

BNT 3.05 1.87 V -1.17 1.87  2 0.44 
0.008715    ± 

0.0012 

0.00023925 ± 

0.0001 
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Chapter 6:Photoinduced H2 evolution of Bi-based heterojunctions: Fate of 

photogenerated charge carriers 

6.1. Introduction 

Photocatalytic water splitting as a source for hydrogen (H2) is one of the most 

promising technologies for solar energy conversion and storage. As a clean, inexhaustible, 

and renewable natural resource, solar energy emerges as the main option to overcome the 

dwindling energy resources and environmental deterioration3. Contrarily to fossil fuels, the 

photocatalytic production of hydrogen over semiconductor nanomaterials leads to a 

minimal environmental impact, with no atmospheric pollutants or particulates emitted 

during the production itself or the subsequent combustion of hydrogen12. 

 

Nowadays, water splitting is one of the most attractive applications of semiconductor 

photocatalysis10. Although it presents some limitations, in the process employing pure 

water is usually rather inefficient or is not even operative at all. This is related to the fact 

that the simultaneous reduction and oxidation of water is a complex multistep reaction 

involving four electrons5,182.  

 

Numerous strategies have been considered to improve photocatalytic performance of 

a semiconductor. Surface decoration with metals (especially Pt, Au, Ag, Cu) can 

simultaneously enhance charge carrier separation and reduce the overpotential for H2 

evolution, which is known to greatly improve the H2 production efficiency197. Amongst the 

metals that facilitate electron capture, Pt has been extensively reported as the most 

effective112. Using sacrificial molecules as electron donors is one of the easiest and feasible 

approaches to remarkably improve the H2 production15. The photogenerated holes are 

scavenged by these molecules thus reducing significantly the charge carrier recombination4. 

Furthermore, since O2 is not produced, the back reaction to produce water is suppressed 

thus increasing the H2 yield and avoiding a subsequent gas separation stage. Some common 

and widely used hole scavengers (electron donors) for photocatalytic H2 generation are 

inorganic compounds such as alcohols, organic acids, and hydrocarbons4. Methanol has 

been and is being used as a model compound for sacrificial reagent. The addition of 
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methanol as an electron donor in water splitting reactions generates an irreversible reaction 

with the photogenerated valence band holes thus enhancing the photocatalytic electron-hole 

separation efficiency, resulting in higher quantum yields19.  

 

Exploring the charge carrier kinetics is essential for understanding the photocatalytic 

mechanism occurring at semiconductor surface. Electron paramagnetic resonance (EPR) 

(also called electron spin resonance (ESR)) spectroscopy is a powerful and sensitive 

technique to study radicals formed upon illumination198. EPR spectroscopy has been 

developed to reveal the underlying photocatalytic pathways based on interfacial charge 

transfer and radical reactions. EPR is especially useful to elucidate the mechanism for the 

degradation of organic compounds, herewith, the interactions between radical oxygen 

species (OH•, HO2
•-, O2

•-) and organic radicals are characterized199. The roles of isolated 

oxygen species in the complete photocatalytic reaction is further clarified by using proper 

scavengers for holes or electrons200. 

 

Every electron has a magnetic moment and spin quantum number s = 1/2 with 

magnetic components ms = 1/2 or ms = -1/2. In the presence of an external magnetic field 

with strength B0, the electron's magnetic moment aligns itself either antiparallel (ms = -1/2) 

or parallel (ms = 1/2) to the field, each alignment having a specific energy (Eq. 6.1) due to 

the Zeeman effect201. 

       𝐸 = 𝑚𝑠𝑔𝑒µ𝐵𝐵0                          (Eq  6.1) 

 

Where ge is the electron's so-called g-factor ge = 2.0023 for the free electron and B is 

the Bohr magneton (5.7883E−5 eVT-1). Therefore, the separation between the lower and 

the upper state is (Eq. 6.2): 

                                                      𝛥𝐸 = 𝑔𝑒µ𝐵𝐵0              (Eq  6.2) 

for unpaired free electrons. This equation implies (since both ge and B are constant) 

that the splitting of the energy levels is directly proportional to the magnetic field's strength. 

An unpaired electron can change its electron spin by either absorbing or emitting a photon 

https://en.wikipedia.org/wiki/Magnetic_moment
https://en.wikipedia.org/wiki/Spin_quantum_number
https://en.wikipedia.org/wiki/Zeeman_effect
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of energy h such that the resonance condition, h = E, is obeyed. This leads to the 

fundamental equation of EPR spectroscopy (Eq. 6.3):  

                                                          ℎ𝜈 = 𝑔𝑒µ𝐵𝐵0                            (Eq  6.3) 

 

The photocatalytic activity for H2 evolution and methanol oxidation was evaluated for 

different bismuth-based heterojunctions using Pt as electron scavenger grafted on the 

surface by photodeposition and methanol as hole scavenger. The fate of photogenerated 

charge carriers was evaluated by electron paramagnetic resonance in solid phase to study 

the reactions evolved from the photogenerated charge carriers and in liquid phase for 

detection of free radicals that participate in the photocatalytic reactions in oxygen and 

anoxic conditions. 

 

6.2. Materials and methods 

EPR measurements were performed by a MiniScope X-band spectrometer (MS400 

Magnettech GmbH) operating at about 9.42−9.44 GHz field frequency as described before. 

For samples in suspension, 0.5 mL of 1 gL-1 of the photocatalyst in water was purged with 

argon or oxygen and 2 μL of DMPO (5,5-Dimethyl-1-pyrroline N-oxide) was added. The 

center field was 335 mT and sweep time was 15 s. For powder samples, liquid N2 was used 

to maintain the temperature at 77 K, with the center field at 335 mT and sweep time of 60 s. 

Sample irradiation during EPR measurements was provided by a built-in optical fiber 

connected to a Hamamatsu LC8 light source (200 W Hg−Xe lamp).  

 

Pt was grafted on the surface of the catalyst by photodeposition which is the most 

commonly used technique for the deposition of co-catalyst nanoparticles202. Although one 

reason is that it tends to result in the most active materials, other beneficial features include 

the possibility of creating well-defined co-catalyst nanoparticles, with control over their 

geometrical distribution, size, and oxidation state, without the need for elevated 

temperatures or applied bias as other methods require. 
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H2 evolution was performed in a solar simulator reactor. In a typical procedure 10 mL 

borosilicate glass vials are used. The photocatalyst in a concentration of 1 gL-1 is suspended 

in 6 mL of deionized water with 10 % methanol used as hole scavenger. H2PtCl6 (0.01 M) 

is used as Pt0 noble metal loaded by in situ photodeposition during the reaction. Before 

irradiation vials were sealed and purge with Ar (> 99.999%) during 10 min. Then, the vials 

were horizontally fixed inside an orbital shaker placed at 30 cm distance below a 1000 W 

Xenon lamp (Hönle UV Technology, Sol 1200) as a simulated solar light equipped with a 

filter to mimic the emission profile of sunlight.  

 

The photocatalytically evolved molecular hydrogen was quantitatively determined by 

means gas chromatography using a Shimadzu GC-8A (thermal conductivity detector). For 

this purpose, a 50 μL gas sample was periodically taken from the head space over the 

suspension using a Valco gas tight sampling syringe equipped with a push-button valve. 

The gas sample was then injected into the injection port of the GC.  

 

The photonic efficiencies ξ was calculated based on Eq. 6.4, where dC/dt is the 

formation of hydrogen rate in units of mols-1, A is the illuminated area (4.2×10-4 m2), I0 the 

photon flux density and V is the suspension volume (0.006 L) 

                               𝜉(%) =
𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑟𝑎𝑡𝑒 (𝑚𝑜𝑙𝑠−1)

𝑝ℎ𝑜𝑡𝑜𝑛 𝑓𝑙𝑢𝑥 (𝑚𝑜𝑙𝑠−1)
=
𝑑𝐶

𝑑𝑡

𝑉

𝐼0𝐴
× 100          (Eq  6.4) 

 

The photon flux density I0 was determined from Eq. 6.2, where I is the light intensity 

(Wm-2), λ is the corresponding wavelength (m), NA is Avogadro´s constant (6.022E23 mol-

1), h is Planck´s constant (6.636E-34 Ws2) and c is the speed of light (3E8 ms-1).  

                                                           𝐼0 =
𝐼𝜆

𝑁𝐴ℎ𝑐
    (Eq  6.5) 

 

6.3. Results and discussion 

Photocatalytic activity of bismuth oxide and bismuth-based heterojunctions was 

initially evaluated for 0.1% Pt loading as electron scavenger in methanol solution (hole 
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scavenger) in UV-vis excitation using a solar simulation light irradiance in argon 

atmosphere. The evolved H2 over the time for single catalyst and its heterojunctions is 

shown in Figure 6.1.  

 

From single semiconductors only Bi0.5Na0.5TiO3 and ZnO shows activity while -

Bi2O3 and Cu2O do not shows activity at all. The inactivity of -Bi2O3 is excepted based on 

the potential of its conduction band ECB that is not negative enough (-0.28 V vs NHE, pH 7) 

for the reduction of protons to produce molecular hydrogen H+/H2 (-0.413 V vs NHE, pH 

7). Although, the holes in the valence band have the sufficient potential for oxidize 

methanol, the inactivity of electrons to reduce H+ generates a fast recombination of 

photogenerated charge carriers, decreasing the activity of the semiconductor. 

 

In the case of Cu2O, the ECB is negative enough to reduce H+ and the EVB is positive 

enough to oxidize water. Nevertheless, as it was evidenced in Chapter 4, Cu2O suffers 

photocorrosion in the oxidation to form CuO. Moreover, the oxidation potential of CuO by 

photogenerated holes is more favorable than the oxidation of water. This generates that 

Cu2O is unstable under light irradiation and is not favorable to produce H2.  

 

In the case of ZnO, the catalyst shows the higher activity of the single catalyst as is in 

accordance to a vast research that can be found on the literature203 based on the physical 

and chemical properties of ZnO such as a wide band gap, the negative potential of the 

conduction band, the strong oxidation ability and the large free-exciton binding energy. 

Otherwise, Bi0.5Na0.5TiO3 shows a comparable activity very similar than ZnO for H2 

evolution as is shown in Figure 6.1. 

 

 BNT is a bismuth-based perovskite and has not been widely studied for 

photocatalytic applications. Some of the reported research has proved to be a high active 

potential catalyst for H2 evolution158,187. These studies evaluated the activity of BNT under 

UV and visible light in the presence of sacrificial agents and electron scavengers and show 

a remarkable stability of the catalyst in repeated cycles. The structures of bismuth-based 

titanates are constructed from layers built up by edge and/or corner-sharing of TiO6 
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octahedral, which forms a zigzag ribbon or a tunnel structure. Further, the anti-bonding 

states between the lone electron pairs of Bi3+ and electrons in O2p orbital generates a 

promotion in the separation of the electron-holes photogenerated158. 

 

 

Figure 6.1 Photocatalytic H2 evolution over different Bi-based heterojunctions in a 1000 W 

Xenon lamp UV-vis solar simulator. Catalyst concentration: 1 gL-1, methanol (hole 

scavenger) 2.47 molL-1, 0.1 wt% Pt (electron scavenger) photodeposition using a 0.1 M 

solution (H2PtCl6). 

 

The Bi-based heterojunctions -Bi2O3/Cu2O, -Bi2O3/ZnO and -Bi2O3/BNT do not 

show any activity for H2 evolution in the presence of sacrificial agents. Also, different 

amounts (wt.%) of Pt loaded on the surface of the catalyst was evaluated (not shown here) 

and the heterojunctions are not photocatalytic active. This can be explained based on the 

band alignment of each heterojunction shown in Chapter 5. The photogenerated electrons 
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migrate from the conduction band of the catalyst with higher ECB (Cu2O, BNT or ZnO) to 

the conduction band of -Bi2O3 according to a type II heterojunction mechanism of charge 

carriers. Besides, the experiments performed show a change in color for Bi-based 

heterojunctions and -Bi2O3 from yellow to dark which can inferred a photocorrosion 

behavior. Methanol was used as sacrificial agent in all the H2 evolution experiments, 

methanol is an electron donor that injects electrons in the CB of the catalyst15. If these 

electrons are injected in the CB of -Bi2O3, these cannot reduce protons to form H2 and 

then photocorrode -Bi2O3 as it was explained in Chapter 4. 

 

A simple experiment to bear out this phenomenon was performed by a sample 

preparation of -Bi2O3 in four different conditions: 1 gL-1 of catalyst was loaded in 6 mL of 

i) 10 vol% methanol and purged in Ar atmosphere, ii) distilled water and purged in Ar 

atmosphere, iii) 10 vol% methanol solution and sealed in air atmosphere and iv) distilled 

water and sealed in air atmosphere. The samples were placed in the solar simulator reactor 

and illuminated for 3 h under continuous stirring in the same conditions as the experiments 

for photocatalytic H2 evolution. The samples are shown in Figure 6.2. 

 

As it can be clearly seen, in air atmosphere -Bi2O3 do not show a difference in color 

under 3 h of light irradiation in water or in methanol solution. The photogenerated electrons 

of the catalyst or the electrons injected from the oxidation of methanol can scavenge 

molecular oxygen. Otherwise, the catalyst in Ar atmosphere and methanol solution shows a 

difference in color from yellow (characteristic color of -Bi2O3) to black. This was 

evidenced in the first hour of illumination. The catalyst in Ar atmosphere and in water 

solution, does not show a difference in color. These results might be attributed due to 

photocorrosion caused by electron injection from methanol oxidation reaction (electron 

donor) into the conduction band of the catalyst. The electrons accumulated on the CB of -

Bi2O3 cannot reduce H+ to produce H2 (higher redox potential) or scavenge molecular 

oxygen (anoxic conditions). For Bi-based heterojunctions under Ar atmosphere and in 

methanol aqueous solution (conditions for H2 evolution experiments) the same change in 

color was observed indicating that these heterojunctions also exhibit photocorrosion from 

-Bi2O3. 
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Figure 6.2 Solar simulator light irradiation in -Bi2O3 under argon and air atmosphere in 

a suspension of 10 vol% methanol or distilled water to envisage the instability of the 

catalyst. 

 

In this context, Bi-based heterojunctions are not able to be applied as H2 evolution 

photocatalysts. We then focus our attention in Bi0.5Na0.5TiO3, the photocatalytic activity for 

H2 generation was evaluated for different amount of Pt grafted on the surface (Figure 6.3) 

at 0.1, 0.5, 1, 2 and 5 wt.%. 0.1% Pt shows the higher amount of H2 evolved while for 0.5% 

Pt H2 shows a decrease and for 1, 2 and 5% poorly shows activity. As the content of Pt 

increases the H2 tends to decrease. This tendency can be explained since a higher amount of 

deposited Pt could obstruct the active surface sites of the catalyst and inhibits the redox 

reactions decreasing then the photocatalytic activity.  
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Figure 6.3 Photocatalytic H2 evolution over Bi0.5Na0.5TiO3 with Platinized surface in a 

1000 W Xenon lamp UV-vis solar simulator. Catalyst concentration: 1 gL-1, methanol (hole 

scavenger) 2.47 molL-1, Pt (electron scavenger) photodeposition using a 0.1 M solution 

(H2PtCl6). 

 

Table 6.1 Reaction rates and photonic efficiency for H2 evolution under solar simulator 

light irradiance. 

Sample H2 evolved (molg-1h-1) Photonic efficiency ξ % 

BNT 0.1%Pt 114.63 1.92 

BNT 0.5%Pt 35.52 0.55 

BNT 1%Pt 12.40 0.22 

BNT 2%Pt 12.01 0.20 

BNT 5%Pt 8.14 0.13 

ZnO 0.1% 193.64 3.33 
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The comparison of reaction rates and photonic efficiencies is summarized in Table 

6.1. From previous studies in our research group the photon flux measured of the spectral 

irradiance in the wavelength range between 350 nm and 380 nm at the irradiated area, the 

photon flux was found to be I0 = 383×10-6 molm2s−1. Ignoring loses of light due to 

reflecting and scattering out, 1.42×10-7 mole of photons is entering the irradiated 

suspension per second204. The photonic efficiencies are calculated using this photon flux 

and multiplied by the formation rate of hydrogen, the volume of the irradiated sample and 

the area of illumination. The values for photocatalytic H2 evolution in aqueous suspension 

using methanol as hole scavenger and loaded different amount of wt.% Pt is shown in Table 

6.1. Also, the photonic efficiency of 1% Pt ZnO is presented. 

 

The fate of photogenerated charge carriers and the mechanism transfer and reactions 

can be evaluated by electron paramagnetic resonance. To evaluate the non-activity of Bi-

based heterojunctions, EPR measurements was performed for -Bi2O3, Bi0.5Na0.5TiO3 and 

-Bi2O3/BNT. From the previous studies for methanol oxidation, the heterojunction shows 

a remarkable photocatalytic activity for methanol oxidation and higher than -Bi2O3. 

Moreover, the non-activity of this heterojunction for H2 evolution could be understood by 

determining the fate of photogenerated charge carriers. EPR spectra of the powder samples 

at 77 K in air without any radical scavenger are presented in Figure 6.4. 
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Figure 6.4 EPR spectra of solid samples recorded at 77 K (liquid N2) in air atmosphere a) 

in the dark and b) before UV illumination for 7 min. 
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EPR spectra of powder samples in air and at 77 K were obtained in the dark (Figure 

6.3a) and compared with those under UV irradiation (Figure 6.3b). Under dark conditions, 

there is no signal for the -Bi2O3 spectrum, but a small one for BNT at g = 2.009 and at g = 

1.998 which can be related to free unpaired electrons trapped on oxygen-vacancy sites. 

Additionally, for the heterojunction -Bi2O3/BNT a small signal at g = 1.998 is shown. 

 

Under UV light irradiation, -Bi2O3 do not show a significant increase of the signal 

compared with BNT and the heterojunction -Bi2O3/BNT. These both catalysts show a 

signal at g = 2.039, g = 2.036, g = 2.022 and g = 2.009 that correspond to oxygen defects 

due to the trapping sites of photogenerated holes (g > 2). On the other hand, the signal 

detected at g = 1.995, g = 1.980, g = 1.971, g =1.967 and g =1.964 is attributed to the 

formation of Ti3+ from the electrons in trapping sites (g < 2). As it is clearly evidenced, 

BNT show a higher signal than the heterojunction. the substitution of A-site or B-site in 

BNT perovskite structure can create oxygen vacancy to compensate charge and retain 

overall crystal charge neutrality in the crystal205. 
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Figure 6.5 EPR spectra at 298 K of aqueous suspensions of 0.1% Pt Bi0.5Na0.5TiO3 with 

DMPO (spin trapping agent) in a) argon and b) oxygen atmospheres before and under UV 

irradiation (200 W Hg-Xe lamp). 1 gL-1 of catalyst in 2.47 molL-1 methanol solution. 
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To determine the evolved radicals of BNT in aqueous phase, EPR measurements 

under argon (Figure 6.5a) and oxygen (Figure 6.5b) atmosphere using DMPO (5,5-

dimethyl-1-pyrroline N -oxide) is shown. BNT in a liquid solution of methanol in argon 

atmosphere shows the formation of •OH radicals and •OOH radicals. These radicals are 

usually formed in the oxidation of water or methanol. Under oxygen atmosphere, the signal 

of superoxide radical was detected O2
-•. The signal in both atmospheres (argon and oxygen) 

is produced immediately after illumination is started (1 min) and presented a saturation 

level before 13 min for Ar and 3 min for O2. After this time, the signal decreases until 

keeping a stable evolution rate until the source is switched off.  

 

Simultaneously, upon the generation, separation, and transport of charge carriers in 

BNT, e–/h+ pairs might participate in redox reactions via interfacial charge carrier transfer. 

In aqueous media, water layers adsorb, physically and chemically, on the BNT surface 

creating a BNT/H2O interface. The photogenerated holes can react on the surface either 

with hydroxyl groups or with H2O resulting in the formation of hydroxyl radicals, OH•. 

Therefore, not only h+ is produced by the photoexcitation of BNT but also hydroxyl 

radicals can be formed on hydrated BNT surfaces206. 

 

6.4. Conclusion 

Bi-based heterojunctions synthesized by high-energy ball milling do not show 

activity for H2 evolution in the presence of sacrificial agents or electron scavengers. The 

charge carrier transfer and separation mechanism in these heterojunctions correspond to a 

type II heterojunction while the photogenerated electrons remain in the CB of -Bi2O3. The 

potential of its conduction band ECB = -0.28 V vs NHE (pH 7) is not negative enough for H2 

production H+/H2 E = -0.413 V vs NHE (pH 7). The electrons do not react with any surface 

specie and the recombination of e-/h+ pairs increase generating the diminishing of 

photocatalytic activity. Moreover, the bismuth-based perovskite shows high photocatalytic 

performance for H2 evolution with a small amount of Pt grafted on its surface to work as an 

electron scavenger. The EPR measurements elucidate the fate of photogenerated charge 

carriers and mechanism of the photocatalytic reactions. Bi0.5Na0.5TiO3 is a potential catalyst 

to be applied in a wide variety of scenarios for environmental remediation. 



Summary and outlook 

Chapter 7:Summary and outlook  

-Bi2O3 with nanometric particle size, spherical morphology and narrow band gap 

energy was synthesized by a novel route using flame spray process. Semi-metallic bismuth 

in powder form was used as feedstock powder. A home-made set up powder collector was 

used to collect this sample that evaporates as an effect of the high temperature of the oxy-

acetylene flame and the low boiling point of Bi2O3. The semiconductor exhibits good 

photocatalytic activity for methanol oxidation, a model compound. The activity of the 

material is attributed to the high oxidative power of the holes in the valence band capable to 

oxidize water or methanol in presence of oxygen atmosphere. 

 

A heterojunction of a metal/metal-oxide composition between Bi and -Bi2O3 joined 

by a heterointerface was obtained in the first three stages of powder collection in the set-up 

device. The structural and microstructural analysis elucidate the formation of Janus 

particles with snowman-like and raspberry-like morphology composed of micrometric 

particles of -Bi2O3 and deposited on the surface Bi smaller particles. The mechanism of 

oxidation remains in the high velocities obtained in flame spray and the temperature that 

reaches the in-flight particles as well the high cooling rates obtained in the as-sprayed 

powders due to the geometry and design of the powder collector. The heterojunction Bi/-

Bi2O3 exhibits high photocatalytic performance for methanol oxidation compared with 

nanometric -Bi2O3. The heterointerface formed in these heterojunctions between a metal 

and a semiconductor generated an efficient charge carrier transfer and separation so 

bismuth work as an electron scavenger and the photogenerated holes remain in -Bi2O3 to 

generated oxidation reactions (methanol oxidation). 

 

The new synthesis route developed serve to synthesize a wide variety of metal oxides, 

composites, heterojunctions and other semiconductors by flame spray based on the 

oxidation reaction mechanism. The synthesis of a multi-heterojunction by flame spraying 

was achieved by using as feedstock powder a combination of semi-metallic bismuth and 

metallic copper to study the effect of the chemistry of the oxy-acetylene flame and evaluate 

the production efficiency of the process. The synthesis of Bi/-Bi2O3/Cu/Cu2O was 
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obtained by flame spray and collected in the set-up powder collector. The phase 

composition of these heterojunction was obtained in the first three stages of the powder 

collector while in the last stage the formation of a highly pure nanometric -Bi2O3 powder 

was obtained. Bi/-Bi2O3/Cu/Cu2O heterojunction shows an enhanced in activity for 

methanol photocatalytic oxidation compared to -Bi2O3; besides, it was the only 

heterojunction that shows activity for H2 evolution in presence of Pt as an electron 

scavenger and methanol as a hole scavenger. The morphology and chemical composition of 

the heterojunction is based on Janus particles with raspberry morphology that address that 

Bi and Cu are grafted on the surface and serve as electron scavenger which are assigned to 

the enhance of photocatalytic efficiency. 

 

As a comparative study, different bismuth-based heterojunctions were synthesized by 

high energy ball milling route a simple, one-step and non-expensive process. -Bi2O3/Cu2O 

heterojunction synthesized by high energy ball milling was characterized to study the effect 

of its structural, microstructural, and optical properties. Mechanical milling time and the 

amount of Cu2O coupled to -Bi2O3, generated structural defects, refinement of crystallite 

size and increase in tetragonality of -Bi2O3 that generates a decrease on the band gap 

energy of the heterojunction to lower values and a decrease in the photorecombination in 

electron-hole pairs. These results and the characterization on the microstructural properties 

elucidate an efficient coupling between both semiconductors. Besides, this p-n 

semiconductor heterojunction shows high photocurrent density for water and methanol 

oxidation and oxygen reduction. The band edge potentials elucidate the possible charge 

carrier transfer where electrons remain in the CB of Cu2O, and holes remain in the VB of 

Bi2O3 via direct Z-scheme. 

 

Based on these results, three different Bi-based heterojunction was measure for the 

photocatalytic activity for methanol photooxidation in a black body reactor; -Bi2O3/Cu2O, 

-Bi2O3/Bi0.5Na0.5TiO3 and -Bi2O3/ZnO. The determination of reaction rates (dn/dt) and 

quantum yields by chemical actinometry shows that -Bi2O3/Bi0.5Na0.5TiO3 present the 

higher activity for methanol oxidation under UV and visible light compared to -Bi2O3. 

The staggered band alignment of the heterojunction between an n-type and p-type 
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semiconductors as well the chemical stability of both catalysts as well the position of the 

valence band and conduction band of both catalysts promotes the efficient charge carrier 

transfer and separation to promote the photocatalytic oxidation of methanol. 

 

For the photocatalytic activity for H2 evolution it was concluded that as-synthesized 

heterojunctions are not able to reduce protons since all electrons are transferred to the 

conduction band of -Bi2O3. However, the bismuth-based perovskite Bi0.5Na0.5TiO3 shows a 

remarkable activity in presence of sacrificial agents to work as electron and hole 

scavengers.  

 

The research performed in this doctoral project elucidates the synthesis of a new 

family of bismuth-based heterojunctions with high photocatalytic activity for the oxidation 

of model compounds. The synthesis procedure plays a crucial role on the performance of 

the heterojunction. The efficient coupling between the semiconductor is one of the most 

relevant characteristics to promote the charge carrier transfer and separation in order to 

study the possible mechanisms of reactions. 
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