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Preface 

The four chapters of this PhD thesis cover the work performed by the PhD candidate 

Congcong Xing at the Universitat Politècnica de Catalunya (UPC) and the Institut de Recerca 

en Energia de Catalunya (IREC) in the period 2017-2021, supported by China Scholarship 

Council (No. 201707040052). The thesis focuses on the design and development of TiO2-

based heterostructure photocatalysts for hydrogen production from ethanol 

dehydrogenation.  

In the first chapter, a fundamental introduction to the basic concepts of the photocatalysis 

field, its state of the art, the remaining challenges and the thesis objectives are presented. 

Chapters two to five provide the experimental work. In chapter two, the synthesis and 

performance of porous NiTiO3/TiO2 nanostructures are presented. The presence of NiTiO3, 

with a lower band gap energy, provides a higher light absorption. Meanwhile the porous 

nanostructures improve the surface area. In chapter three, the synthesis of CoTiO3/TiO2 

heterostructures is presented. These heterostructures have a significant influence on 

visible light absorption and thus on the hydrogen production. UV−vis spectroscopy and 

UPS analysis showed the alignment of the energy levels pointed at a Z-scheme mechanism, 

with the CBM of CoTiO3 below the H2/H+ energy level. In chapter four, Cu2O/TiO2 

heterostructures are synthesized and characterized. These materials are also tested for 

the photocatalytic dehydrogenation of ethanol in water:ethanol vapor mixture. In these 

materials we discern the influence of temperature and photogenerated electron-hole pairs 

in the generation of hydrogen using visible light irradiation. 
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Abstract 

The photocatalytic production of hydrogen from water and biomass derivatives such as 

ethanol, glycerol and sugars is a highly attractive strategy to generate environmentally benign 

hydrogen. Ethanol is more easily oxidized than water by holes in the valence band (VB) of 

photoexcited semiconductors, which also helps to suppress the recombination of electron-

hole pairs, thus increasing the usage of electrons in the conduction band (CB) of photoexcited 

semiconductors to yield hydrogen. Furthermore, ethanol is a renewable resource that is 

readily produced by conventional fermentation of sugars and starch.  

Titanium dioxide (TiO2) has been widely investigated in the field of photocatalysis due to its 

photosensitivity, low cost, natural abundance, non-toxicity, and good chemical and thermal 

stability. However, the solar energy conversion efficiency of TiO2 is hindered by its large 

bandgap (3.2 eV). Here, we demonstrate that the combination of TiO2 with Ni, Co and Cu can 

substantially promote local spatial charge separation and proton activation in TiO2, achieving 

high-efficiency for H2 photoproduction. 

In chapter 2, we present a strategy to produce porous NiTiO3/TiO2 nanostructures with 

excellent photocatalytic activity toward hydrogen generation. Nickel-doped TiO2 needle 

bundles were synthesized by a hydrothermal procedure. Through the sintering in air of these 

nanostructures, porous NiTiO3/TiO2 heterostructured rods were obtained. Alternatively, the 

annealing in argon of the nickel-doped TiO2 needle bundles resulted in NiOx/TiO2 elongated 

nanostructures. Porous NiTiO3/TiO2 structures were tested for hydrogen evolution in the 

presence of ethanol. Such porous heterostructures exhibited superior photocatalytic activity 

toward hydrogen generation, with hydrogen production rates up to 11.5 mmol h-1 g-1 at room 

temperature. This excellent performance is related here to the optoelectronic properties and 

geometric parameters of the material. The results were published in Journal of Materials 

Chemistry A in 2019. 

In chapter 3, CoTiO3/TiO2 composite catalysts with controlled amounts of highly distributed 

CoTiO3 nanodomains for photocatalytic ethanol dehydrogenation are developed and studied. 

To take advantage of solar light, the CoTiO3 nanoparticles with a band gap around 2.3 eV were 

synthesized by a hydrothermal procedure. We demonstrate these materials to provide 

outstanding hydrogen evolution rates under UV and visible illumination. The origin of this 
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enhanced activity is extensively analysed. In contrast to previous assumptions, UV−vis 

absorption spectra and ultraviolet photoelectron spectroscopy (UPS) prove CoTiO3/TiO2 

heterostructures to have a type II band alignment, with the CB minimum of CoTiO3 below the 

H+/H2 energy level. Additional steady-state photoluminescence (PL) spectra, time-resolved PL 

spectra (TRPLS), and electrochemical characterization prove such heterostructures to result 

in enlarged lifetimes of the photogenerated charge carriers. These experimental evidences 

point toward a direct Z-scheme as the mechanism enabling the high photocatalytic activity of 

CoTiO3/TiO2 composites toward ethanol dehydrogenation. In addition, we probe small 

changes of temperature to strongly modify the photocatalytic activity of the materials tested, 

which could be used to further promote performance in a solar thermo-photocatalytic reactor. 

The results were published in ACS Applied Materials & Interfaces in 2021. 

The optimization of photodehydrogenation of ethanol requires the use of highly active, stable 

and selective photocatalytic materials based on abundant elements, and the proper 

adjustment of the reaction conditions, including temperature. In chapter 3, Cu2O-TiO2 type-II 

heterojunctions with different Cu2O amounts are obtained by a one-pot hydrothermal 

method. The structural and chemical properties of the produced materials and their activity 

toward ethanol photodehydrogenation under UV and visible light illumination are evaluated. 

The Cu2O-TiO2 photocatalysts exhibit high selectivity toward acetaldehyde production and up 

to tenfold higher hydrogen evolution rates compared to bare TiO2. We further discern here 

the influence of temperature and visible light absorption on photocatalytic performance. Our 

results point toward the combination of energy sources in thermo-photocatalytic reactors as 

an efficient strategy for solar energy conversion. The results were published in Nanomaterials 

in 2021. 
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Resumen 

La producción fotocatalítica de hidrógeno a partir de agua y derivados de biomasa como 

etanol, glicerol y azúcares es una reacción atractiva para proporcionar hidrógeno sin apenas 

impacto ambiental. El etanol se oxida más fácilmente que el agua por los huecos en la banda 

de valencia de los semiconductores fotoexcitados, suprimiendo la recombinación de pares 

electrón-hueco y, por lo tanto, aumentando la reactividad de los electrones en la banda de 

conducción de los semiconductores fotoexcitados para producir hidrógeno. Además, el etanol 

es un recurso renovable que se produce fácilmente mediante la fermentación convencional 

de azúcares y almidón.  

El dióxido de titanio (TiO2) ha sido ampliamente investigado en el campo de la fotocatálisis 

debido a su fotosensibilidad, bajo costo, abundancia natural, no toxicidad y buena estabilidad 

química y térmica. Sin embargo, la eficiencia de conversión de energía solar del TiO2 se ve 

obstaculizada por su gran banda prohibida (3,2 eV). Aquí, demostramos que la incorporacion 

de Ni, Co y Cu puede promover sustancialmente la separación de cargas locales y la activación 

de protones por el TiO2, logrando una alta eficiencia en la fotoproducción de H2. 

En el capítulo 2, presentamos una estrategia para producir nanoestructuras porosas de 

NiTiO3/TiO2 con excelente actividad fotocatalítica hacia la generación de hidrógeno. En el 

capítulo 2, se sintetizaron agujas de TiO2 dopado con níquel mediante un procedimiento 

hidrotermal. Mediante la sinterización al aire de estas nanoestructuras se obtuvieron 

heteroestructuras en forma de varillas de NiTiO3/TiO2 porosas. Alternativamente, el 

tratamiento térmico bajo argón de las varillas de TiO2 dopado con níquel dió como resultado 

nanoestructuras alargadas de NiOx/TiO2. Las estructuras porosas de NiTiO3/TiO2 se ensayaron 

para determinar la producción de hidrógeno en presencia de etanol. Tales heteroestructuras 

porosas exhibieron una actividad fotocatalítica superior hacia la generación de hidrógeno, con 

tasas de producción de hasta 11,5 mmol h-1 g-1 de hidrógeno a temperatura ambiente. Este 

excelente rendimiento se relaciona con las propiedades optoelectrónicas y los parámetros 

geométricos del material. Los resultados se publicaron en Journal of Materials Chemistry A en 

2019. 

Para aprovechar la luz solar, se sintetizaron nanopartículas de CoTiO3 con un intervalo de 

banda de alrededor de 2.3 eV mediante un procedimiento de sinterización hidrotermal. En el 

capítulo 3, se prepararon catalizadores compuestos CoTiO3/TiO2 con cantidades controladas 
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de nanodominios CoTiO3 altamente distribuidos para la deshidrogenación fotocatalítica de 

etanol. Demostramos que estos materiales presentan una actividad fotocatalítica de 

generación de hidrógeno excepcionales bajo iluminación UV y visible. El origen de esta 

actividad se analiza ampliamente. En contraste con las suposiciones anteriores, los espectros 

de absorción UV-vis y la espectroscopia de fotoelectrones ultravioleta (UPS) demuestran que 

las heteroestructuras de CoTiO3/TiO2 tienen una alineación de banda de tipo II, con la banda 

de conducción del CoTiO3 por debajo del nivel de energía H+/H2. Los espectros de 

fotoluminiscencia (PL), los espectros de PL resueltos en el tiempo (TRPLS) y la caracterización 

electroquímica demuestran que tales heteroestructuras dan como resultado una mayor vida 

útil de los portadores de carga fotogenerados. Estas evidencias experimentales apuntan hacia 

un esquema Z directo como el mecanismo que permite la alta actividad fotocatalítica de los 

compuestos CoTiO3/TiO2 hacia la deshidrogenación del etanol. Además, se analizó el efecto 

de la temperatura en la actividad fotocatalítica de los materiales probados, lo que podría 

usarse para promover aún más el rendimiento en un reactor solar termo-fotocatalítico. Los 

resultados se publicaron en ACS Applied Materials & Interfaces en 2021. 

La optimización de la fotodeshidrogenación del etanol requiere el uso de materiales 

fotocatalíticos altamente activos, estables y selectivos basados en elementos abundantes y el 

adecuado ajuste de las condiciones de reacción, incluida la temperatura. En el capítulo 3, se 

obtuvieron heterouniones Cu2O-TiO2 tipo II con diferentes cantidades de Cu2O mediante un 

método hidrotermal en un solo paso. Se evalúan las propiedades estructurales y químicas de 

los materiales producidos y su actividad hacia la fotodeshidrogenación de etanol bajo 

iluminación UV y con luz visible. Los fotocatalizadores Cu2O-TiO2 muestran una alta 

selectividad hacia la producción de acetaldehído e hidrógeno hasta diez veces más altas en 

comparación con el TiO2. También discernimos aquí la influencia de la temperatura y la 

absorción de luz visible en el rendimiento fotocatalítico. Nuestros resultados apuntan a la 

combinación de fuentes de energía en reactores termo-fotocatalíticos como una estrategia 

eficiente para la conversión de energía solar. Los resultados se publicaron en nanomateriales 

en 2021. 
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Resum 

La producció fotocatalítica d’hidrogen a partir de derivats de l’aigua i de la biomassa com 

l’etanol, el glicerol i els sucres és una reacció atractiva per proporcionar hidrogen benigne per 

al medi ambient. L’etanol s’oxida més fàcilment que l’aigua mitjançant forats de la banda de 

valència dels semiconductors fotoexcitats, suprimint la recombinació de parells electró-forat 

i, per tant, augmentant la reactivitat dels electrons en la banda de conducció dels 

semiconductors fotoexcitats per produir hidrogen. A més, l’etanol és un recurs renovable que 

es produeix fàcilment mitjançant la fermentació convencional de sucres i midó. El diòxid de 

titani (TiO2) ha estat àmpliament investigat en el camp de la fotocatàlisi a causa de la seva 

fotosensibilitat, baix cost, abundància natural, no toxicitat i bona estabilitat química i tèrmica. 

No obstant això, l'eficiència de conversió d'energia solar de TiO2 es veu obstaculitzada per la 

seva gran amplada de banda (3,2 eV) i la alta taxa de recombinació dels portadors 

fotogenerats. Aquí demostrem que el Ni, Co i Cu poden promoure substancialment la 

separació de càrregues i l’activació de protons en el TiO2, aconseguint una alta eficiència per 

a la fotoproducció d’H2. 

En el capitol 2, presentem una estratègia per produir nanoestructures poroses de NiTiO3/TiO2 

amb una excel·lent activitat fotocatalítica cap a la generació d’hidrogen. Al capítol 2, es van 

sintetitzar agulles de TiO2 dopades amb níquel itjançant un procediment hidrotermal. 

Mitjançant la sinterització a l'aire d'aquestes nanoestructures es van obtenir agulles 

heterostructurades poroses de NiTiO3/TiO2. Com a alternativa, el tractament tèrmic en argó 

de les agulles de TiO2 dopades amb níquel va donar lloc a nanoestructures allargades de 

NiOx/TiO2. Es van provar les estructures poroses de NiTiO3/TiO2 per a la producció d’hidrogen 

en presència d’etanol. Aquestes heteroestructures poroses presentaven una activitat 

fotocatalítica superior cap a la generació d’hidrogen, amb taxes de producció de fins a 11.5 

mmol h-1 g-1 d’hidrogen a temperatura ambient. Aquest excel·lent rendiment està relacionat 

amb les propietats optoelectròniques i els paràmetres geomètrics del material. Els resultats 

es van publicar a Journal of Materials Chemistry A el 2019. 

Per aprofitar la il·luminació solar, es van sintetitzar nanopartícules de CoTiO3 amb una banda 

adequada al voltant de 2,3 eV mitjançant un procediment de sinterització hidrotermal. Al 

capítol 3, els catalitzadors compostos CoTiO3/TiO2 amb quantitats controlades de 

nanodominis distribuïts de CoTiO3 es van provarper a la deshidrogenació fotocatalítica 

d’etanol. Demostrem que aquests materials proporcionen velocitats d’evolució d’hidrogen 
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excepcionals sota il·luminació UV i visible. S’analitza a fons l’origen d’aquesta activitat 

millorada. En contrast amb els supòsits anteriors, els espectres d’absorció UV-vis i 

l’espectroscòpia de fotoelectrons ultraviolats (UPS) demostren que les heteroestructures 

CoTiO3/TiO2 tenen una alineació de banda de tipus II, amb la banda de conducció mínima de 

CoTiO3 per sota del nivell d’energia H+/H2. Els espectres addicionals de fotoluminescència en 

estat estacionari (PL), espectres PL resolts en el temps (TRPLS) i caracterització electroquímica 

demostren que aquestes heteroestructures donen lloc a una vida més gran dels portadors de 

càrrega fotogenerats. Aquestes evidències experimentals apunten cap a un esquema Z directe 

com el mecanisme que permet l’alta activitat fotocatalítica dels compostos CoTiO3/TiO2 cap a 

la deshidrogenació de l’etanol. A més, explorem els efectes derivats de petits canvis de 

temperatura sobre l’activitat fotocatalítica dels materials provats, que es podria utilitzar per 

afavorir encara més el rendiment en un reactor solar termofotocatalític. Els resultats es van 

publicar a ACS Applied Materials & Interfaces el 2021. 

L’optimització de la fotodehidrogenació de l’etanol requereix l’ús de materials fotocatalítics 

altament actius, estables i selectius basats en elements abundants i l’adequat ajust de les 

condicions de reacció, inclosa la temperatura. Al capítol 3, s’obtenen heterojuncions de tipus 

Cu2O-TiO2 tipus II amb diferents quantitats de Cu2O mitjançant un mètode hidrotermal en una 

etapa. S’avaluen les propietats estructurals i químiques dels materials produïts i la seva 

activitat cap a la fotodehidrogenació d’etanol sota la il·luminació UV i llum visible. Els 

fotocatalitzadors Cu2O-TiO2 presenten una alta selectivitat cap a la producció d’acetaldehid i  

hidrogen fins a deu vegades més altes que el TiO2. Aquí també discernim la influència de la 

temperatura i l’absorció de llum visible en el rendiment fotocatalític. Els nostres resultats 

apunten a la combinació de fonts d’energia en reactors termofotocatalítics com una estratègia 

eficient per a la conversió d’energia solar. Els resultats es van publicar en Nanomaterials el 

2021. 
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Chapter 1 General Introduction 

1.1 Background of photocatalysis 

In the past decades, with the rapid population expansion and the rampant 

industrialization, wastewater discharge, air pollution and the disposal of solid waste 

have caused serious environmental pollution.1,2 Environmental pollution and energy 

shortages are a serious threat to the sustainable development of human society, and 

are two major challenges facing the world today.3,4 Renewable energy technologies 

are clean sources of energy that have a much lower environmental impact than 

conventional energy technologies.5,6 Besides, renewable energy can help to reduce 

dependence on traditional fossil fuels given its inexhaustible character, making them 

the cleanest, most viable solution to prevent environmental degradation.7,8  

Among renewable energies, solar energy is the most abundant. 173,000 terawatts of 

solar energy strike the Earth continuously, which is 10,000 times more than the 

world's total energy use.9,10 Solar energy has enormous advantages over many other 

sources of energy, which include low cost, pollution free and can reduce our reliance 

on fossil fuels, what makes it one of the most promising energy sources in moving to 

a clean and sustainable future.11,12  In this direction, photocatalysis, which can directly 

convert and store solar energy into chemical energy, is one of the most viable 

processes to alleviate and even solve both the global energy crisis and environmental 

pollution.13,14  

The commonly used photocatalysts belong to three main groups: 1) oxide-based 

photocatalyst, such as TiO2
15, ZnO16, RuO2

17, CuO18, Fe2O3
19, Ta2O5

20, NiO21, Cr2O3
22, 

exhibit excellent photocatalytic activities along with well-controlled structure, surface 

and crystalline features, and a high stability which makes them widely used in a variety 

of applications; 2) Chalcogenide-based binary photocatalysts (CBBPs) CdS23, ZnS24, 

MoS2
25, SnS2

26, etc. CBBPs have a suitable band gap. However, due to the photo-

corrosion effect, even with the presence of sacrificial agents, CBBPs are not stable in 

long-term photocatalytic reactions. 3) Nitride-based binary photocatalysts C3N4. C3N4 
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has a layered structure similar to graphite, C and N atoms form a highly delocalized π-

conjugated electron band structure through sp2 hybridization. The band gap is 2.7 eV, 

and the CB is above the redox potential of hydrogen. The VB is below the oxidation-

reduction potential. However, C3N4 exhibits small specific surface area, high exciton 

binding energy of photo-generated carriers, and high recombination rates, which 

hamper its application in photocatalytic water splitting. This thesis focuses on TiO2, 

which is the most common and well recognized as cost-effective, efficient, stable, and 

most importantly, environmentally friendly photocatalyst for a sustainable approach 

for environmental protection. 

1.2 TiO2-based photocatalysts 

Among the many semiconductors that have been developed for photocatalysis, TiO2 

is the most investigated because of its high photocatalytic activity, low price, high 

availability, non-toxicity and excellent photostability.27 TiO2 photocatalysts show high 

potential application in a number of fields, including water splitting, self-cleaning 

surfaces, water, air and wastewater treatment, and photoelectrochemical 

conversion.28 The photocatalytic activity of TiO2 closely depends on the 

crystallographic phase. There exist three main crystal structures of TiO2: anatase, 

brookite and rutile.29 Both anatase and brookite phases are metastable, while anatase 

exhibit higher photocatalytic activity. The rutile is the most stable phase but with less 

activity. Catalysis takes place at the material and different surface facets can display 

different properties.30 Down to nanoscale size, the chemical and physical properties 

of a material are fundamentally related to surface features. Considering this effect, 

researchers have paid tremendous attention to adjust material properties by precisely 

engineering the material surface, especially on the specific facets.31 During the 

synthesis of nanomaterials, the main challenge is how to expose/maximize a certain 

facet on the surface of nanocrystals, which has a positive effect on the semiconductor 

photocatalytic activity.32 

The detailed reaction kinetics and mechanisms of photocatalytic reaction on TiO2 have 

been investigated by using a number of molecular spectroscopies, that accelerate the 

development of various types of TiO2 based photocatalytic materials.33-41 In 1972, 
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Fujishima and Honda first reported UV-light assisted photoelectrolysis of H2O into H2 

and O2 by using a TiO2 photoanode in a photoelectrochemical cell.42 After this 

pioneering work, a significant amount of interest followed in the field of 

photocatalysis for H2 production, CO2 reduction and pollutant degradation.43-46  

Compared with thermal catalysis and electrocatalysis, photocatalysis possesses 

several advantages, including: 1) mild reaction condition, the photocatalytic reduction 

or oxidation reaction can be carried out at room temperature and pressure, and does 

not require high temperature and high pressure conditions;47 2) effective and 

complete reaction, photocatalytic oxidation can directly oxidize pollutants in the air 

or water into non-toxic and harmless H2O and CO2 without any secondary pollution;48 

3) green energy, photocatalytic technology can convert solar energy into high-

densified chemical energy, realizing photocatalytic decomposition of water to 

produce hydrogen, reducing CO2 into valuable fuels (hydrocarbons, alcohols, etc.);49 4) 

powerful oxidizing performance, photocatalytic reaction is capable to generate strong 

oxidizing hydroxyl radicals and superoxide radicals, whose oxidizing ability is higher 

than common oxidants such as ozone and hydrogen peroxide, and it is of special 

significance in decomposing organics that are difficult to degrade;50 5) long lifetime: 

photocatalysts are not consumed in the catalyzed reaction but can act repeatedly.51-

54  

In summary, photocatalysis is a promising technology to convert clean and 

inexhaustible solar energy into storable chemical energy. It has the advantages of low 

cost, environmentally friendly, safety, and renewable, and the development of highly 

efficient photocatalytic systems is highly desirable in dealing with energy crisis and 

environmental governance. 

1.3 Mechanism of photocatalysis 

The photocatalyst utilizes the energy delivered by light and modifies the rate of a 

chemical reaction without itself being involved in the chemical transformation.55,56 

The principle of photocatalysis is based on the activation of a semiconductor material 

by photonic radiation with energy equal to or higher than the bandgap energy, which 

leads to the creation of photo-activated electron/hole (e-/h+) pairs.57 A large portion 
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of the photogenerated e- and h+ will recouple, while the rest carriers will migrate to 

the surface and trigger a series of chemical reactions with the adsorbed substances on 

the surface of the photocatalyst.58 The electrons in the CB can be utilized to reduce a 

substrate, whereas the holes in the VB can be used to oxidize compounds.59,60 When 

the oxidation and reduction potentials of a reaction lie between the VB and CB 

potentials of the photocatalyst, the surface oxidation and reduction can be initiated 

by photoexcited carriers (e-/h+).61,62 The band positions for some frequently used 

semiconductor photocatalysts are listed in Figure 1. In particular, photocatalytic water 

splitting is a typical and promising hydrogen production reaction which requires the 

CB of photocatalyst to be at a potential less than 0 V.63 NHE (H+/H2) while the VB needs 

to be at a potential more than 1.23 V.64 It includes three steps: 1) light irradiation on 

semiconductor with photons’ energy above the bandgap, to generate electrons and 

holes in the conduction and the VB; 65 2) the excited electrons and holes are separated 

followed by migrating to the surface of the semiconductor particles; 66 3) chemical 

reactions occur on the surface, the electrons reduce water to form hydrogen while 

the holes oxidize water to form oxygen, respectively, as shown in Figure 1. Meanwhile, 

it should be noted that recombination of holes and electrons can happen on a fast 

rate without participating the water splitting reaction.67 

 

Figure 1. Photocatalytic H2O splitting. (a) Schematic of H2O splitting applying 
semiconductor photocatalyst. (b) Band structure of various semiconductors and redox 
potentials of H2O splitting.68 

The main limitation of photocatalytic water splitting is using pure water as reagent 

which is quite inefficient or even not applicable at all.69 This is because the 

a b
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simultaneous oxidation and reduction of water is rather complex, involving four 

electrons transfer.70 One effective way to solve this problem is to introduce a sacrificial 

reagent as electron donor that can significantly improve the H2 production.71 In this 

direction, charge carrier recombination would be greatly reduced as holes are 

removed by the sacrificial reagent.72 In addition, when O2 production is suppressed, 

the recombination of H2 and O2 to produce water is restrained, increasing the H2 yield. 

Ethanol is one of the most common sacrificial agents. The photodehydrogenation of 

ethanol to produce molecular hydrogen and acetaldehyde using solar light as the only 

energy input is especially appealing.73,74 As a liquid, ethanol can be easily stored and 

transported. Besides, ethanol can be easily produced from several biomass-derived 

feedstocks and organic residues such as sewage sludge.75-77 Additionally, bioethanol 

aqueous solutions can be directly used, without the need for purification. Compared 

with water splitting, the production of hydrogen from ethanol is thermodynamically 

advantageous (ΔG0 = +237 kJ·mol-1 for water oxidation vs. ΔG0 = +41.5 kJ·mol-1 for 

ethanol oxidation to acetaldehyde), which decreases the energy input required to 

drive hydrogen production.78,79 Compared with water splitting, ethanol 

dehydrogenation also enables a much simpler product purification, preventing the H2 

and O2 back reaction. Besides, compared with ethanol photo-reforming, ethanol 

photodehydrogenation to H2 and acetaldehyde could have a threefold higher 

economical profitability associated with the high economic value of the side product.80  

In the simplest scenario, ethanol can be photo-catalytically dehydrogenated at 

ambient pressure and temperature, yielding molecular hydrogen and acetaldehyde 

and releasing no CO2  

𝐶𝐻3𝐶𝐻2𝑂𝐻 + 2ℎ+  →  𝐶𝐻3𝐶𝐻𝑂 + 2𝐻+                                      (1) 

2𝐻+ + 2𝑒− →  𝐻2                                                         (2) 

Acetaldehyde is a particularly versatile chemical precursor extensively used by the 

chemical industry because the aldehyde moiety provides a functional handle that, 

through different reaction pathways, can be used to yield a range of products, 

including upgraded fuels as well as large volume commodity chemicals such as acetic 

acid or butadiene, among others.81-84 
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1.4 Semiconductor heterojunction photocatalysts 

One critical factor that determines the efficiency of photocatalysis is the separation 

and distribution of photoactivated electron/hole pairs. To achieve high photocatalytic 

performance, it is required to separate the generated electron/hole pairs efficiently, 

and at the same time to transport them to active sites rapidly for the desired reactions 

to be activated.85 In addition, charge recombination either at the surfaces or in the 

space charge region should be minimized. Construction of semiconductor 

heterostructures is an effective approach to improve charge separation for enhanced 

photocatalytic activity. According to band alignment characteristics, the 

semiconductor heterostructures can be generally classified into three main groups: 

type-I straddling heterojunction, type-II staggered heterojunction, and type III broken-

gap heterojunction, as illustrated in Figure 2.86  

 

Figure 2. Scheme of the three typical types of heterojunctions. (a) type I, (b) type II, (c) 
type III, where A and B represent two different semiconductors. 

1.4.1 Type-I heterojunction 

In a type I heterojunction, both VB and CB edges of semiconductor B are localized 

within the energy gap of semiconductor A, forming straddling band alignment (Figure 

2a). Since electrons and holes gain energy by moving down and up respectively, 

photoexcited electrons can transfer from CB(B) to CB(A), while the holes can be 

transferred from VB(B) to VB(A) when the contact between both materials is sufficient.  

1.4.2 Type-II heterojunction 

In a type-II heterojunction, the  CB minimum (CBM) of semiconductor A is at a lower 

energy position than that of semiconductor B. Besides the valence band maximum 
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(VBM) of semiconductor A is at a higher energy than the VBM of semiconductor B. 

Therefore, a driving force exist for photogenerated electrons in the CB(b) to move to 

CB(A) and photogenteated holes from VB(A) to move to VB(B).Thus holes concentrate 

in the VB(B) and electrons concentrated in the CB(A). 

1.4.2.1 Conventional type-II heterojunction photocatalytic mechanism 

In a type-II heterojunction usually photogenerated electrons are driven from part B to 

part A because of the higher negative potential of B, while the photoexcited holes 

transfer from A to B at the same time. This kind of band alignment is specifically 

beneficial for charge separation, which makes the type-II heterojunction more 

suitable for photocatalytic application than the type-I heterojunction. The suitable 

metal oxides contacted with TiO2 to form the type II heterostructures has been studied 

extensively. We reported a hydrothermal synthetic method to fabricate a type-II 

structure Cu2O/TiO2, and investigated the photocatalytic activity of different molar 

ratios of TiO2 and Cu2O in photocatalysis under UV irradiation. Compared with pure 

TiO2, Cu2O/TiO2 heterostructure exhibits enhanced photocatalytic activity due to 

significantly accelerated surface charge carrier separation and potential barrier at the 

interface of heterojunction to prevent recombination of electron−hole pairs (Figure 

3).87 In the resulting heterostructure, photogenerated electrons in the CB of Cu2O tend 

to move toward TiO2, where hydrogen generation takes place, and photogenerated 

holes in TiO2 tend to move toward the Cu2O, where ethanol is oxidized to 

acetaldehyde (Figure 3b).  
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Figure 3. (a) HER on TiO2 and 1% Cu2O/TiO2 nanocomposites under UV light irradiation; 
(b) Schematic illustration of proposed type-II photocatalytic mechanism of Cu2O/TiO2 

heterojunction. 87 

1.4.2.2 Type II heterojunction with  Z-scheme mechanism 

Although usually the photogenerated electrons and holes in type-II heterojunctions 

are isolated to greatly reduce their recombination within the framework of the above 

detailed mechanism, the major drawback of this design is that the redox ability of 

electrons and holes is weakened, due to electrons transferring to more positive CB 

and holes transferring to more negative VB. For this concern, it is difficult for a 

heterostructured photocatalyst to simultaneously achieve effective charge separation 

and strong redox activity. In a direct Z-Scheme, the CB electrons and VB holes of each 

semiconductors with lower energy are recombined, thereby retaining the relatively 

higher energy level of the VB holes and CB electrons. This  leads to higher oxidation 

and reduction capabilities.  A Z-scheme photocatalytic process is actually used in 

photosynthesis, which is a natural reaction processed by green plants that convers 

water and carbon dioxide into chemical energy under irradiation of sunlight.88 As show 

in Figure 4, in a Z-scheme system, the electrons with lower energy in the CB of B 

recombine with the holes in the VB of A, leaving strongly oxidative holes in the VB of 

A and strongly reductive electrons in the CB of B, which hold the maximum redox 

ability from individual semiconductor for catalytic reactions. A Z-scheme mechanism 

can provide superior photocatalytic performance than that a conventional type II 

heterojunction mechanism. 
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Figure 4. Schematic illustration of Z-scheme photocatalytic system. 

The direct Z-type mechanism was first proposed by Yu, JG et al.89 They used 

commercial TiO2 P25 and urea as raw materials to prepare a direct Z-scheme g-

C3N4/TiO2 photocatalyst by a facile calcination route (Figure 5). The photocatalytic 

activity was evaluated by photocatalytic oxidation and decomposition of 

formaldehyde in the air. The results showed that the photocatalytic activity of the 

prepared direct Z photocatalyst was closely related to the loading amount of g-C3N4. 

When the g-C3N4 content was optimal, the apparent reaction rate constant of HCHO 

decomposition was 7.36 × 10−2
 min−1, which is 2.1 times higher than that of pure P25. 

The increase in photocatalytic activity was attributed to a direct Z-type photocatalytic 

mechanism between g-C3N4 and TiO2. Under UV irradiation, the holes tend to keep in 

the VB of TiO2, while the electrons transfer to the VB of g-C3N4 from the CB of TiO2. 

The electrons in the VB of g-C3N4 are further excited to its CB. Then, the electrons 

stored in the CB of g-C3N4 are trapped by O2 to form ·O2
-, meanwhile the holes in the 

VB of TiO2 react with adsorbed water molecules to form ·OH. This direct Z-type 

photocatalytic mechanism effectively realizes the spatial separation of photo-induced 

charge carriers and improves the photocatalytic activity of the composite 

photocatalytic material. 

 

Figure 5. (a) Scheme illustrating band positions of g-C3N4 and TiO2 together with OH/-

OH and O2/O2
– redox potentials. (b) Conventional g-C3N4–TiO2 heterojunctions cannot 

form.89    

 

a b
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1.4.3 Type-III heterojunction 

The type-III heterojunction is similar to the type II, but the VB of B overlaps with the 

CB of A, which brings a higher force for charge migration and separation. The same 

mechanisms and concepts discussed for type-II heterojunctions apply for type-II 

heterojunctions. 

 

1.5 Methods and main strategies to produce TiO2 

Among the different synthetic methods to produce TiO2 nanostructures, the most 

common ones are: solvothermal90 sol-gel,91 and colloidal methods. 92 

1.5.1  Solvothermal method 

 

Figure 6. Schematic steps involved in solvothermal synthesis. 

 

Solvothermal synthesis is generally defined as a process where the chemical reaction 

take place in a closed system where a high temperature and pressure can be applied 

to form desired products in solution (Figure 6). The medium preferred in a 

solvothermal synthesis can be water, methanol, ethanol, ammonia and any other 

aqueous or non-aqueous solvent. In the case of water solution as solvent, the term 

solvothermal reaction changes to hydrothermal reaction. The procedure involves the 

mixing of the precursors in the solvent and its transfer into a sealed autoclave that will 

be subsequently heated to temperatures above the boiling point of the solvent. With 

precise adjusted precursors and reaction conditions, this method allows to produce 

high quality and homogeneously dispersed TiO2 nanocrystals with a narrow size 

distribution. Advantages of this strategy include its ability to synthesize crystal phases 

that are not stable at boiling temperature, well controlled quality of nanocrystals (size, 
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morphology and phase) and high-pressure reaction conditions. The major 

disadvantages of the method lie in the need of autoclaves, and the difficulty to 

observe the crystal as it grows inside a steel outer shell.93 

1.5.2 Sol-Gel Method 

The sol-gel (S-G) method is a wet-chemical technique that generally involves three 

main steps: 1) uniformly dissolving high chemically active precursors as raw materials 

in a liquid solution; 2) hydrolysis of precursors in either acidic or alkali conditions; 3) 

poly-condensation of the hydrolyzed product forming a three-dimensional polymeric 

network surrounded with solvent molecules. The network structure is filled with a 

high-volume percentage of solvent that loses fluidity to form a gel. The physical and 

chemical properties of final material will be determined by the experimental 

conditions and parameters. It has been proved that the structure-property of TiO2 can 

be well modified through S-G process that provides an easy and simple way to 

synthesize nanoparticles at ambient temperature and pressure. In addition, this 

procedure does not involve complicated set-up. It has numerous advantages over 

other solution-process techniques in term of homogeneity, easy to process, 

stoichiometry and composition control, high purity and in introducing various dopants 

in high concentration. Through S-G processing, the growth of TiO2 colloidal crystals can 

be effectively controlled in a micrometer/sub-micrometer range by hydrolysis–

condensation of titanium alkoxides in aqueous medium. 94 

1.5.3  Colloidal method 

Colloidal synthesis methods consist in reacting precursors within a solvent and 

stabilizing the formed particles as a colloidal suspension typically though the use of 

surfactants. To prepare uniform-sized nanoparticles, the stages of nucleation and 

growth are generally separated. For this reason, it is necessary to reduce the energy 

required for nucleation, make nucleation relatively fast, increase the number of 

nucleation sites, and quickly consume the reactants after the nucleation of 

nanoparticles or change the external conditions to terminate the nucleation. To 

achieve nucleation, the saturation of the reaction solution can be increased by 

changing the temperature.95,96 
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Surfactants can inhibit the growth of certain surfaces to favor the growth of other 

surfaces, thereby affecting the growth stage. 

 

Figure 7. Electron microscopy micrographs of a selection of solution-processed TiO2 

NPs with sizes in the range from 10 nm to around 100 nm produced during my PhD 

studies at IREC/UPC. 

1.6 Objectives 

Considering all the aspects mentioned above, the goal of this thesis is to develop TiO2 

heterostructured, non-toxic catalysts for photocatalytic hydrogen production. The 

selected transition metals should be low-cost and non-toxic, and highly efficient in 

light conversion after using hydrothermal synthesis methods. Keeping these aims in 

mind, the following objectives have been defined in this thesis: 

1. To develop high surface area photocatalysts based on TiO2 

2. To promote light absorption of TiO2 photocatalysts. 

3. To promote charge separation in TiO2 photocatalysts.  

4. To demonstrate an efficient photocatalytic H2 evolution from ethanol 

dehydrogenation. 

5. To discern here the influence of temperature and visible light absorption on 

photocatalytic performance. 

6. To determine the photocatalytic mechanism in Cu, Ni and Co-doped TiO2 

photocatalysts. 
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Chapter 2 Porous NiTiO3/TiO2 nanostructures for 
photocatatalytic hydrogen evolution 
 

 

 

2.1 Abstract 

We present a strategy to produce porous NiTiO3/TiO2 nanostructures with excellent 

photocatalytic activity toward hydrogen generation. In a first step, nickel-doped TiO2 

needle bundles were synthesized by a hydrothermal procedure. Through the sintering 

in air of these nanostructures, porous NiTiO3/TiO2 heterostructured rods were 

obtained. Alternatively, the annealing in argon of the nickel-doped TiO2 needle 

bundles resulted in NiOx/TiO2 elongated nanostructures. Porous NiTiO3/TiO2 

structures were tested for hydrogen evolution in the presence of ethanol. Such porous 

heterostructures exhibited superior photocatalytic activity toward hydrogen 

generation, with hydrogen production rates up to 11.5 mmol h-1 g-1 at room 

temperature. This excellent performance is related here to the optoelectronic 

properties and geometric parameters of the material. 
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2.2 Introduction 

Since first reports on photocatalytic water splitting, TiO2 has been considered one of 

the most attractive photocatalysts.1-3 Among others, its interest resides on its 

excellent optoelectronic properties, high resistance to photocorrosion, natural 

abundance, low-cost and safety.4-6 However, TiO2 optimization for solar 

photocatalysis requires maximizing its surface area.7 It also requires the introduction 

of dopants, additional phases or structural defects that allow this wide band gap 

semiconductor to take advantage of a larger spectral range of the solar radiation.8-13 

To maximize surface area, the production of hollow and porous TiO2 nanostructures 

has recently drawn growing attention.14-16 Besides, Ti-based mixed oxides and 

particularly perovskite titanates MTiO3 (M=Ba, Sr, Ca and Ni) have been pointed out 

as a new exciting class of photoactive materials.17-19 Additionally heterostructured 

oxides, such as SrTiO3/TiO2 and NiTiO3/TiO2 have been demonstrated to promote 

charge-separation, hole-transportation and visible-light-driven photocatalytic 

performance over TiO2.20-23 

To cite some examples in this direction, Wu et al. demonstrated an enhancement of 

the charge separation and hole transportation in TiO2/SrTiO3 nano-heterostructures 

to be at the origin of an improved photoelectrochemical performance20. When 

combined with TiO2, several other oxides and chalcogenides have demonstrated to be 

able to enhance its photocatalytic activities.23-26 In particular, Ni-based materials have 

been proven especially effective to improve TiO2 photocatalytic activity. Rawool et al. 

demonstrated pn heterojunctions in NiO/TiO2 produced by sol gel to promote 

photocatalytic H2 generation.27 Wei et al. showed Ni(HCO3)2 produced through a 

hydrothermal method to be an excellent co-catalyst to boost photocatalytic hydrogen 

evolution of mesoporous TiO2.28 Enhanced photocatalytic H2 production was also 

reported with the introduction of Ni(OH)2 clusters to commercially available TiO2
29 and 

in Ni/NiO/N-TiO2-x heterostructures produced from a NH3 plasma treatment of sol-gel 

derived Ti-Ni precursors.30 Besides, Qu et al. prepared porous NiTiO3 nanorods with 

enhanced photocatalytic performance toward the degradation of nitrobenzene.21 

While excellent results have been obtained to date, the synthesis of such mixed oxides 
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and oxide heterostructures in the form of high surface area materials is extremely 

challenging, what has limited further advances in this direction.31-33 

To overcome this severe challenge, we present here a simple, high throughput and 

scalable hydrothermal-based strategy to produce porous NiTiO3/TiO2 

heterostructures. This strategy is based on the synthesis of needle bundles of Ni-

doped TiO2 (TiO2:Ni) and their posterior sintering in air to produce highly crystalline 

NiTiO3/TiO2 heterostructures with a significant level of porosity reminiscent of the 

large density of interfaces within the needle bundles. We further demonstrate here 

that these preliminarily optimized materials are excellent photocatalysts for hydrogen 

generation. We choose hydrogen generation as test reaction owing to the excellent 

performances of Ni-based photocatalysts previously reported.27-30,34-36 

2.3 Experimental Section  

Chemicals 

Titanium(IV) isopropoxide (97%, Sigma-Aldrich), nickel(II) nitrate hexahydrate (98%, 

Fluka), ethanol (96%, PanReac AppliChem), hexadecylamine (HDA, 90%, Sigma-

Aldrich), potassium chloride (Sigma-Aldrich), and ammonium hydroxide solution (28-

30%, Sigma-Aldrich) were used without further purification. 

Synthesis of NiTiO3/TiO2 Heterostructures 

A solution of KCl (1.9 mg) in miliQ water (0.99 g) was added dropwise to a HDA (0.45 

g) solution in ethanol (20 mL) under stirring at room temperature. To this solution, a 

proper amount of Ni(NO3)2·6H2O was added (0 mg, 22.5 mg, 45 mg, 90 mg, and 225 

mg to reach 0, 0.5, 1, 2, and 5 mol% concentrations, respectively). Then, 4.7 mL of 

titanium(IV) isopropoxide was added. After stirring for 1 h at room temperature, we 

kept the solution 16 h without stirring, and afterward the solution was washed with 

ethanol three times using centrifugation to recover the product. This product was then 

dissolved in a solution containing 20 mL of MiliQ water, 40 mL of ethanol and 2.2 mL 

of ammonium hydroxide. This solution was stirred for 1 h and it was subsequently 

transferred to a 100mL Teflon-lined hydrothermal reactor. The reactor was heated at 

170 °C and maintained at this temperature for 17 h. Afterward, it was cooled down to 



28 

 

room temperature and the product was washed three times with ethanol. Dried 

materials were finally annealed in a tube furnace under synthetic air flow at 650 °C for 

8 h. 

Characterization 

X-ray diffraction analyses (XRD, 2θ: 20o-80o; scanning rate: 5o/min) were carried out 

on a Bruker AXS D8 Advance X-ray diffractometer with Ni-filtered Cu-Kα radiation (λ= 

0.15406 Å), operating at 40 mA and 40 kV. The morphology and size of the particles 

were characterized by transmission electron microscopy (TEM, ZEISS LIBRA 120), 

working at 120 kV and field-emission scanning electron microscopy (SEM, Zeiss Auriga) 

operating at 5.0 kV. High resolution transmission electron microscopy (HRTEM) 

images and scanning transmission electron microscopy (STEM) studies were 

conducted on a FEI Tecnai F20 field emission gun microscope operated at 200 kV with 

a point-to-point resolution of 0.19 nm, which was equipped with high angle annular 

dark field (HAADF) and a Gatan Quantum electron energy loss spectroscopy (EELS) 

detectors. Elemental analysis was carried out using an Oxford energy dispersive X-ray 

spectrometer (EDX) combined with the Zeiss Auriga SEM working at 20.0 kV. X-ray 

photoelectron spectroscopy (XPS) was examined on a SPECS system equipped with a 

Phoibos 150 MCD-9 detector, working at 150 mW with an Al anode XR50 source. 

Fourier transform infrared spectroscopy (FTIR, Alpha Bruker) was carried with a 

platinum attenuated total reflectance single reflection module. Nitrogen sorption 

measurements were collected on a MicroActive 3.00 at 77.3 K. 

Photocatalytic Hydrogen Evolution Tests 

In a typical experiment, a cellulose paper impregnated with 2.0 mg of the 

photocatalyst was placed inside a photocatalytic reactor that was equipped with a UV 

LED (Figure 1). An Ar gas stream was saturated with a water:ethanol vapour mixture 

(90:10 ratio on a molar basis) by bubbling dry Ar gas at a flow rate of 20 mL·min-1 

through a saturator (Dreschel bottle) containing a liquid mixture of 87.5 g of H2O and 

9.92 g of ethanol.37,38 This Ar stream was introduced into the photoreactor and passed 

through the cellulose paper loaded with the photocatalyst. The photoreactor effluent 
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was monitored on-line every 4 min using gas chromatography (GC) (Agilent 3000A 

MicroGC) using three columns: MS 5 Å, Plot U and Stabilwax. The LED UV light source 

(from SACOPA, S.A.U.) consisted of four LEDs at 365 ± 5 nm and a synthetic quartz 

glass cylindrical lens that transmitted the light to the photocatalyst. Light irradiation 

was measured directly with a UV-A radiation monitor from Solar Light Co. and was 

79.1± 0.5 mW·cm−2 at the sample position. At the beginning of each experiment, the 

UV light was off, and the reaction system was purged by entering 20 mL·min-1 of 

saturated Ar gas with the water-ethanol vapour mixture, to remove oxygen in the line. 

After 30 min, the UV light was turned on and we monitored all photoreaction products 

during ca. 20-40 min by GC. Control experiments were carried out with only the 

cellulose paper support and no photoactivity was measured. 

 

Figure 1.  (a) Photograph of the system used to test the photocatalytic hydrogen 
generation: 1 displays the Dreschel bottle containing the ethanol-water solution (1:9 
molar). 2 displays the actual photoreactor. (b) Scheme of the photoreactor. 

Electrochemical Impedance Spectroscopy (EIS) 

EIS analyses were performed using a Bio-Logic SP-300 potentiostat in a 3-electrode 

configuration employing a Cappuccino-type PEC cell, wherein the photocatalyst was 
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deposited as a thin film in a conductive substrate (FTO) to be used as working 

electrode, whereas a Ag/AgCl electrode and a Pt wired were used as a reference and 

a counter electrode, respectively. The applied potential on the working electrode was 

sinusoidally modulated with an amplitude of 25 mV using frequencies ranging from 

100 kHz to 50 mHz. The analysis of the impedance response was undertaken using 

ZView (Scribner Associates). 

The apparent quantum yield (AQY) was estimated using the following equation: 

𝐴𝑄𝑌 =
2𝑛𝐻2

𝑛𝑝
· 100 =

𝑛𝑁𝐴

𝐸𝑇 𝐸𝑝⁄
· 100 

where 𝑛𝐻2
 is the number of molecules of H2 generated and np is the number of 

incident photons reaching the catalyst. The number of incident photons can be 

calculated by 𝑛𝑝 = 𝐸𝑇 𝐸𝑝⁄ , where ET is the total energy reaching the catalyst and Ep is 

the energy of a photon. ET = PSt, where P (W·m-2) is the power density of the incident 

monochromatic light, S (m2) is the irradiation area and t (s) is the duration of the 

incident light exposure. Ep = hc ⁄ , where h is the Planck’s constant, c the speed of 

light and  (m) is the wavelength of the incident monochromatic light. The number of 

hydrogen molecules can be calculated as nH2
= nNA, where n are H2 moles evolved 

during the time of light exposure (t), and NA is the Avogadro constant.39-41 In our 

experimental conditions, the wavelength of the incident light was  = 365 nm, the 

power density of the incident light at the paper surface was P = 79.1mW·cm-2 and the 

irradiation area was S = 2.27 cm2. 

 

2.4 Results and discussion 

Characterization of the Photocatalysts 

Ni-doped TiO2 (TiO2:Ni) nanostructures were produced from the hydrothermal 

decomposition of titanium(IV) isopropoxide in the presence of proper amounts of 

nickel(II) nitrate hexahydrate, HDA as a shape-directing agent and KCl to control the 

ionic strength of the solution (see experimental section for details and Figure 2 for 

SEM images).42 As shown by TEM characterization, the size and shape of the 
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nanostructures obtained from this hydrothermal reaction strongly depended on the 

amount of Ni introduced (Figure 3). In the absence of Ni, nanoparticles with an 

average size around 50 nm and mostly irregular shapes, although some elongated, 

were obtained. When introducing increasingly higher amounts of Ni, more and more 

elongated nanostructures were obtained. In the presence of a nominal 5% of Ni, most 

structures resembled nanorods with a length in the range from 100 nm to 200 nm and 

thickness of 30-60 nm (Figures 4b, 4b and 3). A closer look to these nanorods allowed 

discerning that they consisted of needle-shaped nanostructures assembled in bundles 

(Figure 5b). 

 

Figure 2. SEM images of TiO2:Ni (5%) produced in the following conditions: (a) without 
HDA, (b) without H2O, (c) in HDA-H2O-KCl. 

 

 

Figure 3. TEM images of (a) TiO2, (b) TiO2:Ni (1%), (c) TiO2:Ni (2%). 

 

XRD analyses showed the crystal structure of these needle bundles to match that of 

anatase TiO2. Diffraction peaks shifted to lower angles with the introduction of 

increasing amounts of Ni (Figure 1a), which pointed at the presence of Ni ions within 

the TiO2 anatase lattice. Besides anatase TiO2, no additional crystallographic phase 

200 nm 1 µm 1 µm

a b c

200 nm 200 nm 200 nm

ca b c
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could be discerned from XRD patterns. EDX analysis showed the Ni atomic 

concentration to be systematically higher than the nominal amount introduced, 

pointing at a higher yield of reaction of the nickel(II) nitrate than the titanium(IV) 

isopropoxide under the hydrothermal conditions used for the synthesis (Table 1). 

 

Figure 4. (a) XRD patterns of TiO2 and TiO2:Ni (1%, 2%, 5%) nanopowders. (b) TEM 
image of TiO2:Ni (5%) nanopowder. 

 

Table 1. Ti and Ni atomic concentrations of TiO2, TiO2:Ni (1%, 2%, 5%) and  NiTiO3/TiO2 
(1%, 2%, 5%).  

 

 

TiO2:Ni nanopowders were annealed under synthetic air flow at 650 °C during 8 h. 

Upon this thermal treatment, the color of the material changed from the original 

blueish, characterizing TiO2:Ni samples, to yellow (Figure 6). TEM micrographs of the 
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annealed powder showed it to still consist on elongated nanostructures. However, on 

the contrary to the starting nanoneedle bundles, the annealed nanostructures 

displayed a crystallographic continuity (Figure 5c). Additionally, the annealed 

nanostructures presented numerous holes all over them (Figure 5d). In contrast, the 

annealing of undoped TiO2 nanopowders in the same conditions did not result in such 

porous structure (Figure 7).  

 

Figure 5. (a) XRD patterns of NiTiO3/TiO2 (0, 1%, 2%, 5%) nanopowders obtained after 
annealing in air. (b) TEM micrograph of TiO2:Ni (5%) needle bundles. (c, d) TEM 
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micrographs of NiTiO3/TiO2 (5%) porous structures obtained after annealing in air. (e) 
HAADF micrograph of a NiTiO3/TiO2 (5%) rod and corresponding EELS elemental maps 
for Ti, O, Ni and Ti-O-Ni. 

 

Figure 6. Scheme of the TiO2:Ni precursor preparation procedure: (a) TiO2:Ni, (b) 
NiOx/TiO2, (c) NiTiO3/TiO2. 

 

Figure 7. TiO2 annealing at 650 °C in air: (a) STEM micrograph and EELS chemical 
composition maps obtained from the yellow squared area of the STEM micrograph. 
Individual Ti L2,3-edges at 456 eV (red) and O K-edge at 532 eV (green) as well as its 
composite. (b) HRTEM micrograph, detail of the yellow squared region and its 
corresponding power spectrum. 

 

XRD analysis showed that the porous nanostructures obtained after the annealing of 

TiO2:Ni in air consisted mainly on anatase TiO2 (Figure 5a, 8a). With the annealing 

process, the shift of the XRD peaks observed in the precursor TiO2:Ni material 

disappeared, pointing at the outward diffusion of the Ni ions from the TiO2 lattice. 

Besides the anatase phase, XRD patterns displayed the presence of a second crystal 

170oC

(a)

(b)

(c)

(10-1)

(004) (103)

[010] Anatase TiO2

a b



35 

 

structure, which was identified as NiTiO3.43 The relative intensity of the peaks 

associated to this NiTiO3 phase clearly increased with the nominal amount of Ni 

(Figure 5a). Rietveld analysis showed the relative amount of the NiTiO3 phase to 

correspond to a 4.6 mol%, 9.0 mol% and 15 mol%, for samples obtained from nominal 

Ni concentration of 1 mol%, 2 mol% and 5 mol%, respectively (Figure 8b).44 Within its 

experimental error, EDX analysis showed the Ni molar concentrations to be 

maintained after the annealing process (Table 1). 

 

Figure 8 (a) HRTEM micrographs of NiTiO3/TiO2 (1%), detail of the yellow squared 
region and its corresponding power spectrum. (b) Refined fitting of the 
NiTiO3/TiO2(5%) x-ray diffraction data. Blue symbols: experimental data; continuous 
red line: modified background; continuous green line: calculated modelled structure; 
continuous light blue line beneath pattern: difference between observed and 
calculated parameters. Blue tickmarks correspond to reflections of NiTiO3 (R-3) unit 
cell, lower red ones to TiO2 (I41/amd) unit cell. GOF = 1.21. Rw = 6.99%. 

 

HRTEM analysis confirmed the annealed material to contain mostly anatase TiO2 

(Figures 7 and 8a).45 EELS elemental maps of the annealed materials showed Ni, Ti and 

O to be evenly distributed throughout the nanostructures (Figure 5e). The lack of 

evidences of the presence of large NiTiO3 crystal domains and the homogeneous 

distribution of Ni throughout the material observed by EELS and EDX analyses pointed 

at the growth of small NiTiO3 domains as a discontinuous shell on the surface of the 

porous TiO2 nanostructures.46 XPS analyses of the annealed samples displayed only 

one chemical state for Ti, assigned to Ti4+, and one for Ni, assigned to Ni2+, consistently 

with XRD, HRTEM, EELS and EDX characterization (Figures 9).47 XPS analysis showed 

the amount of Ni to be almost a twofold of that measured by EDX, pointing at its 
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preferential surface location (Table 1). 

 

Figure 9.  Ni 2p3/2 region (a), O 1s region (b) and Ti 2p region (c) of the XPS spectra of 
(1) TiO2:Ni (1%) (2) NiOx/TiO2 (1%) and (3) NiTiO3/TiO2 (1%) samples. 

 

When the Ni-doped material was annealed under Ar instead of air, the sample color 

changed from blue to black, instead of yellow (Figure 6), but the elongated geometry 

of the annealed structures was conserved. In contrast to the annealing in air, the 

nanostructuration of the original nanoneedle bundles partially persisted after 

annealing in argon. The particles annealed in argon did not show full crystallographic 

continuity and contained a lower density of holes compared with the material 

obtained from the annealing in air (Figure 10a). XRD patterns of materials annealed 

under argon showed anatase TiO2 as the main phase, with no evidence of the presence 

of NiTiO3, but with a small XRD peak at 2θ=28.6° that we associated to a NiOx phase 

(Figure 10a). The black nanopowder annealed under argon showed a magnetic 

moment, which further pointed toward the formation of a NiOx phase (Figure 6, 

10a,b).48 We hypothesize that the porous geometry of the NiTiO3/TiO2 structures 

obtained after annealing TiO2:Ni in air was created by the sintering of the nanoneedle 
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bundles. The large density of interfaces of the initial bundles translated in the 

formation of a large density of holes on the sintered material, which could be aided 

by the simultaneous outward diffusion of Ni ions to form NiTiO3 domains. On the 

contrary, annealing in argon did not allow a similar level of sintering of the 

nanostructures, which was promoted in air by the ubiquitous presence of oxygen. 

Thus, the material obtained from the annealing process in argon maintained smaller 

crystal domains and presented a less porous structure. The specific surface areas of 

NiTO3/TiO2 and NiOx/TiO2 is 28.0 and 40.8 m2·g-1, respectively, matching with the 

process of formation (Figure 10c,d). With the annealing process in air, pure TiO2 

nanopowders did not result in porous materials as those obtained from TiO2:Ni 

because they did not present a proper initial nanostructuration. 

 

Figure 10. (a) TEM image of NiOx/TiO2 (5%) annealed in argon. (b) XRD pattern of TiO2 
and NiOx/TiO2 (1%, 2%, 5%) annealed in argon. Nitrogen adsorption (open symbols) 
and desorption (filled symbols) isotherms measured of (c) NiOx-TiO2(1%) and (d) 
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NiTiO3-TiO2(1%) at 77.3 K. 

Photogeneration of Hydrogen 

To test their photocatalytic properties toward hydrogen evolution, the annealed 

materials were supported on a conventional filter paper and placed on a reactor 

containing a UV LED light source. An Ar flow saturated with a water-ethanol vapor 

mixture was flowed through this reactor. Exhaust gases were analyzed using GC, being 

acetaldehyde and hydrogen the main reaction products (Figure 1).  

Figure 11a shows the accumulated hydrogen production during a 32 min reaction for 

NiTiO3/TiO2 hetero-nanostructures having different nominal Ni concentrations. Data 

for bare TiO2 and pure NiTiO3 (Figures 12a,b) prepared following the same procedure 

(see experimental section for details) were also plotted in Figure 11a as reference. 

NiTiO3/TiO2 hetero-nanostructures with a nominal 1% of Ni systematically provided 

the highest hydrogen production rates, with values up to 11.5 mmol·h-1g-1 and an AQY 

of 11.6% at 365 nm, well above those previously reported for other Ni-Ti-O systems 

(Table 2). The hydrogen production rate of NiTiO3/TiO2 (1%) was almost a fourfold 

higher than that of bare TiO2 and 60 times larger than that of pure NiTiO3 (Figure 11b, 

13). The presence of larger amounts of Ni did not improve the evolution rate with 

respect to NiTiO3/TiO2 (1%). We associate this experimental evidence with the 

blocking of the TiO2 surface active sites when too large amounts of NiTiO3 were grown 

on the TiO2 surface. SEM characterization showed the morphology of the NiTiO3/TiO2 

hetero-nanostructures to remain unmodified after the catalytic test (Figure 11c). and 

SEM images of NiTiO3/TiO2 (5%) before and after 30 min photocatalytic test. 
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Figure 11. (a) H2 production of TiO2, NiTiO3/TiO2 (1%, 2%, 5%), NiOx/TiO2 (1%) and 
NiTiO3. (b) H2 production rate of TiO2, NiTiO3/TiO2 (1%, 2%, 5%), NiOx/TiO2 (1%) and 
NiTiO3. (c, d) Optical and SEM images of NiTiO3/TiO2 (5%) before and after 30 min 
photocatalytic test. 

 

 

Figure 12. (a) SEM images (b) XRD pattern of NiTiO3. 
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Figure 13. Photocatalytic H2 production rates obtained from TiO2, NiTiO3, TiO2:Ni (1%), 
NiOx/TiO2 (1%), NiTiO3/TiO2 ( 1%, 2%, 5%). 

 

Table 2. Comparison of the hydrogen evolution rate and the apparent quantum yield 
with reported Ni-Ti-O systems.  
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to pure TiO2 through the formation of the porous NiTiO3/TiO2 hetero-nanostructures 

during the annealing process. Additionally, the presence of NiTiO3 provided a higher 

light absorption coefficient at the used excitation wavelength. In case of using solar 

radiation, the presence of NiTiO3 would provide an even larger improvement with 

respect to pure TiO2, as it would allow absorbing a larger portion of the solar spectra 

due to its smaller band gap (Figure 14). Besides, the proper band alignment of TiO2 

and NiTiO3 allowed an efficient spatial charge separation that significantly reduced 

recombination of the photogenerated charge carriers before reaction. 

 

Figure 14. Kubelka-Munk function for TiO2, NiTiO3/TiO2 (1, 2, 5%) and NiOx/TiO2 
including a linear fit (dashed lines) to determine the band gap energy. 
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nanostructured TiO2 and other photocatalysts.22,50,54 This circuit consists of a resistor 

𝑅𝑆 in series with a bulk capacitance 𝐶𝑏𝑢𝑙𝑘, attributed to the space charge region, and 

a second resistor 𝑅𝑐𝑡,𝑏𝑢𝑙𝑘  that represents the charge transport resistance, both in 

parallel. At a first glance, the decrease in the size of the semicircle with the 

incorporation of Ni in TiO2 suggests the reduction in the charge transport 

resistance,49,50 which is further confirmed with the decrease of  𝑅𝑐𝑡,𝑏𝑢𝑙𝑘 from 15.4 k 

to 9.8 k pointing out the amelioration of the charge transport process. In addition, 

the electron lifetime 𝜏𝑛 can be calculated as the inverse of the angular frequency at 

the maximum of the Nyquist plot (2𝜋𝑓𝑚𝑎𝑥),22 highlighted in Figure 15a. Results reveal 

that 𝜏𝑛  increases from 4.5 ms to 6.6 ms when the heterostructure is formed. In 

general, 𝜏𝑛 is considered a metric of electron recombination, i.e., the longer the value 

the lesser the charge recombination. The lengthening of 𝜏𝑛 when TiO2 is interfaced 

with NiTiO3 underpins the effective charge carrier separation across the n-n 

heterojunction and thus the enhanced photocatalytic activity of the composite with 

respect TiO2. Similar behavior was reported by Wei and co-workers on NiTiO3/TiO2 

composite for inorganic sensitized solar cells.22 

In an attempt to further interrogate the energy band positions, Mott–Schottky (M–S) 

plots were constructed from 𝐶𝑏𝑢𝑙𝑘 values extracted from EIS measurements on TiO2 

and NiTiO3 and further analyzed using the M–S equation:  

𝐶𝑏𝑢𝑙𝑘
−2 =

2

𝑞𝐴2𝜀𝜀0𝑁𝐷
(𝑉 − 𝑉𝑓𝑏 −

𝑘𝑇

𝑞
) 

where 𝑞  is elementary charge, 𝐴  is taken as the geometric area (assuming a low 

surface roughness spin-coated thin film), 𝜀 is relative permittivity (taken to be 55 and 

15 for TiO2
51 and NiTiO3,52 respectively), 𝜀0 is vacuum permittivity, 𝑁𝐷 is donor density, 

𝑉  is applied potential, 𝑉𝑓𝑏  is flat band potential, 𝑘  is Boltzmann constant, and 𝑇  is 

absolute temperature. The positive slope in the linear region (dashed line in Figure 4b) 

unambiguously confirmed the n-type character of both NiTiO3 and TiO2, whereas 𝑉𝑓𝑏 

values of –0.186 V and –0.276 V vs. RHE were obtained for TiO2 and NiTiO3, 

respectively. Likewise, 𝑁𝐷 shows values of 1.1×1018 cm–3 for TiO2 and 5.5×1017 cm–3 

for NiTiO3. Similar values have also been reported by Thimsen et al. on nanocrystalline 
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anatase TiO2,51 and by Trari and co-workers on nanostructured NiTiO3.53 We note that 

the depletion width is estimated to be 20 nm in the linear region of M–S plot for both 

TiO2 and NiTiO3 so that M–S analysis can be reasonably applied in the case of not fully 

depleted feature.54 Considering the density-of-state effective mass for electrons 𝑚𝑑𝑒 

for nanocrystalline anatase TiO2 is 9.1×10–30 kg,51 and for nanostructured NiTiO3 is 

1.9×10–30 kg,55 the effective density of states in the CB  𝑁𝐶  is: 54,56 

𝑁𝐶 ≡ 2 (
2𝜋𝑚𝑑𝑒𝑘𝑇

ℎ2
)

3
2
 

where ℎ is Planck constant. 𝑁𝐶  is estimated to be 7.7×1020 cm–3 for TiO2, and 7.5×1019 

cm–3 for NiTiO3. Since the ratio between 𝑁𝐷 and 𝑁𝐶  is in all cases less than 0.05, both 

TiO2 and NiTiO3 could be treated as nondegenerate semiconductors, and therefore, 

the Boltzmann statistics can be applied:54,56 

𝐸𝐶𝐵 − 𝐸𝐹 = 𝑘𝑇 ln (
𝑁𝐶

𝑁𝐷
) 

where 𝐸𝐶𝐵 is the bottom of the CB and 𝐸𝐹 is the Fermi level position. 𝐸𝐶𝐵 is found to 

be around 168 mV and 126 mV above 𝑉𝑓𝑏 for TiO2 and NiTiO3, respectively.  

Based on the aforementioned results, Figure 15c displays a scheme of the electronic 

band structures. The relative band alignment between NiTiO3 and TiO2 allows the 

formation of a direct Z-scheme heterojunction. In such Ni-TiO2 system, while 

photogenerated electrons in the CB of TiO2 recombine with photogenerated holes in 

the VB of NiTiO3, photogenerated electrons with strong reduction ability remain in the 

CB of NiTiO3 ready to reduce water into hydrogen and photogenerated holes with 

strong oxidation abilities in the VB of TiO2 could drive ethanol dehydrogenation to 

acetaldehyde and hydrogen. Therefore, the formation of a direct Z-scheme 

NiTiO3/TiO2 heterojunction can promote photogenerated carriers with strong redox 

abilities to drive photocatalytic reaction.57 As a result, NiTiO3/TiO2 composites at 

optimal NiTiO3 loading condition shows a significantly increased photocatalytic 

activity. Similar Z-scheme photocatalytic systems have also been reported such as 

TiO2/Rh,58 TiO2/CdS,59 and CdS/cobalt–benzimidazole.60 
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Figure 15. a) Representative impedance response of TiO2 (black sphere) and 
NiTiO3/TiO2 (1%) (orange sphere) with the corresponding fit (solid lines) in Nyquist plot. 
The maximum point of the Nyquist plot is highlighted (hollow), and the equivalent 
circuit used is included as an inset. b) Mott–Schottky plot of TiO2 (black sphere) and 
NiTiO3 (red sphere) including a linear fit (dashed lines). c) Schematics of the electronic 
band structures of a Z-scheme NiTiO3/TiO2 heterojunction. 

 

2.5 Conclusions 

Porous NiTiO3/TiO2 heterostructures were prepared from the annealing in air of 

TiO2:Ni nanoneedle bundles obtained from a hydrothermal route. Pores were 

generated during the sintering of the nanostructured bundles due to the presence of 

a large density of interfaces on the precursor material. NiTiO3/TiO2 heterostructures 

were used for photocatalytic hydrogen generation from ethanol-water solutions at 

room temperature. NiTiO3/TiO2 hetero-structures provided unprecedented H2 
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production rates up to 11.5 mmol·h-1g-1 and an AQY of 11.6%. This excellent 

performance was associated to the improvement of three parameters, surface area, 

light absorption and charge separation. We estimated a factor 3 increase of the 

surface area with the introduction of Ni through the formation of porous NiTiO3/TiO2 

hetero-nanostructures during the annealing in air. Additionally, the presence of NiTiO3, 

with a lower band gap energy, provided a higher light absorption coefficient at the 

excitation wavelength. Besides, TiO2 and NiTiO3 presented a proper band alignment 

that allows an efficient spatial charge separation of the photogenerated charge 

carriers before reaction, as confirmed by EIS analysis. 
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Chapter 3 A Direct Z-Scheme for the Photocatalytic 

Hydrogen Production from a Water Ethanol Mixture on 

CoTiO3/TiO2 Heterostructures 
 

 

 

3.1 Abstract 

Photocatalytic H2 evolution from ethanol dehydrogenation is a convenient strategy to 

store solar energy in a highly valuable fuel with potential zero net CO2 balance. Herein, 

we report on the synthesis of CoTiO3/TiO2 composite catalysts with controlled 

amounts of highly distributed CoTiO3 nanodomains for photocatalytic ethanol 

dehydrogenation. We demonstrate these materials to provide outstanding hydrogen 

evolution rates under UV and visible illumination. The origin of this enhanced activity 

is extensively analyzed. In contrast to previous assumptions, UV–vis absorption 

spectra and ultraviolet photoelectron spectroscopy (UPS) prove CoTiO3/TiO2 

heterostructures to have a type II band alignment, with the CB  minimum of CoTiO3 
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below the H2/H+ energy level. Additional steady-state photoluminescence (PL) spectra, 

time-resolved PL spectra (TRPLS), and electrochemical characterization prove such 

heterostructures to result in enlarged life times of the photogenerated charge carriers. 

These experimental evidences point toward a direct Z-scheme as the mechanism 

enabling the high photocatalytic activity of CoTiO3/TiO2 composites toward ethanol 

dehydrogenation. In addition, we probe small changes of temperature to strongly 

modify the photocatalytic activity of the materials tested, which could be used to 

further promote performance in a solar thermo-photocatalytic reactor. 

 

3.2 Introduction 

Hydrogen is regarded as one of the most convenient energy vectors owing to its 

abundance, cleanness, and high energy density. However, as there is no natural source 

of molecular hydrogen, H2 needs to be produced from chemical compounds such as 

water, hydrocarbons, or alcohols, which requires a supply of energy. Among the 

possible sources of hydrogen, ethanol is particularly suitable both thermodynamically 

and in terms of net CO2 emissions. The production of hydrogen from ethanol is less 

energetically demanding than from water splitting, and the product can be more easily 

separated. At the same time, ethanol is the most common liquid fuel derived from 

biomass, being worldwide-produced in huge quantities (∼1011 liters annually) by the 

fermentation of sugars from corn starch and sugar cane and from large volume low 

value biomass like lignocellulose and organic waste.1−4 Ethanol biosourcing 

compensates CO2 released during combustion through its capture during 

photosynthesis, leading to a near zero net CO2 footprint. In addition, being liquid at 

ambient temperature, ethanol can be easily stored and transported to the point that 

the already established infrastructure for ethanol production and distribution makes 

it a very convenient precursor of other fuels, including H2 and higher alcohols.4,5 

In terms of source of energy, the use of solar energy to generate fuels and particularly 

hydrogen is especially attractive due to its abundance and ubiquitous availability at 

zero cost. From another point of view, the production of solar fuels can be regarded 

as a suitable strategy to store this intermittent form of energy.6, 7 



52 

 

Photocatalysts allow the production of molecular hydrogen from ethanol 

dehydrogenation using solar energy as unique energy input.1 In the simplest scenario, 

ethanol can be photocatalytically dehydrogenated at ambient pressure and 

temperature, yielding molecular hydrogen and acetaldehyde, and releasing no CO2: 

𝐶𝐻3𝐶𝐻2𝑂𝐻 + 2ℎ+  →  𝐶𝐻3𝐶𝐻𝑂 + 2𝐻+     (1) 

           2𝐻+ + 2𝑒− →  𝐻2                             (2) 

Acetaldehyde is a particularly versatile chemical precursor extensively used by the 

chemical industry because the aldehyde moiety provides a functional handle that, 

through different reaction pathways, can be used to yield a range of products, 

including upgraded fuels as well as large volume commodity chemicals such as acetic 

acid or butadiene, among others.8-10 Besides, this dehydrogenation reaction is also the 

limiting step in the synthesis of higher alcohols through the Guerbet reaction. Thus, 

separating it from the rest of the process could allow not only saving energy but also 

improving product selectivity by reducing the process maximum temperature.4, 11, 12 

To engineer an efficient photocatalyst for solar energy storage into fuels it is necessary 

to ensure an effective absorbance of the solar radiation, long lasting photogenerated 

charge carriers, which generally requires a means of charge separation, and a proper 

surface interaction with all the involved chemical species. To satisfy these demanding 

requirements, composite materials are generally used to extend the range of 

spectrum absorption, drive charge separation and offer additional 

adsorption/reaction sites. In many systems it is found that the photocatalytic reaction 

is most likely occurring at the interface between two different materials, what makes 

the engineering of this interface particularly important.7 To minimize recombination 

sites and defects, the interphase can be optimized by the direct growth of one phase 

from the surface of the other, or even more conveniently, by the segregation of 

nanodomains of the two phases from a common precursor material. To maximize the 

interface and minimize diffusion and side reactions of the involved species, a 

nanoscale dispersion of the different phases is required. 

TiO2 is the prototype photocatalyst due to its outstanding optoelectronic properties, 
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natural abundance, high photocorrosion resilience, lack of toxicity and low cost.13, 14 

However, TiO2 practical application is hampered by its large bandgap, that limits the 

range of solar spectra used.15, 16 The doping of titania with different elements and its 

combination with light absorbers have been demonstrated effective in extending the 

range of solar spectrum absorbed. But this improvement generally comes at the cost 

of decreasing internal quantum efficiencies due to increased charge carrier 

recombination, resulting in a limited overall improvement of the photon-to-fuel 

energy conversion efficiency. 

Cobalt titanate (CoTiO3) is a narrow band gap oxide semiconductor with a ABO3 

perovskite crystal structure, large carrier mobility, excellent stability, and high 

absorption coefficient.17-19  In combination with graphitic carbon nitride (g-C3N4) and 

Pt, it has been recently explored for photocatalytic hydrogen generation through a 

direct Z-scheme, where holes photogenerated in CoTiO3 participate in the oxidation 

reaction, electrons photogenerated in the g-C3N4 drive the reduction reaction, and at 

the interphase of the two materials electrons photogenerated in CoTiO3 recombine 

with holes generated in g-C3N4.17 CoTiO3/TiO2 composites have also been synthesized 

and used in multiple applications. In terms of synthesis, Yi et al. reported 

TiO2@|CoTiO3 core-shell nanowires grown in a two-step hydrothermal process at 

180 °C.20 Zou et al. reported the production of TiO2@CoTiO3 core-shell structures by a 

simple precipitation method and the posterior annealing of the products at a 

temperature in the range 600 °C to 1000 °C for 1 h.19 Sarkar et al. hydrothermally 

synthesized TiO2 and mixed it with a CTAB-solution of cobalt nitrate. The obtained 

dried mixture was subsequently calcined at 550 °C for 3 h in air to produce CoTiO3/TiO2 

composites .22 In terms of applications, CoTiO3/TiO2 composites have been used for 

photoelectrochemical water splitting;20 photocatalytic dye degradation,21 oxidative 

dehydrogenation of cyclohexane;22 dry reforming of methane;23 peroxymonosulfate 

activation and metronidazole degradation;24 resistive humidity sensing;25 

electrochemical sensing of dopamine;26 and anode in lithium ion batteries,27 but 

surprisingly CoTiO3/TiO2 composites have not been thoroughly tested as 

photocatalysts for H2 production from bioethanol dehydrogenation. 
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Herein, CoTiO3/TiO2 photocatalysts with different CoTiO3 amounts are produced by 

phase segregation during annealing of a Co-doped TiO2 precursor prepared by 

hydrothermal reaction. CoTiO3/TiO2 photocatalysts were tested for hydrogen 

generation from ethanol dehydration in gas phase. A 10% alcohol solution in water 

was used owing to its optimized activity and its proximity to commercial bioethanol, 

produced in the form of diluted aqueous solution from biomass fermentation. Notice 

that using aqueous solutions, thus avoiding the costly ethanol separation and 

purification, is fundamental for the cost-effectiveness of the process.2, 3, 5 

 

3.3 Experimental Section 

Chemicals: Titanium (IV) isopropoxide (97%), hexadecylamine (HDA, 90%) and 

ammonium hydroxide (28-30%) were ordered from Sigma Aldrich. Ethanol (96%) was 

purchased from PanReac AppliChem ITW Reagents. Cobalt (II) nitrate hexahydrate 

(98%) was purchased from Fluka. 

Synthesis of precursor photocatalysts (TiO2, CoTiO3 and TiO2:Co): To produce TiO2:Co 

precursor particles, first 0.45 g HDA was mixed with 40 mL ethanol at room 

temperature and stirred for 5 mins. Then, an accurate quantity of Co(NO3)2·6H2O (11.3, 

22.5, 45, and 112.5 to obtain 0.5, 1, 2, and 5 mol% concentrations, respectively) was 

introduced under stirring for another 5 min. Then, 2.3 mL titanium isopropoxide was 

added dropwise and kept stirring 16 h at ambient temperature. The mixture was 

washed 3 times with ethanol by centrifuging to collect the final product. The product 

was subsequently mixed with a solution of 20 mL of ethanol, 10 mL of MiliQ water and 

2.2 mL of ammonium hydroxide. Then it was kept for 16 h without stirring. Afterward, 

the mixture was placed in an autoclave reactor with a Teflon liner (50 mL) and 

maintained at 170 °C for 14 h. Afterwards, it was cooled down to room temperature 

and the product was washed three times with ethanol, then dry them at 60 ºC 

overnight. Reference TiO2 and CoTiO3 materials were produced in the same way, but 

using no cobalt nitrate for the former and a 1:1 molar ratio of cobalt nitrate and 

titanium isopropoxide for the later. 

Preparation of annealed photocatalysts (TiO2, CoTiO3 and CoTiO3/TiO2): CoTiO3/TiO2 
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(0.5, 1, 2 and 5 at%) were obtained by annealing the corresponding dried TiO2:Co 

precursors obtained by hydrothermal reaction at 650 °C for 8 h with synthetic air flow. 

Reference TiO2 and CoTiO3 materials were also obtained by annealing dried samples 

at 650 °C for 8 h with synthetic air flow. 

Characterization: The particle morphology and size were analyzed using transmission 

electron microscopy (TEM) in a ZEISS LIBRA 120, working at 120 KeV. High angle 

annular dark field (HAADF) scanning TEM and high-resolution TEM (HRTEM) analysis 

were performed on a FEI Tecnai F20 field emission gun microscope operated at 200 

keV combined with a Gatan Quantum electron energy-loss spectroscopy (EELS) 

detector. Scanning electron microscopy (SEM) was conducted using a ZEISS Auriga 

microscope. X-ray diffraction analyses (XRD) were carried out on a Bruker D8-Advance 

X-ray diffractometer (2θ: 20o-80o, scanning rate was set to 5o/min). The optical 

properties of photocatalysts were evaluated by UV/Visible diffuse spectroscopy (UV-

Vis-NIR Shimadzu 3600). X-ray photoelectron spectroscopy (XPS) was conducted with 

an Al anode XR50 source on a SPECS equipment using a Phoibos 150 MCD-9 detector 

(150 W). Steady-state photoluminescence (PL) spectra were conducted by a high-

resolution photoluminescence spectrofluorometer (Horiba Jobin Yvon Fluorolog-3). 

For the time-resolved photoluminescence spectroscopy (TRPL) measurements, a 

nanosecond LED with 350 nm peak wavelength (Horiba NanoLED N-390, pulse width 

< 1.3 ns) was applied to excite the samples. TRPL decay was resolved at 400 nm. 

Average lifetimes were obtained by fitting the TPPL spectra with DAS6 software 

(Horiba). Transient photocurrent (TPC) and electrochemical impedance spectroscopy 

(EIS) analyses were conducted using a Bio-Logic SP-300. Photocatalysts were coated 

on transparent conducting substrates (FTO) and were used as working electrode. 

Ag/AgCl was used as reference electrode and a Pt wire as counter electrode. For 

impedance characterization, a sinusoidal potential was applied to the working 

electrode with an amplitude of 25 mV and a frequency in the range 100 kHz - 50 mHz. 

Impedance response fitting was conducted using ZView (Scribner Associates). In TPC 

measurements, the same three-electrode configuration was employed and a Xenon 

arc lamp (Newport, 450 W) was used as light source. UV photoelectron Spectroscopy 

(UPS) measurements were performed on a Thermo Fisher Scientific Escalab 250Xi. 



56 

 

Nitrogen adsorption−desorption isotherms of the samples were obtained on a surface 

area analyzer (Micromeritics Tristar II 3020) at 77 K.  

Photocatalytic Hydrogen Evolution Measurements: A cellulose paper impregnated 

with the photocatalyst (2.0 mg) was holded inside a photocatalytic reactor equipped 

with 365 ± 5 nm UV LEDs (Figure S21). Light irradiation at the sample position was was 

79.1 mW·cm−2. Saturated Ar gas stream was prepared by bubbling Ar (20 mL·min-1) 

through a Dreschel bottle containing a water-ethanol vapour mixture with a molar 

ratio 9. The photoreactor exit was analysed online by gas chromatography equipped 

with Plot U, MS 5 Å, and Stabilwax columns every 4 min. Saturated Ar was purged into 

system (20 mL·min-1, 30 min) to remove oxygen before performing the experiment. 

The UV-visible light source contained two LEDs emitting at 372 ± 5 nm and two LEDs 

emitting visible light (correlated color temperature 6099 K, color rendering index 74) 

Figure S21. In this system light irradiation at the sample position was 11.2 ± 0.5 

mW·cm−2 for UV light and 0.017 ± 0.005 mW·cm−2 for visible light.32, 50, 51 

The AQY was estimated using the following equation: 

AQY =
2nH2

np
· 100 =

2nNA

ET Ep⁄
· 100                                             (3) 

where nH2
 is the number of evolved hydrogen molecules and np the number of 

incident photons reaching the catalyst. The number of incident photons can be 

calculated by np = ET Ep⁄ , where ET is the total energy reaching the catalyst and Ep is 

the energy of a photon. ET can be calculated by ET = PSt, where P (W·m-2) is the 

power density of the incident monochromatic light, S (m2) is the irradiation area and 

t (s) is the duration of the incident light exposure. Ep can be calculated by Ep = hc ⁄ , 

where h is the Planck’s constant, c the speed of light and  (m) is the wavelength of 

the incident monochromatic light. The number of hydrogen molecules can be 

calculated as nH2
= nNA , where n is H2 moles evolved during the time of light 

exposure (t), and NA is the Avogadro constant. In our experimental conditions, the 

wavelength of the incident light was  = 365 nm, the power density of the incident 

light at the paper surface was P = 79.1 mW·cm-2 and the irradiation area were S 

=πR2=3.14 x 0.752=1.77 cm2.32, 50 
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3.4 Result and discussion 

Photocatalyst Characterization.  

Cobalt-doped titania (TiO2:Co) nanopowders with different Co amounts were 

obtained by the simultaneous hydrothermal reaction of titanium(IV) isopropoxide and 

cobalt(II) nitrate at 170 °C for 14 h. XRD patterns of these materials only displayed the 

anatase TiO2 crystallographic phase (Figure 1). Co introduction resulted in a shift of 

the anatase diffraction peaks to lower angles, which indicated the incorporation of Co 

inside the TiO2 lattice structure. Energy-dispersive X-ray (EDX) analysis showed the 

TiO2:Co nanopowders to contain Co/Ti atomic ratios above the nominal values, which 

evidenced a better reaction yield of cobalt(II) nitrate than titanium(IV) isopropoxide 

(Table 1). TEM micrographs (Figure 4b and Figure 2) displayed most TiO2:Co particles 

to have an elongated geometry, with lengths in the range of 100− 200 nm and 

thicknesses around 30−60 nm. In the absence of hexadecylamine in the precursor 

solution, much more aggregated materials were obtained (Figure 3). 

 

Figure 1.  XRD patterns of as-synthesized TiO2 and TiO2:Co (1%, 2%, 5%) particles. 
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Figure 2. Representative TEM micrographs of as-synthesized TiO2:Co particles with 
different Co nominal ratios: (a) 0.5%, (b) 1%, (c) 2%, and (d) 5%. 

 

Figure 3. (a) Representative SEM micrographs of TiO2:Co (5%) obtained without HDA 
(a) and with HDA (b). 
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Figure 4. (a) XRD patterns of CoTiO3/TiO2 (0, 1, 2, 5%). (b, c) TEM micrograph and 
atomic scheme of the precursor TiO2:Co (1%) nanopowder (b) and the CoTiO3/TiO2 
(1%) nanocomposite (c). (d) STEM image of a CoTiO3/TiO2 composite and 
corresponding EELS elemental maps for Ti, O, Co and its combinations as noted in each 
map. 

 

Table 1. Elemental analysis of TiO2, TiO2:Co and CoTiO3/TiO2 samples. 
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Co-doped TiO2 nanopowders were used as precursors to produce Ti/Co oxide 

composites. Precursor TiO2:Co nanopowders were annealed at 650 °C for 8 h with 

synthetic air flow (Figure 5). XRD patterns of the annealed materials (Figure 4a) 

displayed the characteristic peaks of both anatase TiO2 (JCPDS no. 01-073-1764)28 

and CoTiO3 (JCPDS no. 01-077-1373).29 As expected, when increasing the nominal Co 

content in the precursor material, the relative intensity of the CoTiO3 diffraction peaks 

became stronger (Figure 4a). In addition, the shift of the anatase peaks detected in 

the precursor TiO2:Co materials disappeared, indicating the segregation of Co ions to 

form the CoTiO3 phase. TEM analysis showed the particles within the annealed 

powder to just partially preserve the elongated geometry of the precursor (Figure 4c 

and Figure 6). Elemental maps showed the CoTiO3 phase to be evenly distributed 

throughout the CoTiO3/TiO2 nanocomposite within crystal domains of a similar size as 

those of TiO2 (Figure 4d and Figures 7). The composition of the materials was analyzed 

by EDX, and it is displayed in Table 1. The amount of Co obtained in the CoTiO3/TiO2 

nanocomposite was similar to that obtained in the precursor TiO2:Co, i.e., above the 

nominal Co concentration introduced. Still, we will use the nominal Co concentration 

to refer to the different samples. 
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Figure 5. Optical images of TiO2:Co nanopowder before annealing (a) and CoTiO3/TiO2 
powders after annealing (b). 

 

Figure 6. Representative TEM micrographs of CoTiO3/TiO2: (a) 0.5%; (b) 1%; (c) 2%; 
(d) 5%. 

 

Figure 7. EELS chemical composition maps from the red squared area in the STEM 
micrograph obrtained from CoTiO3/TiO2 (1%). Individual Ti L2,3-edge at 456 eV (red), O 
K-edge at 532 eV (green) and Co L2,3-edge at 779 eV, as well as its composites. 
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UV−vis spectroscopy showed the optical band gap of the composites to decrease with 

the amount of Co introduced, from 2.8 eV for CoTiO3/TiO2 (0.5%) to 2.35 eV for 

CoTiO3/ TiO2 (5%), as shown in Figure 8. Nitrogen adsorption− desorption isotherms 

of the composite materials are displayed in Figure 9. The Brunauer−Emmett−Teller 

(BET) specific surface area of the material ranged from 18.8 m2/g for CoTiO3/TiO2 (1%) 

to 30.8 m2/g for CoTiO3/TiO2 (5%).  

As reference materials, pure TiO2 and CoTiO3 powders were synthesized by 

decomposition of titanium(IV) isopropoxide and proper amounts of titanium(IV) 

isopropoxide and cobalt(II) nitrate, respectively (see details in the Experimental 

Section). XRD patterns of the annealed samples (Figure 10a) displayed the pure 

anatase TiO2 and CoTiO3 phases. The band gaps of TiO2 and CoTiO3, estimated via the 

Tauc plot from the UV−visible absorption spectra,30 were 3.0 and 2.3 eV, respectively 

(Figure 10b and Figure 8). TEM/HRTEM micrographs of TiO2 and CoTiO3 nanopowders 

showed them to be composed of irregular shaped particle with average sizes of ca. 30 

and 60 nm, respectively (Figures 11). 

 

Figure 8. UV-vis spectra and Kubelka-Munk plot for TiO2, CoTiO3, CoTiO3/TiO2 (0.5, 1, 
2, 5%) and CoTiO3/TiO2 samples including a linear fit (dashed lines) to determine the 
optical band gap. The band gaps of CoTiO3/TiO2(0.5, 1, 2, 5%) are 2.8 eV, 2.7 eV, 2.4 
eV and 2.35 eV, respectively. 
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Figure 9. Nitrogen adsorption (open symbols) and desorption (solid symbols) 
isotherms measured from (a) TiO2, (b) CoTiO3/TiO2 (1%), (c) CoTiO3/TiO2 (2%), and (d) 
CoTiO3/TiO2(5%) at 77 K. The calculated BET specific surface areas (SSA) are specified 
within each graph. 

 

Figure 10. (a) XRD patterns of TiO2 and CoTiO3, (b) Kubelka-Munk function for TiO2 and 
CoTiO3 with a linear fit to determine the band gap energy.  
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Figure 11. Representative TEM micrograph of TiO2 nanoparticles. (b) TEM micrograph 
of CoTiO3 nanoparticles. (c) HRTEM micrograph of CoTiO3, detail of the yellow squared 
region and its corresponding power spectrum. 

 

Photocatalytic Hydrogen Production 

Figure 12a,b displays the UV photocatalytic activity of CoTiO3/TiO2 nanopowders with 

different amounts of CoTiO3 in the production of hydrogen using a 10% ethanol 

solution in water (see the Experimental Section for details). The activities of the 

reference TiO2 and CoTiO3 catalysts and that of the Co-doped TiO2 were also measured 

and displayed. The products of the reaction were analyzed online by gas 

chromatography with three columns for a complete analysis. The only products 

encountered were hydrogen and acetaldehyde (in addition to the reactants ethanol 

and water; Figure 13). The molar ratio between hydrogen and acetaldehyde was in all 

cases 1, demonstrating that the photoproduction of hydrogen originated from the 

dehydrogenation of ethanol according to the scheme 

𝐶𝐻3𝐶𝐻2𝑂𝐻 + 2ℎ+  →  𝐶𝐻3𝐶𝐻𝑂 + 2𝐻+                                      (1) 

2𝐻+ + 2𝑒− →  𝐻2                                                     (2) 

Indeed, the photoproduction of hydrogen from water−ethanol mixtures has been 

actually studied in detail in the literature and it has been demonstrated that ethanol 

is the source of hydrogen.6 Water is introduced in the reaction mixture to avoid the 

blockage of the active sites by acetaldehyde, which is known to adsorb strongly on 

inorganic oxides.31 

100 nm

cba
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Figure 12. (a) Photocatalytic H2 evolution on TiO2, CoTiO3/TiO2 (1, 2, 5%), TiO2:Co (1%) 
and CoTiO3 under UV light irradiation (365 ± 5 nm, 79.1 ± 0.5 mW·cm−2). (b) HER from 
data displayed in (a). (c) HER measured from CoTiO3/TiO2 (0.5, 1, 5%), TiO2, CoTiO3, 
TiO2:Co (1%) under different conditions: 1) UV light irradiation (372 ± 5 nm, 11.2 ± 0.5 
mW·cm−2); 2) UV (372 ± 5 nm, 11.2 ± 0.5 mW·cm−2) plus visible light irradiation (0.017 
± 0.005 mW·cm−2); 3) UV light irradiation, 4) UV light irradiation and heating to 

compensate temperature (34-36 C); (d) HER obtained from data displayed in (c). 
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Figure 13. Gas chromatography analysis of the products obtained over CoTiO3/TiO2 
(1%). The only products are hydrogen and acetaldehyde in a 1:1 molar ratio. 

 

The hydrogen evolution rate (HER) values measured under UV light (365 ± 5 nm) for 

the reference TiO2 and CoTiO3 catalysts were 1.8 and 0.3 mmol h−1 ·g−1, respectively. 

On the other hand, among the series of CoTiO3/TiO2 samples tested, the CoTiO3/TiO2 

(1%) photocatalyst exhibited the highest HER, 3.7 mmol h−1 ·g−1, 2-fold higher than 

TiO2 and a factor of 12 above CoTiO3. Under the same conditions, the HER of the 

TiO2:Co (1%) catalyst was just 0.5 mmol h−1 ·g−1. Actually, as shown in Figure 14, all the 

nanocomposites of CoTiO3/TiO2 (0.5, 2, and 5%) displayed a significantly larger HER 

than those obtained from Co-doped titania, TiO2:Co (0.5, 2, and 5%). Figure 15 displays 
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a comparison of the hydrogen evolution rate measured under UV light in pure water 

and in ethanol:water (1:9). The small amount of hydrogen produced in pure water 

demonstrates the important role of ethanol as a sacrificial agent. On Table 2, the 

results obtained from the CoTiO3/TiO2 samples analyzed in the present work are 

compared with literature values on other Co−Ti systems. The apparent quantum yield 

(AQY) of CoTiO3/TiO2 (1%), estimated as described in the Experimental Section, was 

1.1%, notably above the 0.5% estimated for pure TiO2 (Figure 16). 

Figure 12 c shows the HER photocatalytic activities under UV light (372 ± 5 nm) when 

adding visible light or heat (see the Experimental Section for details). Experiments 

involved four consecutive steps: (1) upon turning on UV light, the HER began to 

increase until it stabilized. At this point, the sample temperature was ca. 24°C. (2) With 

UV light on, visible light was turned on, which increased the HER of most of the 

samples. The addition of visible light also increased the sample temperature, up to ca. 

34−36°C. (3) Maintaining UV light on, visible light was turned off, which resulted in a 

relatively slow decrease of the HER and a temperature decrease down to 24°C. The 

slow HER decrease already denoted a significant effect of temperature on the 

observed increase of HER with visible light. (4) Still, with UV light on, the reactor was 

heated to 34− 36°C, which also resulted in an increase of the HER for most catalysts. 

Comparing the HER obtained in stages 2 and 4 (Figure 12c,d), it was observed that the 

addition of visible light or heat resulted in a very significant increase of the HER for 

most samples. In the case of the reference TiO2 catalyst and Co-doped TiO2, the very 

significant activity enhancement obtained with visible light was fully associated with 

the slight increase of temperature. Notice that almost a 2-fold increase of the HER was 

obtained with a temperature change of just 10°C, which opens the door for an efficient 

solar energy conversion through the thermophotocatalytic process. This strong 

influence of temperature in the photoproduction of hydrogen from the 

dehydrogenation of ethanol is related to the high adsorption energies of acetaldehyde 

on inorganic oxides, blocking the catalyst active sites. Moderate increases of 

temperature result into significantly weaker adsorption of acetaldehyde, resulting in 

the unblocking of the catalyst active sites.31,32 CoTiO3/TiO2 catalysts also showed an 

important increase of activity with the minor increase of temperature tested. 
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However, CoTiO3/TiO2 samples displayed a much more significant increase of the HER 

when incorporating the visible light irradiation than when just heating the sample to 

the reached temperature. Among the different CoTiO3/TiO2 composites, CoTiO3/TiO2 

(1%) displayed the highest performance when combining UV and visible light. Finally, 

the incorporation of visible light or temperature had a minor influence on the HER of 

CoTiO3. 

 

Figure 14. Photocatalytic hydrogen production rates measured with TiO2, CoTiO3, 
TiO2:Co and CoTiO3/TiO2 (1%, 2%, 5%) samples. 

 

Figure 15. Comparison of the photocatalytic H2 evolution on CoTiO3/TiO2 (1%) under 
UV light irradiation (365 ± 5 nm, 79.1 ± 0.5 mW·cm−2) in ethanol:water (1:9) and only 
water. 
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Figure 16. Apparent quantum yield (AQY) obtained under UV light from the different 
samples. 

 

Table S2. Comparison of the hydrogen evolution rate and with reported Co-Ti-O 
systems. 
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As shown in Figure 17a, just a slight deactivation of the CoTiO3/TiO2 (1%) catalyst was 

observed when testing the activity for three consecutive cycles. A comparison of the 

XRD patterns and TEM images of the CoTiO3/TiO2 (5%) sample before and after the 

photocatalytic tests (Figures 17b,c,d) revealed no apparent changes, suggesting that 

the CoTiO3/TiO2 heterojunction possessed a good structural photostability.  

 

Figure 17. (a) Three consecutive cycles of photocatalytic hydrogen production under 
UV light using the same CoTiO3/TiO2 (1%) sample. (b) XRD pattern of CoTiO3/TiO2 (5%) 
before and after photocatalytic hydrogen production under UV light. TEM 
micrographs of CoTiO3/TiO2 (5%) sample before (c) and after (d) photocatalytic 
hydrogen production under UV light.  

 

The photocatalytic performance of semiconductor materials is closely related to the 

charge separation, transport, and transfer processes that strongly depend on their 
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relative electronic energy level positions. To gain insights from the photocatalytic 

process and to understand the enhanced performance of CoTiO3/TiO2 composites at 

optimal loading, a set of spectroscopic analysis was carried out. The steady-state PL 

spectra recorded on TiO2 and CoTiO3/TiO2 (1%) showed a characteristic peak around 

400 nm (Figure 18a), which was in line with recent reports on PL spectra of TiO2.33,34 

The lower PL intensity of the CoTiO3/TiO2 composite originated from the reduced 

radiative charge recombination in TiO2 due to CoTiO3 incorporation. Similar PL 

attenuation effects were reported by Chen et al. on noble metal-decorated TiO2 

nanocrystals34 and by Zuo et al. on SnS2−Pt nanoheterostructures.35 To analyze the 

role of CoTiO3, TRPL spectra of TiO2 and CoTiO3/TiO2 heterostructures were measured 

and compared. The TRPL spectra tracked at 400 nm are shown in Figure 18b. The PL 

intensity of CoTiO3/TiO2 (1%) was observed to decay significantly slower than for 

pristine TiO2. The fitting revealed an average lifetime of 35.8 ns for CoTiO3/ TiO2 (1%) 

and 5.9 ns for TiO2. The longer lifetime recorded over CoTiO3/TiO2 proved that the 

heterojunction contributed to the charge separation, increasing, in this way, their 

recombination time. 

 

Figure 18. (a) Steady-state photoluminescence spectra. (b) Time-resolved 
photoluminescence spectra with corresponding fitting curves. 
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loading of CoTiO3 on TiO2 at an optimal composition (1%) resulted in significantly 

enhanced photocurrent responses, with a higher steady-state photocurrent at 0.6 V 

versus a reversible hydrogen electrode (RHE) in contrast with pristine TiO2 that may 

be related to an improved charge transfer process. As expected, the trend of a steady-

state photocurrent matches with photocatalytic performance in Figure 12, indicating 

that the photocurrent in TPC measurements is linked to the hydrogen evolution 

reaction. Notably, TPC spikes, whose amplitude represents the degree of surface 

recombination,36 were larger in pristine TiO2 than in CoTiO3/TiO2 (1%). This result 

indicated that the CoTiO3/TiO2 heterojunction at optimal loading efficiently 

suppresses the surface charge recombination process. In the case of CoTiO3/TiO2 (5%), 

which produces the least H2 among other CoTiO3/TiO2 heterojunctions, the TPC shows 

the lowest photocurrent and the largest transient spikes, indicating that a 

heterojunction with an excessive amount of CoTiO3 can hamper the performance. 

Similar TPC responses have been reported on other photocatalyst systems, for 

example, carbon nanotube loaded TiO2,37 a TiO2/Fe2TiO5/Fe2O3 triple 

heterojunction,38 and Bi2O3@TiO2 photocatalyst.39  

EIS measurements showed that qualitatively speaking, and as deduced from the 

Nyquist plots (Figure 19b), CoTiO3/TiO2 (1%) was less resistive than TiO2,40 indicating 

that the formation of the heterojunction at optimal loading facilitated the charge 

transport process. The semicircle diameter for 0.5% and 2% loading is close to that of 

pristine TiO2, indicating a similar resistivity. As shown in the inset of Figure 5b, a 

Randles equivalent circuit was employed to fit the data, which consisted of a series 

resistor 𝑅𝑆 , a bulk resistor 𝑅𝑐𝑡,𝑏𝑢𝑙𝑘  for charge transport resistance, and a bulk 

capacitor 𝐶𝑏𝑢𝑙𝑘 for space charge region capacitance.41 The data fitting showed that 

CoTiO3/TiO2 (1%) had two times lower 𝑅𝑐𝑡,𝑏𝑢𝑙𝑘 than TiO2. With only 1% incorporation 

of CoTiO3 on TiO2 the value of 𝑅𝑐𝑡,𝑏𝑢𝑙𝑘 was reduced a twofold, from 5.77 k to 2.68 

k. Fitting results for different loadings are listed in Table 3, where trend of 𝑅𝑐𝑡,𝑏𝑢𝑙𝑘 

follows well with H2 production performance, indicating charge transport in 

heterojunctions is essential for photocatalytic reactions. Likewise, the electron 

lifetime, 𝜏𝑛 , could be estimated by the RC time constant of the Randles circuit.32 
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Generally speaking, 𝜏𝑛 characterizes the electron recombination; a shorter 𝜏𝑛 means 

a faster recombination process. The formation of the CoTiO3/TiO2 heterojunction at 

optimal loading (1%) boosted 𝜏𝑛  from 1.3 ms to 2.9 ms, which implies that the 

heterojunction reduced charge recombination probably due to a promoted charge 

separation, consistent with TRPL results. 

 

Figure 19. (a) Transient photocurrent response. (b) Nyquist plot of impedance 
response with corresponding equivalent circuit for fitting.  

 

Table 3. EIS data fitting results. 
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Photocatalytic Mechanism  

Using UPS, the valence band maximum (VBM) values of the TiO2 and CoTiO3 reference 

materials were determined to be at −6.57 eV and −7.13 eV versus vacuum, 

respectively (Figure 20a).15,42,43 Taking into account the measured band gaps and VBM 

position, the band alignment between TiO2 and CoTiO3 corresponded to that of a type 

II heterostructure (left scheme in Figure 21). Thus, considering a type II heterojunction 

charge−transfer mechanism, within the CoTiO3/TiO2 heterojunction, photogenerated 

electrons would travel from TiO2 to CoTiO3 and holes from CoTiO3 to TiO2. However, 

because the conduction band maximum (CBM) of CoTiO3 is at a lower position than 

the H2/H+ level, the free electrons of CoTiO3 see an energy barrier to reduce H+ into 

H2 (left scheme in Figure 21).43 This does not match well with the enhanced 

photocatalytic performance observed in CoTiO3/TiO2 composites with respect to TiO2.  

Actually, taking into account the electron energy band position of the two materials 

and intrinsic n-type character of TiO2 and p-type character of CoTiO3, upon placing the 

two materials in contact, an injection of electrons from TiO2 to CoTiO3 will occur. This 

charge redistribution will create an electric field at the interphase. In view of the small 

size of the crystallites and the moderate charge carrier concentration characterizing 

these types of materials, this electric field will probably extend through the whole TiO2 

and CoTiO3 domains. The electric field will thus drive electrons photogenerated within 

TiO2 and holes photogenerated within CoTiO3 away from the interphase and holes 

photogenerated within the TiO2 and electrons photogenerated within CoTiO3 toward 

the interphase, where they probably recombine (right scheme in Figure 21). As a result, 

photogenerated electrons in the CB of TiO2, thus having a high reduction potential, 

are driven toward the surface with a reduced probability of recombination with VB 

holes. Thus, TiO2 photogenerated electrons could reduce protons into hydrogen more 

effectively. Likewise, photogenerated holes in the VB of CoTiO3, i.e., with a strong 

oxidation potential, are driven to the surface with a lower chance to recombine with  

CB  electrons. Thus, CoTiO3 photogenerated holes can more efficiently drive ethanol 

dehydrogenation to acetaldehyde and protons. Overall, a clear synergism between 

the two materials is established through this direct Z-scheme charge transfer 
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mechanism.44−48  

Finally, Figure 20b,c,d show the O 1s, Ti 2p, and Co 2p XPS spectra of the reference 

samples and CoTiO3/TiO2 composites. The most interesting aspect of these analyses 

was the additional peak (532.5 eV) appearing at a lower binding energy than the main 

O 1s peak (529.6 eV) corresponding to lattice oxygen. This new peak should be 

associated with OH− groups.49 The notable increase of surface-adsorbed species and 

particularly hydroxyl groups in the CoTiO3/TiO2 composites is indicative of the 

promoted charge separation and tendency of part of the charge carriers to migrate 

toward the surface away from an interphase, where they can promote molecular 

adsorption and redox reactions. 

 

Figure 20. (a) UPS spectrum for TiO2 and CoTiO3. (b) O 1s XPS spectra of TiO2, CoTiO3, 
CoTiO3/TiO2 (0.5%) and CoTiO3/TiO2 (1%). High resolution XPS spectra of (c) Ti 2p and 
(d) Co 2p regions from TiO2, CoTiO3, and CoTiO3/TiO2 (0.5%, 1, 2, 5%). 
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Figure 21. Schematic illustration of the relative energy levels of TiO2 and CoTiO3 and 
simplified charge transfer mechanism between TiO2 and CoTiO3 in a conventional type 
II heterostructure and a direct Z-scheme. 

 

3.5 Conclusions 

A simple method for the synthesis of CoTiO3/TiO2 heterostructures with tuned CoTiO3 

amounts was presented. The materials showed an excellent activity in the 
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a significant influence of visible light on the HER of CoTiO3/TiO2 heterostructures 

beyond the important effect of the increased temperature. Electrochemical 

impedance spectroscopy and static and time-resolved PL measurements showed the 

formed heterostructures to promote charge separation, extending the lifetime of 

photogenerated charge carriers. UV−vis spectroscopy and UPS analysis showed the 

alignment of the energy levels of the two materials to resemble a type II 

heterostructure, with the CBM of CoTiO3 below the H2/H+ energy level. In such type II 

heterostructures, electron transfer from n-type TiO2 to p-type CoTiO3 is to be 

expected, generating an electric field within the material that drives photogenerated 
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interphase where they recombine. All these evidences pointed out toward a direct Z-

scheme mechanism as responsible of the enhanced photocatalytic ethanol 

dehydrogenation activity of CoTiO3/TiO2 composites over that of TiO2. 
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16. Muñoz-Batista, M. J.; Gómez-Cerezo, M. N.; Kubacka, A.; Tudela, D.; Fernández-
García, M., Role of Interface Contact in CeO2-TiO2 Photocatalytic Composite 
Materials. ACS Catal. 2014, 4, 63–72. 

17. Ye, R.; Fang, H.; Zheng, Y.-Z.; Li, N.; Wang, Y.; Tao, X., Fabrication of CoTiO3/g-C3N4 
Hybrid Photocatalysts with Enhanced H2 Evolution: Z-Scheme Photocatalytic 
Mechanism Insight. ACS Appl. Mater. Interfaces 2016, 8, 13879–13889. 

18. Hashemian, S.; Foroghimoqhadam, A., Effect of Copper Doping on CoTiO3 Ilmenite 
Type Nanoparticles for Removal of Congo Red from Aqueous Solution. Chem. Eng. 
J. 2014, 235, 299–306. 

19. Zou, J.; Zheng, W., TiO2@CoTiO3 Complex Green Pigments with Low Cobalt 
Content and Tunable Color Properties. Ceram. Int. 2016, 42, 8198–8205.  

20. Li, Y.; Yang, W.; Wang, C.; Li, Z.; Lai, J.; Wang, L.; Huang, L., Achieving Controllable 
CoTiO3-Encapsulated TiO2 Heterostructures for Enhanced Photoelectrochemical 
Water Splitting. ACS Appl. Energy Mater. 2019, 2, 8229–8235. 

21. Sirsat, S. A.; Hecht, O.; Mirabal, C.; Pepe, D. A.; Yang, W.; Mohammad, Z.; Hadjiev, 
V. G.; Neal, J. A.; Hernandez, F. C. R., Bacteriostatic Effect of CoO-TiO2 on Listeria 
Monocytogenes by the Presence of the Co-Catalytic CoO Nanoparticles. J. Environ. 
Chem. Eng.  2020, 8, 104259. 

22. Sarkar, B.; Pendem, C.; Konathala, L. S.; Sasaki, T.; Bal, R., Formation of Ilmenite-
Type CoTiO3 on TiO2 and Its Performance in Oxidative Dehydrogenation of 
Cyclohexane with Molecular Oxygen. Catal. Commun. 2014, 56, 5–10. 

23. Nagaoka, K.; Takanabe, K.; Aika, K.-i., Modification of Co/TiO2 for Dry Reforming 
of Methane at 2 MPa by Pt, Ru or Ni. Appl. Catal. A General 2004, 268, 151–158. 

24. Li, H.; Gao, Q.; Wang, G.; Han, B.; Xia, K.; Zhou, C., Architecturing CoTiO3 Overlayer 
on Nanosheets-Assembled Hierarchical TiO2 Nanospheres as a Highly Active and 
Robust Catalyst for Peroxymonosulfate Activation and Metronidazole 
Degradation. Chem. Eng. J. 2020, 392, 123819. 

25. Lu, J.; Liang, K.; Xu, C.; Wang, X.; Ouyang, H.; Huang, J.; Feng, L., Humidity Sensor 
Based on Heterogeneous CoTiO3/TiO2 Film with Vertically Aligned Nanocrystalline 
Structure. Vacuum 2019, 163, 292–300. 

26. Ehsan, M. A.; Naeem, R.; Khaledi, H.; Sohail, M.; Saeed, A. H.; Mazhar, M., 
Fabrication of CoTiO3-TiO2 Composite Films from a Heterobimetallic Single Source 
Precursor for Electrochemical Sensing of Dopamine. Dalton Trans. 2016, 45, 
10222–10232. 

27. Liu, H.; Wu, X.; Guo, E.; Lu, Q., Tailored Synthesis of Coral-Like CoTiO3/Co3O4/TiO2 
Nanobelts with Superior Lithium Storage Capability. Energy Technol. 2020, 8, 
1900774. 



79 

 

28. Xu, D.-X.; Lian, Z.-W.; Fu, M.-L.; Yuan, B.; Shi, J.-W.; Cui, H.-J., Advanced Near-
Infrared-Driven Photocatalyst: Fabrication, Characterization, and Photocatalytic 
Performance of β-NaYF4: Yb3+, Tm3+@TiO2 Core@shell Microcrystals. Appl. Catal. 
B Environ. 2013, 142, 377–386. 

29. Sekhar, M. C.; Reddy, B. P.; Prakash, B. P.; Park, S.-H., Effects of Annealing 
Temperature on Phase Transformation of CoTiO3 Nanoparticles and on Their 
Structural, Optical, and Magnetic Properties. J. Supercond. Nov. Magn. 2020, 33, 
407–415. 

30. Wei, N.; Cui, H.; Song, Q.; Zhang, L.; Song, X.; Wang, K.; Zhang, Y.; Li, J.; Wen, J.; 
Tian, J., Ag2O Nanoparticle/TiO2 Nanobelt Heterostructures with Remarkable 
Photo-Response and Photocatalytic Properties under UV, Visible and near-
Infrared Irradiation. Appl. Catal. B Environ. 2016, 198, 83–90. 

31. Guil, J. M.; Homs, N.; Llorca, J.; Ramírez de la Piscina, P., Microcalorimetric and 
Infrared Studies of Ethanol and Acetaldehyde Adsorption to Investigate the 
Ethanol Steam Reforming on Supported Cobalt Catalysts. J. Phys. Chem. B 2005, 
109, 10813–10819. 

32. Castedo, A.; Casanovas, A.; Angurell, I.; Soler, L.; Llorca, J., Effect of Temperature on the 

Gas-Phase Photocatalytic H2 Generation Using Microreactors under UVA and Sunlight 

Irradiation. Fuel 2018, 222, 327–333. 

33. Yu, Y.; Wen, W.; Qian, X.-Y.; Liu, J.-B.; Wu, J.-M., UV and Visible Light 
Photocatalytic Activity of Au/TiO2 Nanoforests with Anatase/Rutile Phase 
Junctions and Controlled Au Locations. Scientific reports 2017, 7, 1–13. 

34. Chen, Y.; Wang, Y.; Li, W.; Yang, Q.; Hou, Q.; Wei, L.; Liu, L.; Huang, F.; Ju, M., 
Enhancement of Photocatalytic Performance with the Use of Noble-Metal-
Decorated TiO2 Nanocrystals as Highly Active Catalysts for Aerobic Oxidation 
under Visible-Light Irradiation. Appl. Catal. B Environ. 2017, 210, 352–367. 

35. Zuo, Y.; Liu, Y.; Li, J.; Du, R.; Yu, X.; Xing, C.; Zhang, T.; Yao, L.; Arbiol, J.; Llorca, J., 
Sivula, K.; Guijarro, N.; Cabot, A., Solution-Processed Ultrathin SnS2–Pt 
Nanoplates for Photoelectrochemical Water Oxidation. ACS Appl. Mater. 
Interfaces 2019, 11, 6918–6926. 

36. Liu, Y.; Le Formal, F.; Boudoire, F.; Yao, L.; Sivula, K.; Guijarro, N., Insights into the 
Interfacial Carrier Behaviour of Copper Ferrite (CuFe2O4) Photoanodes for Solar 
Water Oxidation. J. Mater. Chem. A 2019, 7, 1669–1677. 

37. Zhang, Y.; Gong, M.; Liu, X.; Ji, L.; Yang, Z.; Zhu, X., Preparation of Activated Carbon 
Nanotube Foams Loaded with Ag-Doped TiO2 for Highly Efficient Photocatalytic 
Degradation under UV and Visible Light. J. Mat. Sci. 2019, 54, 2975–2989. 

38. Deng, Y.; Xing, M.; Zhang, J., An Advanced TiO2/Fe2TiO5/Fe2O3 Triple-
Heterojunction with Enhanced and Stable Visible-Light-Driven Fenton Reaction 
for the Removal of Organic Pollutants. Appl. Catal. B Environ. 2017, 211, 157–166. 

39. Reddy, N. L.; Emin, S.; Valant, M.; Shankar, M., Nanostructured Bi2O3@TiO2 
Photocatalyst for Enhanced Hydrogen Production. Int. J. Hydrogen Energy 2017, 
42, 6627–6636. 

40. Liu, Y.; Le Formal, F.; Boudoire, F.; Guijarro, N., Hematite Photoanodes for Solar 
Water Splitting: A Detailed Spectroelectrochemical Analysis on the pH-Dependent 
Performance. ACS Appl. Energy Mater. 2019, 2, 6825–6833. 

41. Zuo, Y.; Liu, Y.; Li, J.; Du, R.; Han, X.; Zhang, T.; Arbiol, J.; Divins, N. r. J.; Llorca, J.; 



80 

 

Guijarro, N. s., Guijarro, N.; Cabot, A., In situ Electrochemical Oxidation of Cu2S 
into CuO Nanowires as a Durable and Efficient Electrocatalyst for Oxygen 
Evolution Reaction. Chem. Mater. 2019, 31, 7732–7743. 

42. Jiménez-Calvo, P.; Caps, V.; Ghazzal, M. N.; Colbeau-Justin, C.; Keller, V., Au/TiO2 
(P25)-gC3N4 Composites with Low gC3N4 Content Enhance TiO2 Sensitization for 
Remarkable H2 Production from Water under Visible-Light Irradiation. Nano 
Energy 2020, 75, 104888. 

43. Paramasivam, I.; Jha, H.; Liu, N., Schmuki, P., A Review of Photocatalysis Using 
Self-Organized TiO2 Nanotubes and Other Ordered Oxide Nanostructures. Small 
2012, 8, 3073–3103. 

44. Low, J.; Dai, B.; Tong, T.; Jiang, C.; Yu J., In Situ Irradiated X-Ray Photoelectron 
Spectroscopy Investigation on a Direct Z-Scheme TiO2/CdS Composite Film 
Photocatalyst. Adv. Mater. 2019, 31, 1802981. 

45. Jo, K.; Sivakumar, T., Facile Synthesis of Novel Redox-Mediator-Free Direct Z-
Scheme CaIn2S4 Marigold-Flower-like/TiO2 Photocatalysts with Superior 
Photocatalytic Efficiency. ACS Appl. Mater. Interfaces 2015, 7, 17138–17154. 

46. Ma, K.; Yehezkeli, O.; Domaille, W.; Funke, H. H.; Cha, J. N., Enhanced Hydrogen 
Production from DNA-Assembled Z-Scheme TiO2-CdS Photocatalyst Systems. 
Angew. Chem. Int. Ed., 2015, 54, 11490–11494. 

47. Yuan, L.; Weng, B.; Colmenares, J C., Sun Y.; Xu,Yi. J., Multichannel Charge Transfer 
and Mechanistic Insight in Metal Decorated 2D-2D Bi2WO6-TiO2 Cascade with 
Enhanced Photocatalytic Performance. Small 2017, 13, 1702253. 

48. Zhou, P.; Yu, J.; Jaroniec, M., All-Solid-State Z-Scheme Photocatalytic Systems. Adv. 
Mater. 2014, 26, 4920–4935. 

49. Moulder, F., Handbook of X-Ray Photoelectron Spectroscopy. Phys. electron. 1995, 
230–232. 

50. Martínez, L.; Soler, L.; Angurell, I.; Llorca, J., Effect of TiO2 Nanoshape on the 
Photoproduction of Hydrogen from Water-Ethanol Mixtures over Au3Cu/TiO2 
Prepared with Preformed Au-Cu Alloy Nanoparticles. Appl. Catal. B Environ. 2019, 
248, 504–514. 

51. Xing, C.; Liu, Y.; Zhang, Y.; Liu, J.; Zhang, T.; Tang, P.; Arbiol, J.; Soler, L.; Sivula, K.; 
Guijarro, N., Wang, X.; Li, J.; Du, R.; Zuo, Y., Cabot, A.; Llorca, J., Porous NiTiO3/TiO2 
Nanostructures for Photocatatalytic Hydrogen Evolution. J. Mater. Chem. A 2019, 
7, 17053–17059. 

S1. Liu, Q.; Huang, J.; Tang, H.; Yu, X.; Shen, J., Construction 0D TiO2 Nanoparticles/2D 
CoP Nanosheets Heterojunctions for Enhanced Photocatalytic H2 Evolution 
Activity. J. Mater. Sci. Technol 2020, 56, 196–205. 

S2. Yue, X.; Yi, S.; Wang, R.; Zhang, Z.; Qiu, S., Cobalt Phosphide Modified Titanium 
Oxide Nanophotocatalysts with Significantly Enhanced Photocatalytic Hydrogen 
Evolution from Water Splitting. Small 2017, 13, 1603301. 

S3. Zhang, J.; Yu, Z.; Gao, Z.; Ge, H.; Zhao, S.; Chen, C.; Chen, S.; Tong, X.; Wang, M.; 
Zheng, Z., Porous TiO2 Nanotubes with Spatially Separated Platinum and CoOx 
Cocatalysts Produced by Atomic Layer Deposition for Photocatalytic Hydrogen 
Production. Angew. Chem. Int. Ed. 2017, 56, 816–820. 

S4. Wang, Y.-F.; Hsieh, M.-C.; Lee, J.-F.; Yang, C.-M., Nonaqueous Synthesis of 
CoOx/TiO2 Nanocomposites Showing High Photocatalytic Activity of Hydrogen 



81 

 

Generation. Appl. Catal., B 2013, 142, 626–632. 
S5. Shen, H.; Ni, D.; Niu, P.; Zhou, Y.; Zhai, T.; Ma, Y., Enhancing Photocatalytic H2 

Evolution from Water on CuO-Co3O4/TiO2: The Key Roles of Co3O4 Loading 
Amounts. Int. J. Hydrogen Energy 2017, 42, 30559–30568. 

S6. Bala, S.; Mondal, I.; Goswami, A.; Pal, U.; Mondal, R., Co-MOF as a Sacrificial 
Template: Manifesting a New Co3O4/TiO2 System with a p–n Heterojunction for 
Photocatalytic Hydrogen Evolution. J. Mater. Chem. A 2015, 3, 20288–20296. 

S7. Wei, W.-D.; Liu, X.-Y.; Cui, S.-C.; Liu, J.-G., Loading of Co3O4 onto Pt-Modified 
Nitrogen-Doped TiO2 Nanocomposites Promotes Photocatalytic Hydrogen 
Production. RSC. Adv 2017, 7, 25650–25656. 

  



82 

 

Chapter 4 Photodehydrogenation of ethanol over 
Cu2O/TiO2 heterostructures 
 

 

 

 

4.1 Abstract  

The photodehydrogenation of ethanol is a sustainable and potentially cost-effective 

strategy to produce hydrogen and acetaldehyde from renewable resources. The 

optimization of this process requires the use of highly active, stable and selective 

photocatalytic materials based on abundant elements, and the proper adjustment of 

the reaction conditions, including temperature. In this work, Cu2O-TiO2 type-II 

heterojunctions with different Cu2O amounts are obtained by a one-pot hydrothermal 

method. The structural and chemical properties of the produced materials and their 

activity toward ethanol photodehydrogenation under UV and visible light illumination 

are evaluated. The Cu2O-TiO2 photocatalysts exhibit a high selectivity toward 

acetaldehyde production and up to tenfold higher hydrogen evolution rates compared 

to bare TiO2. We further discern here the influence of temperature and visible light 

absorption on photocatalytic performance. Our results point toward the combination 

of energy sources in thermo-photocatalytic reactors as an efficient strategy for solar 

energy conversion. 
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4.2 Introduction 

Molecular hydrogen, a clean energy carrier and a key component in the chemical 

industry, is mostly produced through partial oxidation and steam reforming of natural 

gas, and coal gasification. To move away from the exploitation of fossil fuels, cost- and 

energy-effective strategies for the direct production of hydrogen from renewable 

sources need to be defined. In this context, biomass resources are a particularly 

compelling alternative source of hydrogen owing to their renewable character and 

their near net-zero CO2 footprint.1-6 Additional advantages of the hydrogen 

production from dehydrogenation of biomass-derived organics are the potential to 

co-produce valuable side organic chemicals for better process economics and the 

possibility to implement cost-effective waste abatement processes.7-8  

Among the possible dehydrogenation processes, photocatalytic routes that make use 

of ubiquitous, abundant and renewable solar energy are especially attractive. 

Photocatalytic processes also enable the dehydrogenation reaction to take place in 

milder conditions, which further decreases costs and can increase the side product 

selectivity compared with thermocatalytic analogues.2 From another point of view, 

the photocatalytic production of fuels can be considered as a convenient strategy to 

store intermittent solar energy.9,10  

In this scenario, the photodehydrogenation of ethanol to produce molecular hydrogen 

and acetaldehyde using solar light as the only energy input is especially appealing.6,11 

As a liquid, ethanol can be easily stored and transported. Besides, ethanol can be easily 

produced from several biomass-derived feedstocks and organic residues such as 

sewage sludge.12-14 Additionally, bioethanol aqueous solutions can be directly used, 

without the need for purification. Compared with water splitting, the production of 

hydrogen from ethanol is thermodynamically advantageous (ΔG0 = +237 kJ·mol-1 for 

water oxidation vs. ΔG0 = +41.5 kJ·mol-1 for ethanol oxidation to acetaldehyde), which 

decreases the energy input required to drive hydrogen production.2,8 Compared with 

water splitting, ethanol dehydrogenation also enables a much simpler product 

purification, preventing the H2 and O2 back reaction. Besides, compared with ethanol 

photoreforming, ethanol photodehydrogenation to H2 and acetaldehyde could have a 
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threefold higher economical profitability associated with the high economic value of 

the side product.15  

In terms of catalysts, while photocatalytic water splitting requires semiconductors 

with conduction and VB edges sufficiently above and below the potentials for H+ 

reduction and water oxidation, respectively, ethanol dehydrogenation can be 

activated in semiconductors with significantly lower band gaps. On the other hand, 

the catalytic dehydrogenation of ethanol competes with the deoxygenation, 

reforming, and decomposition reactions, which makes the selectivity of the catalytic 

process fundamental to ensure cost-effectiveness.1  

Copper oxides, Cu2-xO, have raised increasing attention as photocatalytic materials 

owing to their abundance, low cost, minor environmental and health impact, and 

suitable optoelectronic properties. Cu2-xO are p-type semiconductors with a very 

energetic CB and a relatively low bandgap, 2.1 eV for Cu2O and 1.2 eV for CuO, that 

enables absorption of the visible range of the solar spectra. As a drawback, Cu2-xO have 

poor photostability, being prone to photocorrosion in reaction conditions. Besides, 

Cu2-xO generally presents a large defect density that results in a relatively fast 

recombination of photogenerated charge carriers. To solve these limitations, Cu2-xO 

can be combined with TiO2 within p-n heterojunctions that protect the Cu2-xO against 

photocorrosion and reduce charge carrier recombination. The synergism between the 

two materials is enabled by the appropriate CB edges of Cu2-xO, -1.79 V for Cu2O and 

-1.03 V for CuO, which allows the rapid injection of the photogenerated electrons from 

the Cu2-xO to the TiO2 CB.8,15,16-19 Thus the combination of Cu2-xO and TiO2 is regarded 

as a highly interesting photocatalyst to: i) stabilize the Cu2-xO; ii) boost the overall 

catalytic activity by extending light absorption of TiO2 toward the visible light range; 

and iii) maximize external quantum yield by a rapid charge separation between the 

two phases enabled by their adequate band edges.  

While the concept of a p-n heterojunction between Cu2-xO and TiO2 that promotes 

catalytic activity is pleasantly simple, real systems are much more complex and Cu2-xO 

have been reported to promote catalytic activity through several different 

mechanisms: i) Cu2-xO can absorb visible light and transfer photogenerated electrons 
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to TiO2 where H2 evolves, while using photogenerated holes to oxidize the organic 

species;20 ii) Cu2-xO can absorb visible light but use photogenerated electrons to evolve 

H2 and recombine photogenerated holes at the Cu2-xO/TiO2 interphase within a Z-

scheme mechanism;21 iii) Cu2-xO nanoparticles can be reduced to metallic copper 

during ethanol photodehydrogenation and the resulting metal nanoparticles can act 

as co-catalyst, stabilizing photogenerated electrons, promoting the water reduction 

reaction, simultaneously reducing the rate of charge recombination and thus also 

making more holes available for the oxidation reaction.15,22,23 iv) Cuδ+ and Cu0 on the 

surface of supported Cu clusters can also participate as catalysts in the ethanol 

oxidation to acetaldehyde;17 v) copper ions can be partially incorporated into the TiO2 

lattice substituting Ti4+ ions and creating oxygen vacancies that decrease the TiO2 

bandgap.15,19,24,25 All these effects strongly depend on the synthesis procedure, the 

TiO2 surface area and its structural and chemical properties, which affect the Cu 

dispersion and oxidation state22, and the TiO2 phase that also determines the 

interaction with Cu and the Cu role.26  

Most previous works assign the performance promotion of Cu2-xO/TiO2 with respect 

to TiO2 to the extension of light absorption toward the visible range of the solar 

spectra. However, in most previous works mainly UV excitation is used, and the overall 

and local temperature changes associated with the visible light absorption is usually 

neglected.  

In the present work, we aim at gaining additional understanding of the mechanism 

behind the synergistic promotion of the catalytic performance in Cu2O/TiO2, while 

simultaneously contributing to the optimization of this system. In this direction, we 

present a one-pot hydrothermal synthesis strategy to produce Cu2O/TiO2 

nanocomposites with controlled Cu2O amounts. The photocatalytic performance of 

Cu2O/TiO2 toward ethanol dehydrogenation is tested using both UV and visible light 

irradiation. We then determine the direct contribution of visible light, beyond 

increasing temperature, toward increasing catalytic activity. We test photocatalytic 

activity in the gas phase as it offers additional advantages including lower light 

scattering, easier scale-up, higher stability, easier product recovery and even higher 
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selectivity.7,15 Besides, using time-resolved photoluminescence measurements and 

analyzing the band alignment between the two materials, we show the activity 

promotion to proceed through a conventional p-n type II heterojunction. 

 

4.3 Materials and Methods  

Chemicals 

Titanium (IV) isopropoxide (97%, Sigma-Aldrich, St. Louis, MI, USA), copper (II) nitrate 

hexahydrate (98%, Fluka, Buchs, Switzerland), ethanol (96%, PanReac AppliChem 

GmBH, Darmstadt, Germany), polyvinylpyrrolidone (PVP, 90%, Sigma-Aldrich, St. Louis, 

MI, USA), and sodium sulfate (Alfa Aesar ™, Ward Hill, MA, USA) were used without 

further purification. 

Synthesis of Photocatalysts 

PVP (0.45 g) was dissolved in Milli-Q water:ethanol (1:2) (40 mL) under stirring at room 

temperature. To this solution, a proper amount of Cu(NO3)2·6H2O was added (0, 11.3, 

22.5, 45 and 112.5 mg to reach 0, 0.5, 1, 2 and 5 at%, respectively) by stirring for 5 

min. Then, 2.3 mL of titanium (IV) isopropoxide was added dropwise, followed by 

stirring for 10 hours at room temperature. Finally, the suspension was transferred to 

a 50 mL Teflon-lined autoclave and maintained at 170 °C for 14 hours.  

Structural and chemical characterization 

The morphology and size of the particles were obtained by transmission electron 

microscopy (TEM) using a ZEISS LIBRA 120 (Carl Zeiss, Jena, Germany) instrument. 

Elemental analysis was carried out using an Oxford energy dispersive X-ray 

spectrometer (EDX) combined with the Zeiss Auriga SEM (Carl Zeiss, Jena, Germany) 

working at 20.0 kV. The crystal structure of the samples was determined by X-ray 

diffraction (XRD) using a D8 Advance (Bruker, Billerica, MA, USA) equipment with Ni-

filtered Cu-Kα radiation (λ= 0.15406 Å) operating at 40 mA and 40 kV. UV-Vis 

absorption spectra were recorded on a UV-Vis spectrophotometer (Shimadzu, UV-

3600i Plus, Japan), BaSO4 was used as a reference standard. The spectra were 

recorded at room temperature in air within the range of 300-800 nm. High-resolution 
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transmission electron microscopy (HRTEM) images and scanning transmission 

electron microscopy (STEM) studies were conducted on an FEI Tecnai F20 field 

emission gun microscope operated at 200 kV with a point-to-point resolution of 0.19 

nm, which was equipped with high angle annular dark-field (HAADF) and a Gatan 

Quantum electron energy loss spectroscopy (EELS) detectors. X-ray photoelectron 

spectroscopy (XPS) was done on a SPECS system (SPECS GmbH, Berlin, Germany) 

equipped with an Al anode XR50 source operating at 150 mW and a Phoibos 150 MCD-

9 detector (SPECS GmbH, Berlin, Germany). Data processing was performed with the 

CasaXPS program (Casa Software Ltd., UK). Steady-state photoluminescence (PL) 

spectra were conducted by a high-resolution photoluminescence spectrofluorometer 

(Horiba Jobin Yvon Fluorolog-3). For the time-resolved photoluminescence 

spectroscopy (TRPL) measurements, a nanosecond LED with a 350 nm peak 

wavelength (Horiba NanoLED N390, France, pulse width < 1.3 ns) was applied to excite 

the samples. The TRPL decay was resolved at 400 nm. Average lifetimes were obtained 

by fitting the TPPL spectra with DAS6 software (Horiba).  

Photoelectrochemical measurements 

Photoelectrochemical (PEC) properties were measured using CHI760e (CHI 760E, CH 

Instrument, China) in a three-electrode cell with a platinum mesh as the counter 

electrode and an Ag/AgCl reference electrode. Na2SO4 (0.5 M) was used as the 

electrolyte solution. The working electrode was prepared by depositing Cu2O/TiO2 on 

an indium tin oxide (ITO) glass electrode (1 cm1 cm) and heating at 200 °C for 1 h. 

Potentials vs. Ag/AgCl were converted into potentials vs. reversible hydrogen 

electrode (RHE) according to the Nernst equation (ERHE=EAg/AgCl+0.059pH+0.196). 

Electrochemical impedance spectroscopy (EIS) measurements were carried out with a 

sinusoidal ac perturbation of 5 mV applied over the frequency range of 0.01–100000 

Hz. The transient photocurrent (TPC) of the as-prepared photocatalysts were 

measured with an AM1.5G solar power system used as the light irradiation source 

(100 mW·cm-2) at an ambient temperature and without any light irradiation source. 

Mott-Schottky (M-S) measurements were carried out in dark with a scanning speed of 

bias potential ranging from −1.4 to 0.2 V at a scan rate of 0.01 V s−1. The linear sweep 
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voltammetry was carried out with a scanning speed of bias potential ranging from −1.2 

to 0.6 V at a scan rate of 0.01 V s−1. 

Photocatalytic test 

In a typical experiment, a cellulose paper impregnated with 2.0 mg of the 

photocatalyst was placed inside a photocatalytic reactor that was equipped with UV 

LEDs (365 ± 5 nm, from SACOPA S.A.U) (Figure S1). A light irradiation of 79.1± 0.5 

mW·cm−2 was measured for UV light at the sample position. A saturated Ar gas stream 

was prepared by bubbling dry Ar gas through a Dreschel bottle with a water:ethanol 

vapor mixture (9:1, molar ratio, 20 mL·min-1). The photoreactor effluent was 

monitored online every 4 min using gas chromatography (GC) (Agilent 3000A MicroGC) 

with three columns: MS 5 Å, Plot U and Stabilwax. The system was purged with the 

saturated Ar stream (20 mL·min-1, 30 min) to remove oxygen before performing the 

experiments. The UV-visible light source contained two LEDs emitting at 372 ± 5 nm 

and two LEDs emitting visible light (correlated color temperature (CCT) 6099 K, color 

rendering index (CRI) 74) in Figure S1. In this system, UV light irradiation was 11.2 ± 

0.5 mW·cm−2 at the sample position. 

Apparent quantum yield (AQY) calculation. 

The AQY was estimated using the following equation: 

AQY =
2nH2

np
· 100 =

2nNA

ET Ep⁄
· 100                                           (1) 

where nH2
 is the number of evolved hydrogen molecules and np is the number of 

incident photons reaching the catalyst. The number of incident photons can be 

calculated by np = ET Ep⁄ , where ET is the total energy reaching the catalyst and Ep is 

the energy of a photon. ET can be calculated by ET = PSt, where P (W·m-2) is the 

power density of the incident monochromatic light, S (m2) is the irradiation area and 

t (s) is the duration of the incident light exposure. Ep can be calculated by Ep = hc ⁄ , 

where h is the Planck’s constant, c the speed of light and  (m) is the wavelength of 

the incident monochromatic light. The number of hydrogen molecules can be 

calculated as nH2
= nNA , where n is H2 moles evolved during the time of light 
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exposure (t), and NA is the Avogadro constant. In our experimental conditions with UV 

light, the wavelength of the incident light was  = 365 nm, the power density of the 

incident light at the paper surface was P=79.1 mW·cm-2 and the irradiation area was S 

=πR2=3.14 x 0.752=1.77 cm2. 

 

4.4 Results and discussion 

Structural, chemical and optical properties 

Cu2O/TiO2 nanocomposites with different Cu2O loading, between 0.5 at% and 5 at%, 

were synthesized by the hydrothermal reaction of copper(II) nitrate hexahydrate and 

titanium(IV) isopropoxide at 170 C for 12 h. Figure 1a shows the XRD patterns of the 

TiO2 and Cu2O/TiO2 nanopowders. The main XRD peaks of all patterns could be 

indexed with the tetragonal anatase TiO2 phase (JCPDS No. 01-071-1167). Additional 

XRD peaks at 2θ=36.4 and 42.3 were identified in Cu2O/TiO2 samples containing 1% 

and higher Cu2O amounts and were associated with the (111) and (200) family planes 

of the cubic Cu2O cuprite phase. From the XRD patterns, using the Scherrer equation, 

the size of the TiO2 and Cu2O crystal domains was calculated to be ca. 7 nm and 50 nm, 

respectively, which pointed at the presence of some large Cu2O crystals. 

TEM micrographs showed TiO2 and Cu2O/TiO2 nanopowders to consist of small 

nanoparticles with irregular shapes and an average size of ca. 10 nm (Figure 1b, 2a). 

HRTEM characterization of the 1% composite further confirmed the presence of both 

the tetragonal anatase TiO2 and cubic Cu2O phases (Figure 1c). STEM-EELS 

compositional map displayed the elemental distribution (Figure 1d). By performing 

the quantitative relative compositional analysis we could extrapolate that Ti and O 

compositions oscillate between 30-35% and 65-70%, respectively. Only traces of Cu 

could be detected from the 1% composite (Table 1). This limitation and the small size 

of the Cu2O domains observed by HRTEM resulted in STEM-EELS compositional map 

showing homogeneous-like copper distributions (Figure 1d). SEM-EDX analysis 

showed the Cu concentration to match the nominal amount in low Cu-loaded samples, 

but to be lower than expected in 2% and 5% Cu2O/TiO2 nanocomposites (Table 1). 
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XPS spectra showed the incorporation of Cu not to influence the Ti chemical state 

(Figure 1e, 2b,c), which displayed the Ti 2p3/2 and Ti 2p1/2 binding energies at 458.5 eV 

and 464.2 eV, respectively, consistent with Ti4+ within a TiO2 chemical environment.27-

29 Besides, Cu 2p3/2 and Cu 2p1/2 binding energies were 931.9 eV and 951.9 eV, pointing 

at a Cu+ chemical state.30,31 The surface composition of Cu matched the nominal 

amount of Cu in the 1% Cu2O/TiO2 nanocomposite, but it was lower for the 2% 

Cu2O/TiO2 nanocomposite, which is in part consistent with SEM-EDX analysis and in 

part associated to the formation of relatively large Cu2O particles when increasing the 

Cu loading, as observed by XRD.  
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Figure 1. (a) Powder XRD pattern of TiO2 and 0.5%, 1%, 2%, 5% Cu2O/TiO2 
nanocomposites. (b) TEM micrograph of 1% Cu2O/TiO2, with a scale bar of 200nm. c) 
HRTEM analysis of the 1% Cu2O/TiO2 sample. The upper image shows a crystal with a 
tetragonal anatase phase of TiO2 visualized along the [010] zone axis. The lower image 
shows a cubic Cu2O crystallite visualized along the [111] zone axis. (d) STEM-ADF and 
STEM-EELS analysis of the 1% Cu2O/TiO2 sample. Cu L-edges at 931 eV (red), O K-edge 
at 532 eV (green), and Ti L-edge at 456 eV (blue). (e) High resolution XPS spectra for Ti 
2p core level of TiO2, and 1%, 2% Cu2O/TiO2 nanocomposites. 
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Figure 2. (a)TEM micrograph of TiO2 nanocrystals. (b)Wide XPS spectrum of 0, 1% and 
2% Cu2O/TiO2 nanocomposites. (c) High resolution spectra for Cu 2p. 

 

Table 1. Ti and Cu atomic concentrations of (1%, 2%, 5%)Cu/Cu2O/TiO2.  

 

 

Figure 3 shows the UV-vis spectra of TiO2 and Cu2O/TiO2 nanopowders and the 

corresponding Tauc plot calculated as (αhν)1/2 vs. hν to determine the direct bandgap 

of TiO2 (Figure 3b) and as (αhν)2 vs. hν to determine the indirect bandgap of Cu2O 

(Figure 3c). UV-vis absorption data showed a clear absorption edge at around 3.2 eV 

consistent with the TiO2 bandgap. No clear shift of the absorption edge was observed 

with the introduction of Cu, which rules out a possible bandgap change related to the 

incorporation of Cu ions within the TiO2 lattice. Besides, when incorporating Cu2O, 

additional light absorption in the visible region and with an absorption edge of ca. 2.0 

eV was clearly observed, consistent with the presence of the Cu2O phase.32  
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Figure 3. UV-vis absorption spectra (a) and Tauc plot calculated as (αhν)1/2 vs. hν (b) 
and as (αhν)2 vs. hν t (c) for TiO2 and 0.5%, 1%, 2%, 5% Cu2O/TiO2 nanocomposites. 

 

Photocatalytic activity 

Figure 4a,b displays the UV (365 ± 5 nm) photocatalytic activity of TiO2, Cu2O/TiO2 and 

Cu2O nanopowders toward hydrogen production from a gas phase 10% ethanol 

solution in water. The composition of the effluent gas was monitored using gas 

chromatography, which showed acetaldehyde (2) and hydrogen (3) in a 1:1 molar ratio 

to be the two unique products of the reaction. These results proved both that the 

hydrogen was generated from the dehydrogenation of ethanol and not from water 

splitting, and that the reaction proceeded with very high selectivity toward 

acetaldehyde production, following the scheme:33 

𝐶𝐻3𝐶𝐻2𝑂𝐻 + 2ℎ+  →  𝐶𝐻3𝐶𝐻𝑂 + 2𝐻+          (2) 

2𝐻+ + 2𝑒− →  𝐻2                                                           (3) 

The hydrogen evolution rate (HER) measured under UV light for the reference TiO2 

was 2.4 mmol h−1·g−1 (Figure 4a,b). HER strongly increased with the introduction of 

Cu2O (Table 2). Among the series of Cu2O/TiO2 samples tested, the highest HRE were 

obtained for the 0.5% and 1% Cu2O/TiO2 samples which displayed a HER of 20.5 mol 

g−1 h−1 and 24.5 mmol h−1g−1, a factor 10 above bare TiO2. Higher Cu2O loadings 

resulted in lower HER, 13.6 and 10.7 mmol g−1 h−1 for the 2 and 5% samples, 

respectively. We hypothesise the lower HER obtained when increasing the Cu loading 

above 1% to be related with an increase of the recombination rate associated with a 

faster recombination of the charge carriers photogenerated in the Cu2O phase than in 
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the TiO2 phase. Besides, the formation of larger Cu2O domains when increasing the Cu 

loading could also play an important role. The AQY of the 1% Cu2O/TiO2 was 6.4 %, 

whereas the AQY for TiO2, 0.5, 2, and 5% Cu2O/TiO2 were 0.6%, 5.3%, 3.5% and 2.8%, 

respectively (Figure 5a). Table 2 displays a comparison of the AQY obtained here with 

those obtained in previous works. On the other hand, the HER of bare Cu2O was very 

moderate, just 0.8 mmol h−1g−1, demonstrating both the important role played by TiO2 

in the separation of charge carriers and the synergism between the two materials to 

optimize photocatalytic activity. Figure 5b displays the HER of the 1% Cu2O/TiO2 

sample measured three consecutive times during 1 h, showing the notable HER 

stability of the system. Besides, in contrast to some previous works, we observed no 

color change of our samples during photocatalytic reaction in the presence of 

ethanol.34,35 It should be noted that beyond the convenient use of aqueous ethanol 

solutions as produced from biomass processing, the presence of water is beneficial to 

increase the catalyst activity and stability by preventing active sites to be blocked by 

acetaldehyde, which exhibits a strong affinity towards inorganic oxide surfaces.36 
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Figure 4. (a) Photocatalytic H2 evolution on TiO2, Cu2O, 0.5%, 1%, 2%, 5% Cu2O/TiO2 
nanocomposites under UV light irradiation (365 ± 5 nm and 79.1 ± 0.5 mW·cm−2). (b) 
HER from data displayed in panel (a). (c) HER measured on TiO2, 0.5%, 1%, 2%, 5% 
Cu2O/TiO2 nanocomposites under different conditions: (1) UV light irradiation (372 ± 
5 nm and 11.2 ± 0.5 mW·cm−2), (2) UV (372 ± 5 nm and 11.2 ± 0.5 mW·cm−2) plus visible 
light irradiation (0.017 ± 0.005 mW·cm−2), (3) UV light irradiation, and (4) UV light 
irradiation and heating to compensate temperature (∼36−37 °C). (d) HER obtained 
from data displayed in panel (c). 

 

Figure 5. (a) AQY data of HER obtained on TiO2 and (0.5, 1, 2, 5%) Cu2O/TiO2 samples. 
(b) Three consecutive cycles of photocatalytic hydrogen production under UV light 
using the same 1%Cu2O/TiO2 sample.  
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Table 2. Comparison of the hydrogen evolution rates and AQY reported on various 
Cu2O-TiO2 systems. 

 

 

Figure 4c shows the photocatalytic HER activities of Cu2O/TiO2 under UV light (372 ± 5 

nm) and when combining UV light with visible light or heat (see the experimental 

section for details). It should be noted that under visible light there is an increase in 

the temperature of the photocatalyst, thus it is necessary to separate the effect on 

HER of the temperature increase and the photogenerated charge carriers obtained 

with the visible light absorption. Thus, the photocatalytic test was divided into four 

consecutive steps: i) After turning on the UV light, HER began to rise until it stabilized. 

At this stage the sample temperature was ca. 25 C; ii) Keeping the UV light on, the 

visible light was turned on, which increased the HER of all samples. The introduction 

of visible light also increased the sample temperature, up to ca. 36-37 C (Table 3); iii) 

With the UV light on, the visible light was turned off, which resulted in a relatively slow 

decline of the HER and a temperature decrease down to 25 C. The slow HER decrease 

already denoted a significant effect of temperature on the increase of HER observed 

with the visible light; iv) Finally, still maintaining the UV light on, the reactor was 

heated to 36-37 C (Table 3), which also resulted in an increase of the HER for all 

catalysts. By comparing stages 2 and 4, the effect of temperature and photogenerated 

Photocatalyst
H2 Evolution 

Rate

μmol h−1 g−1 

Illumination Light AQY Ref.

5wt%Cu/Cu2O/Cu/
TiO2

3,944
520 nm; 100 mW

cm−2 45.7% S1

0.9 mol% 
Cu2O/TiO2

318 365 nm 28.6% S2

Cu2O ca.1.5% 
(Cu2O /T1-VO)

326,000 350 nm 53.5% S3

Ag/Cu@Cu2O 874.7 365 nm 2.3% S4

2.5 mol% 
Cu2O/TiO2

2,048 365 nm; 3.6 mWcm−2 4.32% S5

Cu/Cu2O/CuO/TiO2 2,008 100 mW cm−2 2.21% S6

1% Cu2O/TiO2 24,500
365nm; 79.1 mW

cm−2 6.4%
This 
work
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electron-hole pairs can be differentiated.  

 

Table 3. Temperature evolution in the photocatalytic reaction of the 0%, 0.5%, 1%, 2%, 
5% Cu2O/TiO2 nanocomposites. 

 

 

Notice that the addition of visible light increased the HER of TiO2 by a factor of two, 

which was associated with a 10 C increase in temperature (Figure 4c,d). This twofold 

HER increase points toward the combination of energy sources in thermo-

photocatalytic reactors as an efficient strategy of solar energy conversion. Such a 

strong influence of temperature on HER is likely related to the high adsorption energy 

of acetaldehyde on the oxide surface, blocking the catalyst active sites and thus 

slowing down the reaction. A moderate increase in temperature can significantly 

reduce the acetaldehyde adsorption strength, thus unblocking active sites and 

increasing activity.37  

Cu2O/TiO2 catalysts displayed a much higher increase of activity with the addition of 

visible light (Figure 6), by close to a factor of three in 1% Cu2O/TiO2. Only a small 

fraction of this increase in activity can be associated with the increase of temperature, 

as observed in figure 4c,d. The much larger increase of HER obtained with visible light 

irradiation compared to the sample heating to the same temperature suggests a 

significant contribution of photogenerated charge carriers in Cu2O.  

Sample 

UV 

Temperature 

(oC) 

UV+Vis 

Temperature 

 (oC) 

UV+heating 

Temperature 

 (oC) 

TiO2 24 35 35 

0.5% Cu2O/TiO2 24 37 37 

1% Cu2O/TiO2 25 36 36 

2% Cu2O/TiO2 24 35 35 

5% Cu2O/TiO2 25 37 37 
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Figure 6. The spectra of the visible LEDs used for visible illumination is recorded by 
ocean optics (USB2000+XR1-ES) with distance 20cm in dark. 

 

The photocatalytic performance of semiconductor photocatalyst is tightly related to 

their charge transport, separation, and transfer processes, which closely rely on their 

relative electronic energy level positions. To understand the photocatalytic process 

and to gain insights from the enhanced performance of Cu2O/TiO2 nanocomposites, a 

series of spectroscopic analysis was performed. Figure 8 displays the steady-state PL 

spectra of TiO2 and 1% Cu2O/TiO2. In both spectra, a peak at around 400 nm, 

associated with the band-to-band radiative recombination in TiO2, was observed.38-42 

The presence of Cu2O resulted in a decrease of the peak intensity, which denoted an 

influence of Cu2O on the recombination of charge carriers photogenerated in TiO2. 

Figure 7a displays the TRPL spectra of TiO2 and 1% Cu2O/TiO2 at 400 nm. The PL 

intensity of both samples was observed to decay at a similar rate, with an average 

photocarrier lifetime of 32.3 ns for 1%Cu2O/TiO2 and 34.0 ns for TiO2. This result 

demonstrated a minor influence of Cu2O on the band-to-band recombination within 

TiO2 thus pointing again toward a minor or null influence of Cu within the TiO2 lattice.  

The photoelectrochemical behavior of TiO2 and 1% Cu2O/TiO2 samples supported on 

an ITO-covered glass substrate were measured under dark and 100 mW·cm-2 AM 1.5G 

irradiation. As shown in Figure 7c, the photocurrent density measured for 1% 

 

540nm

448nm

27nm

95nm



99 

 

Cu2O/TiO2 was higher than that obtained for TiO2. Figure 7b displays the TPC data 

obtained from TiO2 and Cu2O/TiO2 composites with different Cu2O loadings. The 1% 

Cu2O/TiO2 electrode showed the highest photocurrent densities, well above those 

obtained for bare TiO2. The stable photocurrent of all Cu2O/TiO2 samples pointed at a 

good stability of the composites under illumination in solution. The 5% Cu2O/TiO2 

sample showed the largest TPC transient spikes indicating the highest degree of 

surface charge recombination, which is consistent with its lower HER catalytic 

performance (Figure 4b) and suggests that an excessive amount of Cu2O hampers the 

photocatalytic activity due to excessive charge carrier recombination.43  

Figure 4d displays the Nyquist plot with the EIS data obtained from TiO2 and 1% 

Cu2O/TiO2 in the dark and under illumination. EIS analysis showed the 1% Cu2O/TiO2 

sample to be much less resistive than TiO2,44 suggesting that the formation of the 

heterojunction facilitates the charge transport and injection. Data were fitted with a 

Randles equivalent circuit consisting of a series resistor 𝑅𝑆, a bulk resistor 𝑅𝑐𝑡,𝑏𝑢𝑙𝑘 for 

charge transport resistance, and a bulk capacitor 𝐶𝑏𝑢𝑙𝑘  for space charge region 

capacitance (Table 4).45 With the incorporation of only 1% of Cu2O, the value of 

𝑅𝑐𝑡,𝑏𝑢𝑙𝑘 was reduced from 4.18  to 15.5  in the dark, and to even lower values 

under AM1.5G irradiation. 
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Figure 7. (a) TRPL decay of the TiO2 and 1% Cu2O/TiO2 composite. (b) Transient 
photocurrent response for TiO2 and 0.5%, 1%, 2%, 5% Cu2O/TiO2 composites. (c) 
Current density vs. potential (RHE) and (d) Nyquist plot with the EIS data obtained 
from TiO2 and 1% Cu2O/TiO2 composite in the dark (off) and under illumination (on) 
at AM1.5G solar power system 100 mW·cm-2 light irradiation. 

 

 

Figure 8. (a) Steady-state photoluminescence spectra of TiO2 and 1%Cu2O/TiO2. (b) 
Table 4. EIS data fitting results. 
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Determination of heterojunction band position 

To determine the band alignment of the Cu2O/TiO2 heterojunction, M–S analysis was 

performed on pristine TiO2, Cu2O and 1% Cu2O/TiO2 considering:  

c−2 =
2

NDεε0ⅇ
(V − Vfb

−
kT

ⅇ
)                                                      (4) 

where C is the space charge capacitance in the semiconductor, ND  is the electron 

carrier density, ⅇ  is the elementary charge (1.60 × 10−19 C), and ε0  is the vacuum 

permittivity (8.85 × 10−12 F m−1). The considered relative permittivities were ε = 55 for 

TiO2 and ε = 6.3 for Cu2O.46  

Figure 5a shows the M–S plots of TiO2, Cu2O and 1% Cu2O/TiO2. ND is determined as: 

ND =
2

ⅇε0ε
× [

ⅆ[
1

C2]

ⅆvs
]

−1

                                                       (5) 

where [
ⅆ[

1

C2]

ⅆvs
]

−1

is the best fit of their linear range of [
1

C2] vs V (12×109 cm4F-2 for TiO2 

and 9×1010cm4F-2 for Cu2O). As expected, TiO2 shows a positive value in the linear 

region in accordance with its n-type character, while Cu2O shows a negative value 

consistent with its p-type behavior.30 The M–S analysis resulted in ND  = 2.14 ×

1020 cm−3 for TiO2 and ND = 2.5 × 1020cm−3 for Cu2O (see the support information 

for additional details). 

The effective density of states in the CB (NC) is given by:  

NC ≡ 2 (
2πmdekT

h2 )

3

2
                                                    (6) 

where mde is the density-of-state effective mass for electrons of nano-crystalline 

anatase TiO2, h is Planck’s constant (6.62607004 × 10-34 m2 kg s-1), k is Boltzmann’s 

constant (1.38064852 × 10-23 m2 kg s-2 K-1) and T is the absolute temperature (298 K). 

For TiO2 a mⅆⅇ=10m0 is used for Nc calculations, where m0 (9.109×10−31) is the mass 

of a free electron. For Cu2O mⅆⅇ= 0.58m0 is taken as the effective hole mass.  

Boltzmann statistics was applied to determine the position of the bottom of the CB 
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ECB for TiO2 and the maximum of the VB EVB for Cu2O (3): 

E − EF = kT ln (
NC

ND
)                (7) 

where EF is the Fermi level position (EF =Vfb). EF was found to be 0.033 eV below the 

ECB for TiO2 and 0.081 eV above the EVB for Cu2O.47 Based on the M–S analysis, the 

electronic band structure of Cu2O and TiO2 is displayed in Figure 5c. The Vfb values of 

TiO2 and Cu2O are -0.44 eV and 0.72 eV vs RHE, respectively. The ECB for TiO2 is -0.41 

eV and the EVB for Cu2O is 0.64 eV. As the two materials are brought into contact, 

there is a net transfer of electrons from n-type TiO2 to p-type Cu2O that results in a 

bending of the band structure at the interface. Because of the small size of the crystal 

domains, this bending extends through all the whole TiO2 and Cu2O crystals that are 

in contact with each other. (Figure 9d). In the resulting heterostructure, 

photogenerated electrons in the CB of Cu2O tend to move toward TiO2, where 

hydrogen generation takes place, and photogenerated holes in TiO2 tend to move 

toward the Cu2O, where ethanol is oxidized to acetaldehyde (Figure 9d).48,49 
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Figure 9. (a) M–S analysis of TiO2 and 1% Cu2O/TiO2. (b) M–S analysis of Cu2O. (c) 
Energy band diagrams for Cu2O and TiO2 before contact. (d) Scheme of the Energy 
band structure of a Cu2O/TiO2 heterojunction and the ethanol dehydrogenation 
reaction. 

 

4.5 Conclusions 

A simple one-pot method for the synthesis of p-n Cu2O/TiO2 heterostructures was 

presented. Using UV-vis spectroscopy and M-S analysis, we showed the formation of 

a p-n heterojunction between Cu2O and TiO2, which favors the separation of electron-

hole pairs. The obtained nanocomposites at 0.5%, 1%, 2%, and 5% Cu2O loading were 

tested for the photocatalytic dehydrogenation of ethanol in water:ethanol vapor 

mixture. We demonstrated the composites to be photostable catalysts capable of 

working in a light absorption towards the visible range, with an outstanding selectivity 

-0.9 -0.6 -0.3 0.0 0.3 0.6
0

2

4

6

-0
.4

4
 e

V

 

 

C
−
2

b
u

lk
 (

1
0

9
c
m

4
F

−
2
)

V vs. RHE (V)

Cu2O/TiO2

TiO2

-0.15 eV

-3

-2

-1

0

1

2

3

4

V vs. RHE

a b

EF=-0.44

EF=0.72

0.0 0.2 0.4 0.6 0.8
0

2

4

6

8

C
−
2

b
u

lk
 (

1
0

1
0
c
m

4
F

−
2
)

V vs. RHE (V)

  

 

 

0.72 eV

Cu2O

Cu2O Ti2O

c

3.2eV

2.0eV

d

C2H5OH

CH3CHO + 2H+

2H+

H2

Cu2O (p-type) TiO2 (n-type)

VB

CB
33mV

81mV



104 

 

to the production of acetaldehyde and hydrogen from ethanol. The optimum 

composition contained 1% of Cu2O and showed a yield for HER of 24.5 mmol g-1 h-1 

and an AQY = 6.4%. The EIS analysis showed the 1% Cu2O/TiO2 sample to be less 

resistive than TiO2 sample and suggested that the heterojunction facilitated the 

charge transport and injection. The addition of visible light increased the HER of the 

samples by a factor of two, which was partially associated with an increment in the 

reaction temperature of around 10C. We further discerned the influence of 

temperature and photogenerated electron-hole pairs in the HER increase upon visible 

light irradiation, demonstrating the important role of photogenerated charge carriers 

in the presence of Cu2O. Besides, our results open new opportunities for efficient solar 

energy conversion by the combination of energy sources in thermo-photocatalytic 

reactors. 
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Result and Discussions  

Energy crisis and environmental pollution are the two major problems facing the 

development of human society today. Solar energy is the most abundant clean and 

renewable energy. Therefore, photocatalytic technology has great interest owing to 

its potential in the utilization and even storage of solar energy. The efficient utilization 

of solar energy requires the design and preparation of high-efficiency photocatalysts. 

However, the efficiency of a single photocatalyst is very low, the strong coulomb 

attraction of photo-generated electrons and holes leads to their rapid recombination. 

In addition, it is difficult for a single photocatalyst to have both broad-spectrum 

absorption and sufficient redox capacity. To solve this problem, constructing a 

heterojunction photocatalyst has become an effective way because it can realize the 

effective separation of photogenerated electrons and holes in space.  

TiO2 is the prototype photocatalyst due to its outstanding optoelectronic properties, 

natural abundance, high photo-corrosion resilience, lack of toxicity, and low cost. 

However, TiO2 practical application is hampered by its large band gap, which limits the 

range of solar spectra used. In order to improve the light absorption performance, the 

photocatalyst should have a smaller band gap, and in order to obtain a higher redox 

ability, it has to have a higher CB energy level and a lower VB energy level. Here, we 

present a simple, high throughput, and scalable hydrothermal-based strategy to 

produce heterostructures, such as Cu2O/TiO2, CoTiO3/TiO2 and NiTiO3/TiO2.  

Ti-based mixed oxides and particularly perovskite titanates MTiO3 (M=Ba, Sr, Co, and 

Ni) are an exciting class of photoactive materials. Perovskite MTiO3 semiconductor 

materials have a narrow band gap (Eg = 2.1-2.3 eV), and they can undergo electronic 

transitions under visible light irradiation to generate electron-hole pairs. Subsequently, 

the electrons and holes are separated to form charge carriers that migrate to the 

surface of the material and react with the substances adsorbed on the surface. Thus, 

MTiO3 can be combined with TiO2 to build suitable photocatalysis. 

In conventional Type-II heterojunctions, under light conditions, electrons can be 

transferred from PC 1 to PC 2 after electron-hole pairs are generated, and the photo-
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generated holes move in the opposite direction. But this mechanism has some 

fundamental problems, which directly affect its practical application. 1) 

thermodynamic, the efficiency of photo-generated electron-hole separation comes at 

the cost of reducing the oxidation/reduction capacity of the two semiconductor 

photocatalysts. For certain specific reactions, a certain oxidation-reduction potential 

is required to drive, so this is not conducive to the occurrence of photocatalytic 

reactions. 2) perspective of kinetics: due to the existence of electrostatic interaction, 

the existence of photogenerated electron holes in the original photocatalyst will 

inhibit the interface transfer of electron holes in other catalysts. Here, we built p-n 

type-II Cu2O/TiO2, this heterostructure determined the direct contribution of visible 

light, beyond the increasing temperature, toward increasing catalytic activity. We also 

tested photocatalytic activity in the gas phase as it offers additional advantages, 

including lower light scattering, easier scale-up, higher stability, easier product 

recovery and even higher selectivity. 

In the traditional Z-scheme mechanism, the charge transfer between the two 

semiconductors is achieved through redox electron mediator pairs, and these ions can 

only achieve a sufficient migration rate in the solution. After light excites the two 

semiconductors to generate electron holes, the photogenerated holes of PC 1 react 

with the electron donor to generate an electron acceptor, while the photogenerated 

electrons of PC 2 react with the electron acceptor to generate an electron donor. The 

electron holes in the two semiconductors are retained to participate in the redox 

reaction. This makes the system limited to the reaction of the solution phase. 

Unpredictable side reactions may occur, as shown in the figure. Due to the greater 

potential difference, the electrons in PC 1 may react with the electron acceptors, and 

the holes in PC 2 may react with the electron donors, which may interfere with the 

charge transfer process. Redox mediators may be colored, such as ferrous/ferric, 

which interferes with the light absorption of the semiconductor catalyst.  

The synthesis of NiTiO3 and CoTiO3 have mainly divided into two steps: 1) synthesis 

needle bundles of Ni and Co-doped TiO2 (TiO2:Ni and Co) and 2) their posterior 

sintering in the air to produce highly crystalline NiTiO3/TiO2 and CoTiO3/TiO2 
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heterostructures. The benefits of this synthesis strategy include: 1) Enables the metal 

to be uniformly doped in the TiO2 nanoparticles. 2) During the calcination process, the 

metal can combine with TiO2 to form NiTiO3 and CoTiO3. As a result, the size of NiTiO3 

and CoTiO3 nanoparticles is small and can be evenly distributed on the surface of TiO2. 

Formally, because part of Ti comes from TiO2, CoTiO3/TiO2 and NiTiO3/TiO2 is the 

construction of heterojunction can be tightened.  

In addition, the synthesis of mixed oxides and oxide heterostructures in the form of 

high surface area materials remains an extremely challenging endeavor, which has 

limited further advances in this direction. Here, porous NiTiO3/TiO2 was generated 

during the sintering of the nanostructured bundles due to the presence of a large 

density of interfaces on the precursor material. Our work proves that this porous 

NiTiO3/TiO2 heterostructure is excellent photocatalysts for hydrogen generation. 

Table1. Summary study of Cu2O/TiO2, CoTiO3/TiO2 and NiTiO3/TiO2. 

 

There are some shortcomings and limitations of the Z-scheme and type-II 

photocatalyst. 1) The scope of application is limited, currently mainly limited to the 

application of powder photocatalysts, not suitable for photoelectric catalysis and solar 

cells with external circuits. 2) The two semiconductors constituting the type-II and Z-

Photocatalysts

Light 

absorption 

range (eV)

HER rate
(mmol·h-1·g-1)

Heterostructure 

HER 

Mechanism

Influence of

visible light / 

temperature

Stable

TiO2 >3.0 2.0 - ✓ ✓

Cu2O/TiO2 >2.0 24.5 Type-II ✓ ✓

CoTiO3/TiO2 >2.6 3.7
Direct 

Z-Scheme ✓ ✓

NiTiO3/TiO2 >2.5 11.5
Direct 

Z-Scheme ✓ ✓

Cu2O >2.0 0.08 - - 

CoTiO3 >2.3 0.3 - - ✓

NiTiO3 >2.3 0.2 - - ✓
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scheme system are mainly n-type semiconductors, which should have a suitable 

energy band structure and a significant fermi level difference. Meanwhile, the highest 

efficiency of using heterojunction is only 50%, since have of the charge carriers 

recombine. Thus, solving problems brings new problems at the same time. This may 

be the course of scientific development. 
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Conclusions 

In this thesis, we demonstrate that NiTiO3, CoTiO3 and Cu2O cocatalysts can 

substantially promote local spatial charge separation and proton activation in TiO2, 

achieving high-efficiency for H2 photoproduction. Ethanol is more easily oxidized than 

water by holes in the VB of photoexcited semiconductors, suppressing the 

recombination of electron-hole pairs and, therefore, increasing the reactivity of 

electrons in the CB of photoexcited semiconductors to yield hydrogen. The main 

conclusions can be summarized as follows: 

1) Porous NiTiO3/TiO2 heterostructures were prepared from the annealing in air of 

TiO2:Ni nanoneedle bundles obtained from a hydrothermal route. Pores were 

generated during the sintering of the nanostructured bundles due to the presence 

of a large density of interfaces on the precursor material. 

2) NiTiO3/TiO2 heterostructures were used for photocatalytic hydrogen generation 

from ethanol–water solutions at room temperature. NiTiO3/TiO2 hetero-

structures provided unprecedented H2 production rates up to 11.5 mmol h-1 g-1 

and an AQY of 11.6%. This excellent performance was associated to the 

improvement of three parameters: surface area, light absorption and charge 

separation. We estimated a factor 3 increase of the surface area with the 

introduction of Ni through the formation of porous NiTiO3/TiO2 hetero-

nanostructures during the annealing in air. 

3) The presence of NiTiO3, with lower band gap energy provided a higher light 

absorption coefficient at the excitation wavelength. Besides, TiO2 and NiTiO3 

presented a proper band alignment that allows an efficient spatial charge 

separation of the photogenerated charge carriers before reaction, as confirmed 

by EIS analysis. 

4) A simple method for the synthesis of CoTiO3/TiO2 heterostructures with tuned 

CoTiO3 amounts was presented. The materials showed an excellent activity in the 

photocatalytic hydrogen evolution from ethanol dehydrogenation, with the HER 

under UV light well above those of TiO2, CoTiO3, and Co-doped TiO2. 

5) A significant influence of visible light on the HER of CoTiO3/TiO2 heterostructures 
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was observed, well beyond the effect of temperature. 

6) Electrochemical impedance spectroscopy and static and time-resolved PL 

measurements showed the formed heterostructures to promote charge 

separation, extending the lifetime of photogenerated charge carriers. UV−vis 

spectroscopy and UPS analysis showed the alignment of the energy levels of the 

two materials to resemble a type II heterostructure, with the CBM of CoTiO3 below 

the H2/H+ energy level. In such type II heterostructures, electron transfer from n-

type TiO2 to p-type CoTiO3 is to be expected, generating an electric field within the 

material that drives photogenerated electrons within TiO2 and photogenerated 

holes within CoTiO3 away from the interphase and photogenerated holes in TiO2 

and electrons in CoTiO3 toward the interphase where they recombine. All these 

evidences pointed out toward a direct Z-scheme mechanism as responsible of the 

enhanced photocatalytic ethanol dehydrogenation activity of CoTiO3/TiO2 

composites over that of TiO2. 

7) A simple one-pot method for the synthesis of p-n Cu2O/TiO2 heterostructures was 

presented. Using UV-vis spectroscopy and M-S analysis, we showed the formation 

of a p-n heterojunction between Cu2O and TiO2, which favors the separation of 

electron-hole pairs. 

8) The obtained nanocomposites at 0.5%, 1%, 2%, and 5% Cu2O loading were tested 

for the photocatalytic dehydrogenation of ethanol in water:ethanol vapor mixture. 

We demonstrated the composites to be photostable catalysts capable of working 

in a light absorption towards the visible range, with an outstanding selectivity to 

the production of acetaldehyde and hydrogen from ethanol. 

9) The optimum composition contained 1% of Cu2O and showed a yield for HER of 

24.5 mmol g-1 h-1 and an AQY = 6.4%. The EIS analysis showed the 1% Cu2O/TiO2 

sample to be less resistive than TiO2 sample and suggested that the heterojunction 

facilitated the charge transport and injection. 

10) The addition of visible light increased the HER of the samples by a factor of two, 

which was partially associated with an increment in the reaction temperature of 

around 10 C. We further discerned the influence of temperature and 

photogenerated electron-hole pairs in the HER increase upon visible light 
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irradiation, demonstrating the important role of photogenerated charge carriers 

in the presence of Cu2O.  

11) Our results open new opportunities for efficient solar energy conversion by the 

combination of energy sources in thermo-photocatalytic reactors.  


