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Summary 

My PhD project aimed at synthesising, characterising and testing 

different photocatalytic materials suitable for solar energy conversion and 

other environmental applications. Among the possible materials, the 

efforts have been focused on titanium dioxide, in the first part of my 

thesis, and tungsten trioxide, in the second part, as semiconductor 

photocatalysts. 

Titanium dioxide is the most used photocatalytic material since it 

fulfils all the necessary requirements to be used as photocatalyst. The 

main advantage is related to the position of its band edges, which makes 

it suitable for a multiplicity of environmental/industrial applications. In 

fact, the electrons excited in its conduction band (CB) are energetic 

enough to reduce H+ to H2, its CB being the positioned at -0.2 eV vs. NHE. 

At the same time, photogenerated holes are strongly oxidising being at 

highly positive potentials. To overcome the fast electron-hole 

recombination, surface modification by noble metal nanoparticles (NPs) 

deposition is widely employed. In this context, the effect of different 

modification methods, i.e. Flame Spray Pyrolysis (FSP) and Magnetron 

Sputtering (MS), over H2 production in the methanol photo-steam 

reforming reaction was tested. The efforts were focused onto TiO2 

modification with copper and platinum NPs. 

Firstly, two series of titanium dioxide photocatalysts were 

prepared by FSP, containing either (i) Cu or (ii) both Cu and Pt 

nanoparticles. This technique proved to be very effective for the synthesis 

of single metal-containing TiO2-based photocatalysts, attaining good 
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hydrogen production rates with Cu-only and Pt-only modified 

photocatalysts. The photocatalysts containing both Cu and Pt 

nanoparticles exhibit a bell-shaped photoactivity trend with increasing 

copper content, the highest hydrogen production rate being attained with 

the photocatalyst containing 0.05 wt.% Cu and 0.5 wt.% Pt (TPC0.05). 

A second series of copper and/or platinum co-modified materials 

was obtained by surface modification of pre-existing TiO2 powders 

employing pulsed-DC MS technique. Different deposition times and 

plasma composition during the Cu/Pt sputtering were investigated. 

HRTEM analyses revealed the presence of well dispersed metal clusters 

that appeared to be smaller (less than 1 nm) than those attained by other 

more conventional techniques. XRPD analysis revealed no modification 

of the TiO2 crystal structure upon metal deposition. The presence of Pt 

clusters increased the photoactivity with respect to that of bare TiO2, up to 

7 times in the case of the sample obtained with the longest deposition 

time, i.e. 10 minutes. The plasma composition during Cu sputtering was 

found to strongly affect the photoactivity of the obtained materials, Cu 

alone deposited as co-catalyst in an Ar-only atmosphere imparting better 

photoactivity than Cu sputtered in Ar/O2. When the deposition of Cu 

clusters was coupled with the deposition of Pt clusters, an additive effect 

of the two metals in increasing TiO2 photoactivity was observed if Cu 

clusters were sputtered in the absence of oxygen.  

The above-described results highlight the possibility to employ 

those techniques, i.e. FSP and MS, in industrial application for the large-

scale synthesis of metal-modified powders. The former appears more 

suitable for single-metal modification, large and fast production. The 

latter, after proper optimisation of the parameters, is suitable for obtaining 
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tailored materials with metal clusters in short time and without structural 

changes. 

The interesting results obtained with these Cu/Pt co-modified 

materials led us to perform a deeper investigation on the behaviour of the 

two metals under reaction conditions. We aimed at verifying the oxidation 

state stability of both Cu and Pt nanoparticles under two reaction 

conditions: methanol photo-steam reforming and methanol aerobic photo-

oxidation. Such investigation consisted in X-ray Absorption Near Edge 

Spectroscopy (XANES) analyses coupled with Modulated Excitation 

Spectroscopy (MES). Two single metal-modified materials, FP-2Cu/TiO2 

and FP-2Pt/TiO2, 2 wt.% metal loading, were prepared by flame spray 

pyrolysis under the same conditions of the previously reported FSP-made 

photocatalysts. The single metal-modified materials and a bare flame-

made TiO2 were tested in methanol oxidation reactions, under both 

anaerobic (steam reforming) and aerobic conditions. As expected, the Pt-

modified photocatalyst showed the largest H2 production whereas the 

copper-modified material exhibited a hydrogen production rate, rH
2
, close 

to that of bare TiO2. In aerobic oxidation, instead, the presence of metal 

on the surface of the oxide caused a decrease in photo-activity with 

respect to bare TiO2. Thus, a different behaviour of the metal-modified 

photocatalyst was observed under the two reaction conditions.  

In order to explain these differences, Modulated Excitation X-ray 

Absorption Spectroscopy (MEXAS) experiments were performed. In-situ 

MEXAS is a valuable tool to elucidate the redox dynamics of the metal 

co-catalysts under photo-catalytic conditions. Under anaerobic conditions 

both Pt and Cu underwent irreversible reduction in all samples. On the 

other hand, under aerobic modulation conditions, both Cu and Pt NPs 
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alone underwent periodical oxidation in O2 and reduction in CH3OH. 

These results help to explain the different role of Cu and Pt co-catalysts 

under aerobic and anaerobic conditions and their reaction mechanism. In 

particular, only under aerobic conditions the oxidant reacts over the NPs 

surface, whereas under anaerobic conditions water adsorbs directly over 

the TiO2 surface. 

Furthermore, we studied the effect of a pre-reductive treatment 

over the photocatalytic activity of some selected samples. Indeed, the 

most active sample, i.e. TPC0.05, and the two corresponding single-metal 

modified materials, TPC0.0 (0.5 wt.% Pt on TiO2) and TC0.05 (0.05 wt.% 

Cu on TiO2), were tested in the methanol photo-steam reforming reaction 

after being pre-reduced in H2 at high temperature. After being treated, the 

TPC0.0 exhibits an almost doubled activity with respect to the as-

synthesised sample. On the contrary, a detrimental effect was observed 

with both Cu-modified photocatalysts.  

We also verified the effect of temperature over the photocatalytic 

activity. The same three samples were thus pre-reduced and then tested in 

the methanol steam reforming reaction in the 40 – 350 °C temperature 

range. The TPC0.0 sample showed an increase in H2 production rate from 

ca. 30 to 450 mmol·h-1·gcat
-1, associated with both an increased 

photocatalytic and thermal activity. The selectivity completely changed, 

switching from complete methanol oxidation at low temperature to the 

formation of syngas (CO + H2) at T > 200 °C. Similar effects, but 

mitigated by the Cu presence, were observed with the Pt/Cu co-modified 

material. Indeed, syngas production at high temperature was slightly 

lower. Sample TC0.05, instead, behaved like bare TiO2. Nevertheless, 
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temperature still influenced the photoactivity of these last two samples; at 

high temperature, were rH
2
 is ca. 7 times larger than at 40 °C, the thermal 

contribution is negligible with respect to the photocatalytic one. Thus, we 

demonstrated that by carefully selecting the photocatalyst working 

temperature it is possible to tune the selectivity and the outlet gas 

composition of a photocatalytic reaction.  

A possible alternative to TiO2 in photocatalytic solar light 

exploitation consists in the second semiconductor oxide studied in parallel 

in this thesis, i.e. WO3, having a narrow bandgap (2.6 – 2.8 eV). However, 

a voltage bias needs to be applied to attain photocatalytic water splitting 

with such a semiconductor, since its CB is lower in energy than the H+/H2 

redox potential.  

A series of WO3 films were deposited upon tungsten foil substrates 

by reactive Radio-Frequency Diode Sputtering (RF-DS). The coatings 

were prepared starting from a W metal target, in O2/Ar mixtures with 

different O2 content (from 10 up to 40%), and total pressure (1.7 – 3 Pa). 

The analyses focused on four samples: two monolayer samples, i.e. 

1L(1.7 Pa) and 1L(3 Pa), deposited at 1.7 and 3 Pa respectively, and two 

double layer ones, i.e. 2L(3+1.7 Pa) and 2L(1.7+3 Pa), obtained by 

growing WO3 at the two pressures (first at 3 Pa, then at 1.7 Pa and vice 

versa). All samples were obtained by deposition in a 40% O2/Ar 

atmosphere. The different characterisation techniques, i.e. UV-Vis, Mott-

Schottky, XPS, revealed that the film deposited at 3 Pa possesses a 0.1 eV 

narrower bandgap with respect to the 1.7 Pa monolayer (2.8 vs. 2.9 eV), 

due to the up-shifting of the CB energy in the latter. Thus, the deposition 

of WO3 at two different pressure leads to the formation of a n-n 
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heterojunction, suitable for electron-hole separation. This was further 

confirmed by linear voltammetry analyses: the 2L(3+1.7 Pa) sample 

exhibited the highest photocurrent among all samples.  

Finally, several WO3 thin films were prepared by magnetron 

sputtering (MS) aiming at exploring the effect of different operation 

parameters, such as total pressure, substrate temperature, pulse frequency, 

off time frequency, total power and deposition source, over the 

characteristics of the films. The final aim was to optimise the magnetron 

sputtering set-up for future applications. All samples were deposited over 

a metal Ti foil, starting from a pure metal W target in a reactive plasma. 

The films were characterised by UV-Vis-IR diffuse reflectance 

spectroscopy and by linear sweep voltammetry. Two different sources 

were compared: pulsed Direct Current (pDC) and Radio Frequency (RF) 

MS. It was found that the best WO3 films, in terms of film porosity and 

photoactivity, can be attained with the pDC MS, at 100 W applied power, 

2 Pa total pressure (20% O2), 3 µs-off time and 100 kHz pulse frequency. 

The parameter optimisation could be useful for future synthesis of 

photoactive films for water splitting and other energy and environmental 

applications or for gas sensing applications.
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Riassunto 

Lo scopo del mio progetto di dottorato è stato quello di 

sintetizzare, caratterizzare e testare diversi materiali fotocatalitici adatti 

alla conversione dell’energia solare e ad altre applicazioni in campo 

ambientale. Tra i possibili materiali, mi sono focalizzato sul biossido di 

titanio, nella prima parte della tesi, e sul triossido di tungsteno, nella 

seconda parte, come materiali fotocatalitici.  

Il biossido di titanio è il materiale più studiato in questo ambito 

poiché soddisfa tutti i requisiti necessari per essere impiegato in 

fotocatalisi. La caratteristica principale è la posizione dei limiti delle sue 

bande elettroniche, che lo rendono adatto per una molteplicità di 

applicazioni ambientali/industriali. Infatti, gli elettroni eccitati nella sua 

banda di conduzione (CB) sono abbastanza energetici da ridurre H+ a H2, 

dato che la sua CB è posizionata a -0.2 eV vs. NHE. Allo stesso tempo, le 

buche di potenziale sono fortemente ossidanti, essendo posizionate a 

potenziali estremamente positivi. Per evitare la rapida ricombinazione 

buca-elettrone, la tecnica più ampiamente utilizzata consiste nella 

modifica superficiale dell’ossido tramite deposizione di nanoparticelle 

(NP) di metalli nobili. In questo contesto, è stato testato l’effetto di diversi 

metodi di sintesi, come la tecnica della pirolisi in fiamma a spruzzo (FSP) 

e il Magnetron Sputtering (MS), per ottenere campioni attivi nella 

produzione di H2 dalla reazione in fase gas di reforming fotocatalitico del 

metanolo. Gli sforzi si sono concentrati sulla modifica di TiO2 con NP di 

rame e/o platino.  
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Sono state preparate con tecnica FSP due serie di fotocatalizzatori 

a base di biossido di titanio modificato con (i) solo nanoparticelle di Cu o 

(ii) con nanoparticelle sia di Cu sia di Pt. Questa tecnica si è rivelata molto 

efficace per la sintesi di fotocatalizzatori a base TiO2 modificati con 

metallo singolo: in presenza di solo Cu o solo Pt, infatti, si sono ottenute 

buone velocità di produzione di idrogeno (rH
2
). La co-presenza di Cu e Pt, 

invece, causa un incremento di attività per bassi tenori di rame e una 

successiva diminuzione all’aumentare del carico di questo metallo. 

Infatti, il campione TPC0.05, contenente lo 0.5% di Pt e lo 0.05% di Cu 

ha mostrato la migliore fotoattività tra quelli sintetizzati. 

Una seconda serie di materiali co-modificati con rame e/o platino 

è stata ottenuta modificando la superficie di polveri di TiO2 impiegando 

la tecnica del magnetron sputtering a corrente continua pulsata (pDC-

MS). È stata studiata l’influenza dei tempi di deposizione e della 

composizione del plasma durante la deposizione di Cu e Pt. Le analisi 

HRTEM hanno rivelato la presenza di cluster metallici ben dispersi più 

piccoli (di dimensioni inferiori a 1 nm) rispetto a quelli ottenuti con altre 

tecniche più convenzionali. Inoltre, le analisi XRPD non hanno rivelato 

alcuna modifica della struttura cristallina del TiO2 a seguito della 

modifica superficiale. La presenza del Pt ha causato un incremento della 

rH
2
 rispetto a quella della sola TiO2 fino a 7 volte nel caso del campione 

ottenuto con il tempo di deposizione più lungo, 10 minuti. La 

composizione del plasma durante la deposizione del Cu è risultata in 

grado di influenzare fortemente la fotoattività dei materiali ottenuti: se il 

Cu è depositato in un’atmosfera di solo Ar, garantisce una migliore 

fotoattività rispetto ai campioni modificati con Cu depositato in presenza 
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di O2. Quando entrambi i metalli, Pt e Cu, sono stati depositati sulla stessa 

polvere, è stato osservato un effetto sinergico tra i due, con conseguente 

aumento di attività fotocatalitica, solo se i cluster di Cu vengono 

depositati in assenza di O2.  

I risultati sopra riportati evidenziano la possibilità di impiegare 

entrambe le tecniche, FSP e MS, in applicazioni industriali per la sintesi 

su larga scala di polveri modificate con metalli. La prima tecnica sembra 

essere più adatta per sintesi rapide di materiali modificati con un solo 

metallo. La seconda, a seguito di una corretta ottimizzazione dei 

parametri, risulta utile per ottenere materiali modificati con cluster 

metallici in breve tempo e senza modifiche microstrutturali.  

Gli interessanti risultati ottenuti con questi materiali co-modificati 

con Cu e/o Pt ci hanno spinto ad effettuare un’indagine più approfondita 

sul comportamento dei due metalli in condizioni di reazione. Abbiamo 

mirato a verificare la stabilità dello stato di ossidazione delle 

nanoparticelle di rame e di platino in due diverse reazioni: foto-

ossidazione di metanolo in ambiente anaerobico e in ambiente aerobico. 

Tre campioni aggiuntivi sono stati preparati con la tecnica FSP a carichi 

di metallo maggiori rispetto ai precedenti: due materiali modificati con un 

solo metallo, FP-2Cu/TiO2 e FP-2Pt/TiO2 (carico di Cu e Pt al 2 wt.%). I 

due campioni e un campione di TiO2 non modificato sono stati testati in 

entrambe le reazioni di ossidazione del metanolo. Come previsto, il 

fotocatalizzatore modificato con Pt ha mostrato la maggiore rH
2
 mentre il 

materiale modificato con rame ha mostrato una produzione di H2 simile a 

quella del biossido di titanio. In condizioni aerobiche, invece, la presenza 

di metallo sulla superficie dell’ossido ha causato una diminuzione della 

fotoattività rispetto al solo TiO2. Pertanto, è stato osservato un 
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comportamento diverso dei fotocatalizzatori modificati con metallo nelle 

due condizioni di reazione.  

Al fine di spiegare queste differenze sono state condotte analisi 

con tecnica Modulated Excitation X-ray Absorption Spectroscopy 

(MEXAS), che accoppia analisi XANES (X-ray Absorption Near 

Spectroscopy) con la Modulated Excitation Spectroscopy (MES). Questa 

tecnica, condotta in situ, è uno strumento prezioso per chiarire le 

dinamiche redox dei co-catalizzatori metallici in condizioni 

fotocatalitiche. In assenza di ossigeno, sia Pt che Cu subiscono una 

riduzione irreversibile in tutti i campioni. Al contrario, in condizioni di 

aerobiche, le NP di Cu e Pt, da sole, hanno subito periodiche ossidazioni 

in O2 e riduzioni in presenza di CH3OH. Questi risultati aiutano a spiegare 

il diverso ruolo dei co-catalizzatori a base Cu e Pt in condizioni aerobiche 

e anaerobiche e il loro meccanismo di reazione. In particolare, solo in 

condizioni aerobiche l'ossidante reagisce sulla superficie delle NP, mentre 

in condizioni anaerobiche l'acqua si adsorbe direttamente sulla superficie 

di TiO2. 

È stato successivamente studiato l’effetto della pre-riduzione di 

alcuni campioni selezionati sull’attività fotocatalitica. I campioni 

TPC0.05, co-modificato con Pt e Cu, TPC0.0 (0.5 wt.% Pt su TiO2) e 

TC0.05 (0.05 wt.%  Cu su TiO2) sono stati testati nella reazione di foto-

steam reforming da metanolo dopo essere stati pre-ridotti in H2 ad alta 

temperatura. A seguito del trattamento, il campione TPC0.0 ha mostrato 

un’attività circa doppia rispetto al campione non ridotto. Al contrario, si 

è osservato un effetto negativo su entrambi i fotocatalizzatori modificati 

con Cu. Infine, è stato anche studiato l’effetto della temperatura 

sull’attività fotocatalitica. Gli stessi tre campioni sono stati quindi pre-
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ridotti e testati nella stessa reazione nell’intervallo di temperatura 40 – 

350 °C. Il campione TPC0.0 ha mostrato un aumento di rH
2
 da circa 30 a 

450 mmol·h-1·gcat
-1, associato ad una maggiore attività sia fotocatalitica 

che termica. La selettività della reazione è cambiata completamente, 

passando dall’ossidazione completa del metanolo a bassa temperatura alla 

formazione di syngas (CO + H2) a T > 200 °C. Effetti simili, ma attenuati 

dalla presenza di Cu, sono stati osservati con il materiale di co-modificato 

Pt/Cu con una produzione di syngas ad alta temperatura leggermente 

inferiore. Il campione modificato con solo Cu, TC0.05, non ha invece 

mostrato grandi differenze rispetto al campione di TiO2 puro. Tuttavia, ad 

alta temperatura la rH
2
 è risultata per entrambi i campioni circa 7 volte 

maggiore rispetto che quella misurata a 40 °C, con un contributo 

puramente termico trascurabile. È stato così dimostrato che selezionando 

attentamente la temperatura di lavoro del fotocatalizzatore è possibile 

variare la selettività e la composizione finale dei prodotti di una reazione 

fotocatalitica, oltre che l’attività totale del campione.  

Una possibile alternativa al TiO2 in fotocatalisi consiste nel 

secondo ossido semiconduttore studiato in questa tesi, il WO3, che 

possiede un band gap più ristretto (2.6 – 2.8 eV) rispetto al primo. È però 

necessaria l’applicazione di un bias elettrico per ottenere la riduzione 

dell’acqua a idrogeno a causa del posizionamento della CB a potenziali 

più positivi della coppia redox H+/H2. 

Una serie di film WO3 sono stati depositati su lamine di tungsteno 

metallico mediante sputtering reattivo a radiofrequenza (RF-DS). I film 

sono stati preparati usando un target di W metallico, depositando i 

campioni in una miscela O2/Ar, a diversi contenuti di O2 (da 10 a 40%) e 
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diverse pressioni totali (1.7 – 3 Pa). Le analisi si sono concentrate su 

quattro campioni: due campioni a singolo strato, 1L(1.7Pa) e 1L(3Pa), 

depositati rispettivamente a 1.7 e 3 Pa e due a doppio strato, ovvero 

2L(3+1.7Pa) e 2L(1.7+3Pa), ottenuti facendo crescere WO3 alle due 

diverse pressioni (prima a 3 Pa, poi a 1.7 Pa e viceversa). Tutti i campioni 

sono stati ottenuti mediante deposizione in atmosfera al 40% di O2/Ar. Le 

diverse tecniche di caratterizzazione, UV-Vis, Mott-Schottky, XPS, 

hanno rivelato che il film depositato a 3 Pa ha un band gap di 0.1 eV più 

stretto rispetto al monostrato depositato a 1.7 Pa (2.8 vs. 2.9 eV), a causa 

dell’innalzamento della CB in quest’ultimo. Pertanto, la deposizione di 

WO3 a due diverse pressioni ha portato alla formazione di una 

eterogiunzione di tipo n-n, adatta per la separazione elettrone-buca. Ciò è 

stato ulteriormente confermato dalle analisi di voltammetria lineare: il 

campione da 2L(3+1.7Pa) ha mostrato la fotocorrente più alta tra tutti i 

campioni. 

Infine, diversi film sottili di ossido di tungsteno sono stati preparati 

mediante magnetron sputtering per verificare l’effetto che diversi 

parametri di deposizione, quali pressione totale, temperatura del 

substrato, frequenza di lavoro, off time, potenza totale e sorgente di 

deposizione, hanno sulle caratteristiche dei film. L’obiettivo finale è stato 

quello di ottimizzare le impostazioni dello strumento per future 

applicazioni. Tutti i campioni sono stati depositati su una lamina di Ti 

metallico, a partire da un target di W puro in un plasma reattivo 

(contenente ossigeno). I film sono stati caratterizzati attraverso tecniche 

di spettroscopia di riflettanza diffusa UV-Vis-IR e di voltammetria 

lineare. Sono state confrontate due diverse sorgenti di deposizione: 

corrente continua pulsata (pDC) e radio frequenza (RF). Si è constatato 
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che i migliori film WO3, in termini di porosità e fotoattività, possono 

essere ottenuti con pDC MS impostato a 100 W di potenza, con pressione 

totale a 2 Pa (20% O2), off time di 3 μs e frequenza di lavoro a 100 kHz. 

L’ottimizzazione dei parametri potrebbe essere utile per le future sintesi 

di film fotoattivi nella scissione dell’acqua e per altre applicazioni in 

campo energetico e ambientale, o per applicazioni di gas sensoristica.  
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I. Introduction 

I.1. Energy and hydrogen production 

With the beginning of the industrial revolution in the middle of 

19th century, World’s population has risen continuously, starting from ca. 

1 billion and exceeding 7 billion people nowadays.1 Such a growth is still 

continuing, with an expected population of 10 billion people within the 

next 30 years. This, together with an increasing wealth, especially in the 

Western World and, to a minor extent, also in the developing countries 

(the so-called BRICS), has required an even larger energy production. 

Indeed, only in the last 40 years the World’s total energy consumption 

doubled, from 7 billion ton of oil equivalents (btoe) to almost 14.2 Until 

the beginning of the 21st century, the main primary energy sources were 

fossil fuels, i.e. coal, oil and natural gas, with minor contributions of 

nuclear and hydroelectricity power (accounting for less than 15% 

overall).3 Then, the increasing attention towards pollution problems 

connected to the large use of coal and oil led to the development and the 

exploitation of more environmentally-friendly renewable sources, such as 

photovoltaics, biomass or wind. These technologies are becoming more 

and more affordable, stable and cheaper, making their application easier 

and widespread. Actually,4 almost 20% of the total energy production is 

obtained with these sources and their share keeps increasing. Considering 

the European Union (EU), such results are consistent with the 2020 

package target (20% cut in greenhouse gas emissions from 1990 levels, 

20% of EU energy from renewables and 20% improvement in energy 

efficiency).5 Solar light exploitation, through photovoltaic panels, plays a 
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major role in this scenario. Indeed, solar energy is the largest and most 

widespread energy source on Earth, able to afford the World’s energy 

demand of 1 year in 1 h of irradiation.6,7  

 

Figure I.1 Estimated share of total final energy consumption, 2016 

However, the electricity produced by all these forms of energy, 

both fossil and renewable, can not be easily stored. Thus, the exploitation 

of renewable energy in transport systems is more difficult. Electric 

vehicles require stable and durable batteries with limited weight and 

dimensions and consequently limited capacity. The conversion of 

renewable sources into storable energy vectors is a parallel route to pursue 

in order to complete the transition from a fossil fuel-based society into a 

greener one. Biodiesel and biomasses, together with methane, are among 

the cleanest energy vectors, due to the limited carbon dioxide emission 

originated by their combustion.8,9 Actually, biofuels account for 2.8% of 

the world energy consumption for transportation, and their growth is slow 
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due to the uncertainty about feedstock sustainability.4 A third possible 

way to decrease our dependence on oil and carbon is the use of hydrogen 

as a fuel. Already in 1874, Jules Verne in his The Mysterious Island, 

alluded to H2 as fuel: 

"Yes, my friends, I believe that water will someday be employed as 

fuel, that hydrogen and oxygen, which constitute it, used singly or 

together, will furnish an inexhaustible source of heat and light… I believe, 

then, that when the deposits of coal are exhausted, we shall heat and 

warm ourselves with water. Water will be the coal of the future." 

Hydrogen, discovered by Cavendish in 1766, has several 

advantages over all traditional fuels, so that its implementation in 

everyday life should be strongly pursued. 

First of all, H2 is the most abundant element in the universe and, 

on Earth, it is ubiquitous, being present, bound to oxygen, in water 

molecules. In addition, it is the lightest fuel though characterised by the 

highest heat combustion, i.e. 34 kcal/g, which clearly surpasses those of 

oil (8.4 – 10.3 kcal/g), coal (7.8 kcal/g) and wood (4.2 kcal/g) in terms of 

energy per unit mass.10,11 The main problem related to a large application 

of H2-based systems is connected to its storage. Gaseous and liquid H2 

require heavy vessels and a lot of energy to pressurise or liquefy it. 

Furthermore, under such conditions H2 becomes dangerous since an 

accidental mixing with an oxidant (air) could lead to explosions. For this 

reason, many researchers are looking for novel metal hydride-based 

materials, able to adsorb and release H2 in gas form and to store it safely.10 

Actually, hydrogen production is still bonded to fossil sources. The 

main processes to produce it are steam methane reforming, partial 
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oxidation of heavy hydrocarbon fractions, coal and biomass gasification 

and, to a minor extent, electrolysis in large electrolysers. These processes, 

apart from the last one, require high temperature and pressure, and this 

reduces the beneficial impact of using such a gas. Electrolysis, if coupled 

with photovoltaic panels or wind turbines, can be a green viable route for 

H2 production from water.11–13 

I.2. The third route: photocatalysis 

Another possible way for clean hydrogen production finds its 

origin in the pioneering work of Fujishima and Honda14 in the early 

1970s. The photocatalytic water splitting approach demonstrated that by 

exploiting the right photocatalytic materials it is possible to obtain 

hydrogen from water, as in the case of electrolysis. For instance, these 

two Japanese researchers proved that by irradiating a semiconductor, i.e. 

TiO2, with a suitable irradiation source, i.e. a UV lamp, photocatalytic 

water splitting can be achieved, according to the reaction: 

2𝐻2𝑂
ℎ𝜐
→ 2𝐻2 + 𝑂2                                   𝐸𝑄 𝐼. 1 

where ℎ𝜈 represents the energy provided by photons. 

In the best hypothesis, the same or other analogous reactions 

(connected to energy production or environmental remediation) might be 

achieved, employing semiconductor photocatalysts, under solar light 

irradiation. At mid latitudes the power density of solar radiation is 

averaged at ca. 1000 W‧cm-2. Before reaching the Earth’s surface, the 

Sun’s spectrum resembles that of a black body at 5900 K. After crossing 

the different atmosphere layers, i.e. the stratosphere, the ionosphere and 

the ozone layer, part of the solar energy is absorbed by gas molecules such 

as O3, CO2 and H2O. Thus, at sea level the solar spectrum, assumed as 
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AM1.5 standard, is accounted by ca. 4.5% UV photons in the 280 – 400 

nm region (mainly UV-A and UV-B), ca. 50% of visible light (400 – 900 

nm), the remaining being IR and longer wavelength radiations (Figure 

I.2). 

 

Figure I.2 Solar spectrum at sea level (AM1.5) compared to the same spectrum 

in the outer atmosphere, consistent with an ideal black body spectrum at 5900 K. 

In photocatalysis the main aim is to develop materials able to 

exploit the larger part of solar costless radiation to drive reactions. 

Photocatalysis usually implies a change in the rate of a chemical reaction 

or its initial part due to the action of ultraviolet, visible or infrared 

radiation in the presence of a substance – the photocatalyst – that absorbs 

light and is involved in the chemical transformation of the reacting 

species. In heterogeneous photocatalysis, when the catalyst is a solid 

species, semiconductors are commonly used as photocatalysts. In fact, the 

electronic structure of these materials has a well-defined band-energy 

structure, called Band Gap (Eg), with a middle empty energy region where 

no electronic levels are available. This region extends from the top of the 
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electron-filled Valence Band (VB) to the bottom of the vacant Conduction 

Band (CB) (Figure I.3).  

Semiconductor photocatalysts can be activated through the 

absorption of a photon possessing an energy equal or greater than that of 

the band gap, resulting in the promotion of an electron from the VB to the 

CB, 𝑒𝐶𝐵
− , with the simultaneous generation of an electronic vacancy in the 

VB, called hole - ℎ𝑉𝐵
+ . Both these species are highly reactive and thus 

either a reduction process driven by 𝑒𝐶𝐵
−  and/or an oxidation reaction due 

to ℎ𝑉𝐵
+  filling, can occur with substrate molecules adsorbed on the 

semiconductor surface. 

 

Figure I.3 Scheme describing semiconductor photocatalyst activation by photons 

(hv); the photogenerated species, i.e. e- and h+, can react with electron acceptor 

(A) or donor (D) species at the surface of the material. 
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In order to have the photogenerated electrons and holes reacting 

with adsorbed species, the redox potentials of the latter should match 

those of the photoproduced charge carriers. Thus, for example, 

photopromoted electrons must have a more negative potential, i.e. a 

higher energy, with respect to that of the A/A-‧ redox couple (see Figure 

I.3). If this condition is satisfied, the CB electron is able to reduce the 

adsorbed species. In the same way, photogenerated holes can accept 

electrons from donor species if the VB potential is more positive, i.e. 

lower in energy, with respect to the D/D+‧ redox couple. Considering the 

above-mentioned water splitting reaction, the conditions to be fulfilled to 

perform such reaction on the surface of a semiconductor photocatalyst 

are: 

i. The CB must be at ECB < 0 V vs. NHE (pH = 0) or             

ECB < -0.41 V vs. NHE (pH = 7) 

ii. The VB must be at EVB > 1.23 V vs. NHE (pH = 0) or                    

EVB < +0.82 V vs. NHE (pH = 7) 

In fact, the water splitting reaction process can be divided into two 

separate semi-reactions, as follows: 

i. Reduction reaction   4𝐻+ + 4𝑒𝐶𝐵
− → 2𝑯𝟐              E0 = 0 V (pH = 0) 

ii. Oxidation reaction 2𝐻2𝑂 + 4ℎ𝑉𝐵
+ → 𝑶𝟐 + 4𝐻

+ E0 = 1.23 V (pH = 0) 

This means that, depending on the desired process, only some 

photocatalysts are suitable for driving the reaction. Looking at Figure I.4, 

one can observe that not all the semiconductor photocatalysts reported 

there are suitable for water splitting. 
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Figure I.4 Band energy levels of semiconductor photocatalysts and redox 

potentials of water splitting.15 

According to their band positions, ZrO2, TiO2, ZnS, CdS, SiC, for 

example, can drive the photocatalytic water splitting reaction under 

irradiation of proper wavelength since both VB and CB are correctly 

positioned with respect to the H+/H2 and O2/H2O redox couples. Instead, 

CdSe and Si could only be used for water reduction, i.e. hydrogen 

production, since the VB has a higher energy with respect to the O2/H2O 

couple. On the opposite, materials such as WO3 or Fe2O3 can drive water 

oxidation but not hydrogen generation, possessing a conduction band too 

low in energy. The only way to exploit the latter materials in the water 

splitting reaction, to attain both half-reactions, is the 

photoelectrochemical approach. The semiconductor acts as an oxygen 

evolution photoelectrode, while the photopromoted electrons are 

transferred, through an external circuit, to a counter electrode (usually 

made of Pt) and boosted by an applied electrical bias so that they possess 

enough energy to reduce protons.16 

In addition to charge transfer toward the adsorbed species, also 

detrimental competitive paths can occur, leading to a photocatalytic 
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efficiency decrease. Electron-hole pairs recombination, the dotted line in 

Figure I.3, represents the main deactivation path; being a non-radiative 

process, the excess of energy is released as heat. It is also possible that, 

after charge transfer to the adsorbed species, a detrimental back-donation 

process occurs. 

The charge recombination process is facilitated by impurities, 

lattice defects and crystal imperfections.17–19 An impurity-free 

semiconductor is defined intrinsic, whereas a semiconductor doped with 

impurities is called extrinsic. Doping is a common strategy for 

engineering the properties of semiconductors since the introduction of 

aliovalent atoms within the crystal structure of the material causes 

variations in the electronic structure. For example, considering Si (Group 

IV), doping with a Group V element, such as P or N, causes the 

introduction of occupied energy levels within the band gap close to the 

conduction band, facilitating the promotion of electrons into the CB. On 

the contrary, doping Si with a Group III element, such as Al or B, 

introduces vacant energy levels close to the VB, allowing an easier 

formation of holes in the valence band. The former doping leads to the 

formation of so-called n-type semiconductors, where electrons are the 

majority charge carriers. When the latter kind of doping is performed, 

holes are the main charge carriers and they are referred to p-type 

semiconductors. These changes in the electronic structure affect also the 

so-called Fermi level. This is defined as the energy level where the 

probability of occupation by an electron is 1/2 at 0 K. Thus, for pure Si 

and any other intrinsic semiconductor, the Fermi level (EF) is located at 

the mid-point of the band gap. For extrinsic n-type semiconductors, EF is 
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positioned closer to the CB, while for p-type semiconductors it lies closer 

to the VB.20 

Since the milestone discovery of Fujishima and Honda,14 most of 

the research attention in photocatalysis has been kept on titanium dioxide, 

due to the exceptional properties of this semiconductor over the already 

studied ZnO,21 NiO22 or CdS.23 However, in the last few years an 

increasing number of new photocatalysts have been synthesised and 

tested as possible alternatives to TiO2. These materials are not derived 

from titanium dioxide by any of the usual modifications, such as coupling 

with an additional phase (heterojunction), doping, or morphological 

changes. Instead they are completely different compounds with distinct 

composition and structure. In this context, the feasibility of using some 

well-known photocatalysts such as ZnO, WO3 or CdS has been 

reconsidered in the light of recent advances in nanotechnology. Among 

these, mixed oxides of transition metals such as V, Nb, or Ta, with main 

group elements such as Bi, Ga, In, or Sb have been extensively 

investigated as alternative photocatalytic materials.15,24,25 Besides, 

sulphides and nitrides of different metals have been frequently selected to 

obtain semiconductors with photoactivity in the visible range.26  

Usually, oxides are more stable against photocorrosion with 

respect to sulphides and nitrides, but their disadvantage is related to the 

wide band gap. Indeed, the VB of oxide semiconductors is often 

positioned almost at the same energy since it is formed by the overlapping 

of the oxygen 2p orbitals and the metal cation influences more the position 

of the CB, constituted by d orbitals. Thus, changing the anion from O2- to 

N3- or S2- allows to shift the conduction band position to higher energy, 

reducing the Eg.26,27 
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Aim of the Thesis 

As already mentioned, changing semiconductor material is not the 

only path to follow in order to improve light exploitation. Doping,28–31 

surface metal modification32–34 or heterojunction systems35–38 have 

already demonstrated to be effective for enhancing the photoactivity of 

deeply investigated semiconductors such as TiO2 and WO3. In this thesis 

project we concentrated our focus over the two most widespread 

photocatalysts, titanium dioxide and tungsten trioxide. 

Titanium dioxide has been studied in terms of its surface 

modification by deposition of metal nanoparticles, for instance platinum 

and copper. We observed how the synthetic route affects the final 

photocatalytic performance, in terms of photocatalytic hydrogen 

production by methanol photo-steam reforming. The intriguing results led 

us to perform a deeper investigation of the in-situ behaviour of the 

materials by X-Ray Absorption Spectroscopy (XAS). Furthermore, the 

effect of temperature over the photocatalytic activity has also been object 

of preliminary studies. 

In the second part of this thesis, results obtained with WO3 thin 

films, synthesised by sputtering techniques, are also presented. Those 

films were tested in the photo-electrochemical water splitting reaction. In 

this case, we studied the optimisation of a WO3-WO3 heterojunction. Such 

a system was obtained through the engineering of the electronic structure 

of the oxide by changes in the synthetic conditions, affecting the 

stoichiometry of the material. Furthermore, an investigation on the 

influence that several magnetron sputtering deposition parameters have 

over the photoactivity of WO3 thin films is presented. 
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1. Chapter 1:   

 TITANIUM DIOXIDE 

1.1. TiO2 and its properties 

As one of the earliest studied n-type photocatalysts, titanium 

dioxide has been widely used in environmental purification,1–4 self-

cleaning,5–7 H2 production,8–14 photosynthesis,15 CO2 reduction,16,17 

organic synthesis,18,19 in solar cells,20–22 etc. Over the past years, TiO2 

attracted a great attention from the scientific community as a 

photocatalyst, being a non-toxic, environmentally-friendly, relatively 

cheap, chemically stable (i.e. not subject to photoanodic corrosion) solid. 

Another advantage is that TiO2 is active in both liquid media (water) and 

gas atmosphere (air). But the greatest advantage of this semiconductor is 

connected to its band positions, that make it suitable for a great variety of 

reactions. Indeed, as for many other oxide semiconductors, the VB of 

TiO2 lies at high potential (E0 = 3.0 V vs. NHE at pH = 0), i.e. at relatively 

low energy, giving it high oxidation ability. This explains the wide 

application of TiO2 in oxidation reactions relevant for environmental 

applications. At the same time, the bottom of the CB is located at negative 

potentials (the exact position depends on the crystal structure of the 

oxide), making it appropriate for water reduction. 

On the other hand, the use of TiO2 presents some drawbacks such 

as:23 

1. small number of photons absorbed in the visible region with the 

consequent need to irradiate with UV light, due to its relatively large 

band gap; 
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2. high recombination rate of the photoproduced electron–hole pairs, a 

characteristic which is common to all semiconductor photocatalysts; 

3. sometimes it is difficult to significantly improve the performances 

by loading or doping with foreign species, because they may often 

work as recombination centres; 

4. deactivation in the absence of water vapour in gas–solid systems 

when aromatic molecules must be abated; 

5. difficulty to support powdered TiO2 on some materials. 

All these advantages and disadvantages are common to the three 

crystalline structures of TiO2: anatase, rutile and brookite. The first two 

forms are the most used in photocatalysis since they are easier to 

synthesise, while brookite is a natural phase more difficult to obtain in the 

laboratory. 

Figure 1.1 shows the crystal structure and building blocks of 

anatase (a), rutile (b) and brookite (c). Anatase and rutile have tetragonal 

structures while the brookite form is orthorhombic. Anatase and rutile 

show equal TiO6 octahedron building blocks in a distorted configuration. 

In anatase, the octahedron structure is more distorted than in rutile (see 

Figure 1.1 a and b for comparison). The tetragonal unit cell of anatase has 

four TiO2 units and the Ti and O coordination numbers are six and three, 

respectively. On the other hand, the rutile unit cell contains two TiO2 

units, instead of four, with the same coordination numbers of Ti and O as 

in anatase. 
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Figure 1.1 Planar Ti3O building-block representation (left) and TiO6 polyhedra 

(right) for the TiO2 phases a) anatase, b) rutile and c) brookite (Ti (white); O 

(red)).24 The experimental lattice parameters are reported in Table 1.1. 

 The lattice parameters of the titania phases are shown in Table 

1.1. In both anatase and rutile there are two different lengths of titanium-

oxygen bonds in each octahedron.24,25 Anatase has four Ti‒O distances of 

1.937 ± 0.003 Å and two Ti‒O distances of 1.964 ± 0.009 Å. Rutile has 

a)

b)

c)
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four Ti‒O bond lengths of 1.946 ± 0.003 Å, and two of 1.984 ± 0.004 Å. 

The unit cell volumes of the polymorphs are 34.02 Å3 for anatase, 31.12 

Å3 for rutile and 32.20 Å3 for brookite.24 

Table 1.1 Lattice parameters, density and band-gap energy of TiO2 

polymorphs.24,25 

Phase 
Crystal 

Structure 

Space 

Group 
a (Å) b (Å) c (Å) 

Density 

(g/cm3) 

Band 

Gap 

(eV) 

Anatase Tetragonal I41/amd 3.784 3.784 9.515 3.83 3.20 

Rutile Tetragonal P42/mnm 4.594 4.594 2.958 4.24 3.00 

Brookite Orthorhombic Pbca 9.16 5.43 6.51 3.17 3.26 

 

Thermodynamically, anatase and brookite are metastable phases, 

while rutile is the most stable one. Thus, typically rutile can be obtained 

by calcination of the metastable phases at high temperature. The transition 

from the anatase to the rutile phase occurs at ca. 600 °C at atmospheric 

pressure. 

These differences in crystal structure cause different mass 

densities and electronic band structures for the two main TiO2 

polymorphs. Indeed, titanium dioxide is characterised by an allowed and 

indirect band gap, which is equal to 3.2 and 3.0 eV for the anatase and 

rutile phase, respectively. The band gap bottom-occupied states, i.e. the 

valence band (VB), are mostly O 2p atomic orbitals-derived, while the 

conduction band (CB) is mainly Ti 3d-derived. 

The narrower rutile band gap with respect to that of anatase allows 

the former to absorb more visible light photons. Indeed, while anatase is 

able to absorb light up to 387 nm (only 3.65% of solar light exploitation) 

due to its larger Eg, rutile can absorb up to 413 nm (6.1%). Anatase also 
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has higher surface area than rutile, leading to enhanced adsorption ability 

and even generation of more active sites (such as oxygen vacancies). 

 

Figure 1.2 Molecular orbital structure for anatase TiO2 polymorph. a) atomic 

levels, b) crystal – field split levels, c) final interaction states.26 

Additionally, although rutile has better charge carrier mobility due 

to its higher crystallinity than anatase, the latter can generate more 

efficient charge separation due to the existence of a larger number of 

oxygen vacancies. Because of these advantages, anatase usually shows 

much higher photocatalytic activity than rutile and thus it is more used in 

photocatalytic applications, despite the more limited solar light 

absorption.25 
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1.2. Improving TiO2 activity 

In order to overcome the drawbacks of titanium dioxide, several 

routes have been followed. These focused mainly to enhance the light 

harvesting capability of the oxide, by engineering the band gap properties, 

to improve the charge carrier separation, maximising the efficiency of the 

reactions. The former target can be achieved by doping TiO2 either with 

anions and/or cations, causing vacancies and defects production that alter 

the colour and the reactivity of the material. The latter, instead, usually 

consists in modifying the titania surface by metal/metal oxides/metal 

sulphides nanoparticles or by the formation of heterojunction systems that 

increase the charge couples lifetime. 

1.2.1. Doping with cations 

Impurity levels could be introduced within the band gap by 

replacing Ti atoms with other metal cations in the TiO2 lattice. These 

levels can act as electron acceptors or donors, depending on their position 

in the energy gap, and allow titanium dioxide to absorb visible light. Fe3+ 

and Cr3+ doping, for example, extends TiO2 activity up to 550 nm since, 

upon light absorption, the 3d electrons of the impurity are promoted from 

the intra-band gap states to the CB of titanium dioxide.27,28 The beneficial 

effect of cation doping is not only limited to the light absorption 

extension, but also to the capability of the dopant ions to trap electrons 

and/or holes, thus increasing their life. In this perspective, Fe proved to 

be a better dopant than Cr since the former is able to trap both electrons 

and holes, while the latter can trap only one type of charge carrier.29 

Similarly to iron, Cu and Mn are better dopants than Cr, Ni and Co for the 

same reason.30 
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In general, doping TiO2 with cations with higher valence, such as 

W6+, Ta5+, Nb5+, results in increasing photoactivity, while the opposite 

occurs with cations with lower valence.31 This phenomenon is connected 

not only to the introduction of intra-band gap states that allow to increase 

light absorption, but also to the upward shift of the Fermi level towards 

the conduction band, thus increasing the concentration of 𝑒𝐶𝐵
−  in the CB. 

Considering all possible effects that a cation doping can have, 

Hoffmann et al. concluded that Fe3+, Mo5+, Ru3+, Os3+, Re5+, V4+, and Rh3+ 

at 0.1‒0.5 at.% significantly increase the photo-reactivity for both 

oxidation and reduction, while Co3+ and Al3+ doping decreases the 

photoactivity.32,33 

1.2.2. Doping with anions 

Anion doping affects mainly the valence band structure, since 

dopant atoms substitute oxygen, whose 2p orbitals constitute the VB. This 

kind of modification has the same final target of cation doping, i.e. 

extending the light absorption into the visible range. This is possible since 

anion doping generally causes an upward shift of the valence band, thus 

decreasing the band gap. Among all possible dopants, i.e. C, N, F, P, S, 

nitrogen is considered the most suitable one for doping the anatase phase 

since its p orbitals mix with those of O, narrowing the band gap by 

introducing localized state above the VB.31,34–36 Other elements such as C 

and P could also introduce some mid-states within the band gap. Carbon-

doped TiO2 is usually obtained by high temperature synthetic processes, 

such as metal Ti combustion37 or by flame spray pyrolysis technique;37 

also reactive magnetron sputtering38,39 or Ti anodization40 have proved to 

be viable alternatives. Light absorption extension has been achieved up to 

535 nm.38-40 
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In the recent years much attention has been dedicated to fluorine 

doping. Its beneficial effect is not related to changes into the electronic 

structure of TiO2, but to an increased temperature range stability of the 

anatase phase, allowing for a higher temperature of anatase to rutile phase 

transition resulting in better material crystallinity.41–45 Moreover, it can be 

also exploited for controlling the nanoparticles shape, since its presence 

as capping agent during the synthesis favours the growth of larger {001} 

facets possessing high oxidation reactivity.46,47 

 

Figure 1.3 Various schemes illustrating the possible changes that might occur to 

the band gap electronic structure of anatase TiO2 on doping with various non-

metals:  (a) band gap of pristine TiO2; (b) doped TiO2 with localized dopant levels 

near the VB and the CB; (c) band gap narrowing resulting from broadening of 

the VB; (d) localized dopant levels and electronic transitions to the CB; (e) 

electronic transitions from localized levels near the VB to their corresponding 

excited states for Ti3+ and F+ centres.48 

1.2.3. Surface metal modification 

The aim of metal loading over the surface of titanium dioxide is to 

enhance charge separation. Indeed, metal nanoparticles deposited on TiO2 
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act as sinkholes for photopromoted electrons. Then, the properties of the 

employed metal influence the final reduction capability of the 

photocatalyst. Considering H2 production, this technique demonstrated to 

be the most efficient in increasing photoactivity. Usually, noble metals, 

like Pt or Au, are deposited because they possess large a work function 

(5.12 – 5.93 eV for Pt, 5.31 – 5.47 for Au49), meaning that they can easily 

capture 𝑒𝐶𝐵
− .8,12,14,42,50 In addition, platinum has the lowest activation 

energy for proton reduction. Consequently, Pt is widely used as co-

catalyst for hydrogen production. Gold is also an efficient H2 evolution 

co-catalyst, but its effectiveness results to be lower than that of Pt (about 

30% less under analogous experimental conditions).51 Beside these two 

metals, also Pd, Ag, Rh, Ir have been explored, but without reaching the 

same efficiency increase.14,52–55 However, the use of highly expensive and 

rare noble metals, such as Pt or Au, makes the diffusion of these 

photocatalysts more difficult due to their large costs. Thus, in recent years 

the exploitation of less expensive metals, such as Ru, Ni, Co, and Cu, has 

been investigated. The latter, in particular, has attracted much attention 

due to its ability to accept not only photopromoted electrons from the CB 

but also photoexcited electrons directly from the TiO2 VB through the 

interfacial charge transfer (IFCT) mechanism. This capability enhances 

the light exploitation to the visible range, up to 500 nm. However, since 

copper can be easily oxidised and reduced under mild conditions, its 

efficiency can vary with the reaction environment, boosting or 

deteriorating the photoactivity.4,56–58 

A further and promising development of this research lead to the 

modification of titania with mixed noble and non-noble metal 

nanoparticles. The aim was both to increase the photoactivity with respect 
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to the single metal modified materials and to limit the amount of noble 

metal loading. It has been found that coupling Au with non-noble metals 

like Ni, Pd or Co causes an important increase in H2 production rate. 

Kowalska et al. reported that a NiAu/TiO2 (1 at.% total loading) exhibited 

a hydrogen production rate greater than the sum of those obtained with 

the corresponding single metal modified (0.5 at.% each) due to synergistic 

effects among the two different metals.13 Similar results were attained by 

coupling Ag or Pt with Cu. The last combination proved to be very 

effective in hydrogen production. However, copper oxidation state 

becomes essential to guarantee high photocatalytic efficiency. Dozzi et 

al. reported large H2 production by methanol photo-steam reforming with 

TiO2 modified into two subsequent steps by copper and platinum 

deposition.59 They demonstrated that, in order to get important 

improvement in photocatalytic hydrogen production, Cu should be in 

intimate contact with the substrate surface so that it gets stabilised in a 

prevailing metal form. If this condition is satisfied, Cu can easily transfer 

electrons from the CB of titanium dioxide to the outer deposited Pt, which 

is more efficient in proton reduction. 

1.2.4. Surface modification by metal oxides 

In addition to metal co-catalysts, also metal oxides and, to a minor 

extent, metal sulphides can help improving the photoactivity of TiO2. 

Regarding H2 production, nickel is probably the most studied metal in this 

context. However, it is still uncertain which is the most efficient form. 

Indeed, NiO is a p-type semiconductor, thus its deposition over TiO2 

should generate a p-n type heterojunction that promotes charges 

separation.60 However, it has been also proposed that Ni/NiO, or NiOx, is 

an even better co-catalyst than the pure oxide,61 but also Ni(OH)2 clusters 



Chapter 1: Titanium Dioxide 

27 

 

lead to high H2 production rates.62 However, many oxides used as co-

catalysts improve the H2 production rate indirectly. In fact, oxides like 

RuO2, IrO2, CoOx, MnOx are known to be efficient water oxidation 

catalysts.63,64 Thus, their deposition over TiO2 improves charge separation 

as they accept photogenerated holes from TiO2 VB and exploit them for 

O2 production. In this way, the longer living 𝑒𝐶𝐵
−  have a higher probability 

to reduce protons. 

Metal sulphides or oxysulphides can be used as efficient co-

catalysts for hydrogen production as well, even with great improvement 

in photoactivity.65–68 For example, Zhang et al. reported a NiS/TiO2 

photocatalyst exhibiting a 30-times higher H2 production with respect to 

the bare oxide.69 Also, MoS2 has been reported as possible alternative in 

this field.70 However, the greatest problem of this type of compounds is 

their poor stability: they can be easily oxidised and can readily 

decompose, especially in aqueous solution.25 These important drawbacks 

greatly limit their large-scale application. 

1.2.5. Heterojunction systems 

The use of TiO2-based multi-oxide materials is very promising to 

extend the usefulness of titanium dioxide into the visible region. By 

coupling TiO2 with a different oxide possessing a structure with a 

narrower band gap, visible light can be utilized to produce an 

electron−hole pair. Assuming a favourable band-offset, the electron 

photoproduced in the CB of the coupled oxide can migrate to the CB of 

TiO2, while the hole is trapped in the second material. Thus, redox 

reactions can occur at the separate surfaces since the likelihood of charge 

recombination has been diminished. In principle, a heterojunction 

composite structure can then be rationally designed in order to produce a 
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favourable band-offset and band positions to develop a photocatalyst 

suitable for the needs of specific reactions, such as water splitting.71 

For instance, the combination of TiO2 and WO3 seems to be very 

promising, not only because tungsten trioxide absorbs in the visible region 

of the spectrum (its band gap is ca. 2.8 eV), but mainly because its CB 

position, lower in energy with respect to that of titanium dioxide, allows 

for an efficient electron-hole separation by electron transfer from the 

conduction band of TiO2 to the CB of WO3, while photogenerated holes 

remain trapped within the TiO2 particles.72,73 However, the CB of tungsten 

trioxide is positioned at positive potentials (ECB = +0.2 eV); this implies 

that such heterojunction is not able to reduce protons and so it can not be 

use in H2 production systems, unless an external source of energy, i.e. 

electricity, is applied. 

Another example of possible heterojunction is that with ZnO. The 

aim of this system should be to increase charges lifetime rather than 

extending the activity in the visible range, since zinc oxide, as TiO2, 

possesses a wide band gap (3.2 eV) with a slightly different band 

position.74 Similar considerations could be stated for the TiO2/SnO2 

coupling. The band gap of tin oxide allows it to absorb only UV light.75 

However, recently it has been reported that doping SnO2 with Co leads to 

visible light activation of the oxide, opening different possibilities and 

opportunities for this heterojunction.76 

A completely different system is that between titanium dioxide and 

ZrO2. In this case, the heterojunction is exploited for changing the acidity 

characteristic of TiO2 surface. Being more acidic, ZrO2 has been 

employed to improve surface adsorption of CO2 when using TiO2 for 

carbon dioxide reduction reaction.77,78 
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2. Chapter 2:  

 EXPERIMENTAL PROCEDURES 

 AND SET-UP 

In this chapter the main experimental details about synthesis, 

particular analytic techniques and testing set-up, related to TiO2-based 

materials, are described. The synthesis or the modification of the different 

photocatalysts was performed both in Prof. Selli’s laboratory at the 

Università degli Studi di Milano and in Prof. Kelly’s group at the 

Manchester Metropolitan University. A specific spectroscopic technique, 

i.e. the Modulated Excitation X-ray Absorption Spectroscopy (MEXAS), 

exploited at the European Synchrotron Radiation Facility (ESRF) in 

Grenoble, France, are discussed in detail together with its theoretical 

principles. Finally, the photocatalytic test set-up used to determine the 

photocatalytic behaviour of the different materials is also described.  

2.1. Synthesis techniques 

2.1.1. Flame Spray Pyrolysis 

Flame Spray Pyrolysis (FSP) is a scalable, continuous and well-

established method for the production of nanoparticles in large quantities. 

It is a liquid-fed aerosol flame synthesis technique. This means that the 

metal precursor is a combustible liquid that is sprayed and ignited. 

Developed in 1977 by Sokolowski et al.1 for the synthesis of Al2O3, its 

widespread adoption started ca. 20 years later.2 
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Typically, the burner is composed of a central nozzle, surrounded 

by a flamelet ring. Through the former, the precursor solution is injected, 

carried by an O2 stream, to the supporting flamelet, where it burns. The 

flame is usually fed by methane or hydrogen and oxygen in stoichiometric 

ratio to allow the full combustion of the precursor solution. The main 

difference with respect to the flame-assisted spray pyrolysis (FASP) 

concerns the precursor solution. In FASP it is an aqueous solution, while 

in FSP it is an organic solvent solution which can burn, thus contributing 

to the combustion enthalpy of the system. Of course, the precursors must 

be soluble in the organic solvent. This difference leads to the main 

advantage of FSP over FASP: oxide particles are usually nano-sized and 

homogeneous.2–4 The collection of nanoparticles depends on the 

geometry of the system; a glass conveyor, an electrostatic collector or a 

filter with a backing pump are the most commonly-adopted solutions. 

 

Figure 2.1 Scheme of the principle of particle formation and growth into the 

flame.5 
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We exploited this technique to synthesise several titanium dioxide-

based samples in single step. Some of these materials also contained Cu 

and/or Pt nanoparticles and this implies that not only the TiO2 precursor, 

i.e. titanium tetraisopropoxide (TTIP), was present in the burning 

solution, but also those of the two metals. For instance, copper acetate 

hydrate and hexachloroplatinic acid were the precursors used for Cu and 

Pt nanoparticles, respectively. The solvent was a mixture of xylenes and 

propanoic acid. The standard synthesis consisted in burning 50 mL of a 

0.6 M TTIP solution, eventually containing the desired amounts of Cu or 

Pt precursors, in a xylenes and propionic acid mixture. The ratio between 

the components could vary between 3:2 to 2:1, depending on the amount 

of additional metal precursors, that are less soluble in non-polar solvents. 

CH4 and O2 gas flows of 2 and 1 L‧min-1, respectively, were used for the 

supporting flames, while an O2 flow of 5 L‧min-1 was set for the dispersion 

gas. The pressure drop was set at 2 bar. 

High surface area, crystalline materials can be easily obtained 

through FSP. In case of metal modification of the support oxide, small 

metal nanoparticles are distributed all over the surface of TiO2, thus 

increasing their beneficial effectiveness.5,6 

2.1.2. Magnetron Sputtering 

With respect to the above described technique, i.e. FSP, magnetron 

sputtering and the other techniques described in the following paragraphs 

were used to modify a pre-existent powder by metal nanoparticles 

deposition. A more detailed description of this technique will be given in 

Chapter 8. Briefly, a small magnetron sputtering system equipped with an 

electrically floating substrate holder underneath the magnetron was 

employed for TiO2 powder modification. The shaker mechanism allowed 
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to continuously mix the powders while Pt or Cu atoms were evaporated 

by the target. In addition to the single-metal modified materials, in the 

case of Pt and Cu co-modified powders the two metals were sputtered in 

subsequent steps. With respect to flame spray pyrolysis, the technique 

should allow a better control of the nanoparticles dimension. 

2.1.3. Grafting 

This impregnation technique was exploited for copper deposition 

over titanium dioxide. Following the work of Irie et al.7,8 and the further 

development made in our laboratory,9 2 g of TiO2 were first dispersed in 

ultrapure water (20 mL) and sonicated for 15 min. Then the proper 

amount of Cu(NO3)2‧3H2O was dissolved in 1.0 mL of MilliQ water and 

added to the TiO2 dispersion. The so-obtained suspension was heated at 

90 °C under stirring until all solvent evaporated. The material was then 

dried at 110 °C for 24 h. Usually, after this modification, also platinum 

was deposited, but with a different technique (Deposition/Precipitation). 

According to Irie et al.,7,8 this procedure leads to visible-light sensitivity 

of titanium dioxide occurring through an interfacial charge transfer 

mechanism (IFCT), implying that grafted Cu(II) ions can accept 

photoexcited electrons directly from the valence band of TiO2. This 

electron transfer reduces Cu(II) to Cu(I), that is a good oxygen reduction 

catalyst. Dozzi et al.9 reported that the same system, additionally modified 

with Pt nanoparticles, strongly enhances charge separation, since Cu(I) 

re-oxidises back to Cu(II) by transferring the electron to Pt. 

2.1.4. Deposition/Precipitation 

This technique was employed to deposit platinum nanoparticles on 

TiO2. The procedure followed the original Haruta’s method10 modified 
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with the use of urea as precipitating agent instead of NaOH.11 For 

instance, 0.500 g of Cu-grafted TiO2 were sonicated in ultrapure water for 

15 min and then added to a H2PtCl6‧xH2O and urea aqueous solution (0.1 

g‧L-1 and 0.42 M for Pt and urea, respectively). The suspension was stirred 

for 6 hours and kept at 100 °C. At the end of this treatment, the pH of the 

solution was ca. 8.5. After being precipitated and re-suspended, the 

powder was treated with an excess of NaBH4 to reduce Pt. Finally, the 

solid was washed several times in order to remove chlorine ions. This 

method is suitable for small NPs deposition (smaller than 5 nm). 

2.2. Modulated Excitation X-ray Absorption 

Spectroscopy 

2.2.1.  X-ray Absorption Spectroscopy 

X-ray Absorption Spectroscopy (XAS) is caused by photons with 

energy larger than 5 keV, the so-called hard X-rays. It is a bulk, element 

specific technique, able to reveal the short-range order and the local 

structure of the responsive atoms. A XAS spectrum shows the variation 

of μ, the absorption coefficient, as a function of the incident X-ray photon 

energy in the region of the selected binding energy (E0). A spectrum 

typically ranges from 150 eV below up to 1000 eV above E0. The element 

specificity characteristic of this technique relies on E0, that depends on 

the atomic number. Such a wide energy range can be divided into different 

parts: the X-ray Absorption Near Edge Structure (XANES), from -50 up 

to +100 eV above E0, and the Extended X-ray Absorption Fine Structure 

(EXAFS), from +50 to +1000 eV above E0 (Figure 2.2).12  

The former is strongly affected by the oxidation state, the 

coordination environment and the type of ligands of the absorber atom. 
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The XANES spectrum appears linear and smooth below the absorption 

edge, but it increases abruptly at the edge, and then it oscillates above it. 

The intense peak at the edge is called white line. 

EXAFS, instead, is useful to study the local structure of the 

system, up to ca. 10 Å from the absorbing atom. The typical oscillations 

of an EXAFS spectrum are due to the positive or negative interferences 

between the outgoing (from the absorbing atom) and the backscattered 

(from neighbouring atom) photoelectrons. Since these interferences are 

related to the interatomic distances, the study of the oscillations allows 

one to determine the local structure around the absorbing atom.12 

Due to the high energy required, the XAS analyses can be 

performed only at synchrotron radiation facilities; furthermore, the 

polychromatic light of these sources allows to easily switch between 

different energies without important intensity losses. In a synchrotron, an 

electron, accelerated close to the speed of light, interacts with arrays of 

magnets along the storage ring. The magnets allow to bend the electron 

trajectory within the ring, but such a perturbation in the electromagnetic 

field of the electrons causes the emission of photons in a wide range of 

wavelengths. The result is the so-called synchrotron light, which is highly 

brilliant and collimated. Si double monochromators, placed tangentially 

to the storage ring, are used to select and scan the wavelengths suitable 

for the analysis. 
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Figure 2.2 Normalised XAS spectrum with XANES and EXAFS region 

highlighted.12 

2.2.2. Modulated Excitation Spectroscopy 

Modulated Excitation Spectroscopy (MES) is a powerful tool to 

face problems related to the identification of active species and sites of 

catalysts under operando conditions. MES is achieved by the periodic 

variation of the external conditions in order to obtain a response by the 

investigated material. Thus, the catalyst is perturbed by continuous 

changes of an external parameter, i.e. concentration, pressure, 

temperature, potential, pH, etc, while the spectroscopic acquisition is 

done.13–15 The species involved in the modulation cycle are expected to 

change reversibly and periodically with time. To further improve the 

signal to noise ratio and the response of the active species, thus hiding the 

signals related to the atoms unaffected by stimulation, the MES exploits 
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the Phase Sensitive Detection function (PSD), or demodulation 

function:14 

𝐴(𝜑𝑃𝑆𝐷) =  
2

𝑇
∫ 𝐴(𝑡) sin(𝑘𝜔𝑡 + 𝜑𝑃𝑆𝐷) 𝑑𝑡
𝑇

0

                𝐸𝑄 2.1 

Thus, PSD is the function that transforms a set of time-resolved data 𝐴(𝑡), 

with 0 < 𝑡 < T (T being the modulation period), into a new set of phase-

resolved data 𝐴(𝜑𝑃𝑆𝐷), with 0° < 𝜑𝑃𝑆𝐷 < 360° (𝜑𝑃𝑆𝐷 is the demodulation 

phase angle). 𝜔(2𝜋 𝑇⁄ ) is the stimulation frequency and 𝐾 is the 

demodulation index (𝐾 = 1 is the fundamental harmonic).15 In catalysis 

this technique has been widely used coupled to infrared spectroscopy 

(IR), such as attenuated total reflection infrared (ATR-IR) 

spectroscopy,16–18 infrared reflection-absorption spectroscopy 

(IRRAS)14,19,20 or diffuse reflectance infrared Fourier transform 

spectroscopy (DRIFTS).21–23 More recently MES-PSD coupled technique 

has been applied also to X-ray absorption spectroscopy.13–15 Despite being 

a bulk analysis, the improvement given by MES to XAS allowed some 

form of surface sensitivity, making possible to check variation in the 

oxidation state, the local coordination and the short-range order as a 

consequence of external stimulation. 

Typically, two kinds of stimulation are used in MES: sinusoidal 

and square-wave stimulations. The former stimulation is simpler to treat 

theoretically for the quantitative analysis of the responses. On the other 

hand, square-wave stimulation is usually easier to generate 

experimentally, in particular in the case of concentration stimulation, 

which is generated by switching between two flows of different 

concentrations. The PSD function can be directly applied to analyse 

responses also to square-wave stimulation and the benefits of MES are 
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kept, due to the large fundamental frequency component of a square-

wave. The time-domain response to a square-wave stimulation can be 

calculated as the response to the sinusoidal-wave stimulation (See Figure 

2.3). Indeed, according to the well-known Fourier decomposition, a 

square-wave (SW) of amplitude A is written as the sum of sinusoidal 

waves of odd frequencies:21 

𝑆𝑊 =
4

𝜋
𝐴 (sin𝜔𝑡 +

1

3
sin 3𝜔𝑡 +

1

5
sin 5𝜔𝑡 +⋯) = 

=
4

𝜋
𝐴∑

1

2𝑛 − 1
sin[(2𝑛 − 1)𝜔𝑡]

∞

𝑛=1

                     𝐸𝑄 2.2 

 

Figure 2.3 Example of Fourier series for n = 1, 3, 5, 51 compared to the square-

wave function. By increasing the order of the sum, the approximation to SW 

becomes closer. 

Obviously, the real experimental response only resembles a 

square-wave function. The system can be subjected to phase-lags and 

delays depending on the set-up geometry and on the experimental 
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parameters. Usually, short modulation periods cause larger delays and a 

response more similar to a triangle-wave function (see the black line in 

the third panel of Figure 2.4), whereas longer modulation periods and 

more intense stimulation (i.e. higher flows or concentrations) allow the 

system to change and reach the equilibrium within the modulation semi-

period (see blue line in the first panel of Figure 2.4).21 In addition, large 

cell volumes or long connections (e.g. from the flow source) introduce 

phase lags in the experiment. 

 

Figure 2.4 Different system responses obtained by changing gas flow (60, 40, 20 

mL‧min-1 from top to bottom panel) and modulation periods (blue: 516.1 s; red: 

257.9 s; green: 128.8 s; black 64.2 s). Solid lines correspond to experiments, 

dotted lines to simulations.21 
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In a typical modulation experiment, several modulation periods 

compose the analysis. Before applying the PSD function, the acquired 

spectra are averaged over the modulation period. Usually, the first 

modulation periods are discarded from the averaging step since at the 

beginning the material has not reached an equilibrium under the 

experimental conditions. The PSD function is then applied to the averaged 

single modulation period. 

After the application of the demodulation function, the dataset 

switches from the time domain to the phase domain. The phase resolved 

spectrum enhances the small differences, hardly observable by comparing 

two spectra or their difference spectrum, which makes easier the 

interpretation of the operando data. This characteristic becomes 

particularly relevant when PSD is applied to bulk spectroscopic 

techniques, such as XAS or XRD; in these scenarios, the external 

modulation can affect only the surface of the materials or only small 

nanoparticles distributed over a support, like metal supported catalysts. 

Thus, the signals related to the bulk or to the support must be suppressed. 

The Modulated Excitation X-ray Absorption Spectroscopy technique 

(MEXAS) has already demonstrated that it can massively enhance the 

spectra variations, related to the external stimulation. It is a valid 

alternative to the differential Δµ-XANES technique, having a better 

signal to noise ratio and being intrinsically an in-situ analysis. More recent 

applications of this technique also demonstrated that it can be successfully 

applied to the EXAFS region of the XAS spectrum with the detection of 

changes in coordination number and bond distances as low as 1% and 

0.001 Å, respectively.15 
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Figure 2.5 shows the difference between the simpler differential 

spectrum approach and the phase-resolved spectrum. 

 

Figure 2.5 (a) Time resolved XAS spectra at Rh K-edge; (b) Selected difference 

spectra within a single period of the modulation experiment; (c) Phase-resolved 

spectra (𝜑𝑃𝑆𝐷 = 0–120°) obtained by phase sensitive detection from spectra in 

(a); (d) Enlargement of (c) together with the scaled spectra of the Rh foil and bulk 

Rh2O3, for comparison.14 

The time resolved spectra at Rh K-edge recorded by Ferri et al.14 

at ESRF are shown in panel (a). The difference spectrum in panel (b) were 

obtained by subtracting the last spectra of each modulation semi-period. 

This spectrum highlights that changes occur both in the XANES and the 

EXAFS region, but the background noise covers most of the EXAFS 

signal. On the opposite, the phase-resolved spectrum, reported in panel 

(c), clearly shows the variation of the spectrum with respect to the phase 

domain. Thanks to this technique, the signal to noise ratio allows one to 

observe also the small changes in the EXAFS part of the spectrum. 

(c)

(d)
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Chiarello et al. recently demonstrated that the MEXAS technique can be 

applied to quantitative EXAFS, being able to extrapolate even minute 

structural changes of the inspected materials under operando conditions.15 

2.3. Methanol photo-steam reforming set-up 

The activity of the TiO2-based photocatalysts, obtained with the 

above-reported techniques, was evaluated by means of the gas phase 

methanol steam reforming reaction. According to the reaction equation 

𝐶𝐻3𝑂𝐻 + 𝐻2𝑂
ℎ𝜈,𝑇𝑖𝑂2
→    3𝐻2 + 𝐶𝑂2 

a molecule of alcohol, i.e. methanol, is oxidised up to carbon dioxide with 

the simultaneous production of 3 molecules of hydrogen. The reaction 

occurs thanks to the presence of the photocatalyst that, by absorbing 

photons, oxidises the organic substrate, filling its photogenerated holes, 

and reduces protons by electron transfer from the CB of the 

semiconductor to the adsorbed substrate. With respect to a more 

traditional water splitting reaction, where only water is present as 

reactant, the presence of the alcohol makes hydrogen production easier 

since it is a more efficient hole scavenger than water. This leads to longer-

living electrons and, thus, to larger H2 productions.24 

The photocatalytic tests were performed in a home-made stainless-

steel circuit, already described in the literature25 but modified as shown in 

Figure 2.6. 
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Figure 2.6 Sketch of the experimental setup for gas phase photocatalytic activity 

measurements: (A) Stainless-steel photoreactor; (B) Photocatalytic bed; (C) 

Pyrex-glass window; (D) Detector (gas chromatograph with TC and FID 

detectors); (E1,E2) Six ways sampling valves; (F) Metal bellows pump; (G) Four 

ways ball valve (solid line: position for gas-phase recirculation; dotted line: 

position for purging phase or continuous stream measurements); (H) Manual gas 

flowmeter; (I) Thermostated flask; (L) Condenser; (M) Thermostat; (TI) and (PI) 

Temperature and pressure indicators; (R) Heating cartridges. 

Usually, photocatalytic tests were performed in recirculating 

mode. Thus, the reaction products accumulate in the gas phase or, if 

soluble, in the liquid phase. Alternatively, when the tests were performed 

in continuous mode, the (G) valve is switched to the second position, 

corresponding to the dotted lines, and the gas stream from the cell is 

discharged while a continuous flow is supplied by a flowmeter connected 

to a gas bottle. 
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The gas, after being controlled by the flowmeter (H), bubbles into 

the liquid solution within the thermostated flask (I) and then passes 

through the condenser (L). Once it reaches the photocatalytic reactor (A), 

it comes in contact with the photocatalyst bed (B). From the cell exhaust, 

the gas flows to the sampling valve connected to the gas chromatograph 

(D), then to the pump (F) and finally the circuit closes, or the gas can be 

discharged, depending on the position of (G). Prior to any photocatalytic 

run, the whole system is purged with pure nitrogen at 100 mL‧min-1 so 

that oxygen is removed from both the gas phase and the liquid phase. The 

purging step lasts ca. 30-40 min; during this phase, the (G) valve is 

positioned as described by the dotted lines. Then, the (G) valve is 

switched to the other position and the pump is switched on in order to 

move the gas phase at 60 mL‧min-1 within the circuit. Before starting the 

reaction, the gas phase is recirculated for 15 min to ensure an equilibrium 

with the photocatalyst surface. Then, a shutter is removed and the lamp 

can irradiate the photocatalytic bed, starting the reaction. In the case of 

methanol steam reforming reaction, the flask (I) is filled with a 20 vol.% 

solution of methanol in water, corresponding to a 0.1 molar fraction of the 

alcohol. Such solution is kept at 30 °C by a thermostat. 

The main difference of the actual set-up with respect to that 

reported in the literature25 is related to the photoreactor. Previously, it 

consisted in a Plexiglas cell with a Pyrex glass window on the front, to 

allow irradiation. Actually, the reactor is made of stainless-steel, and this 

allows us to heat the cell up to 350 °C when high temperature pre-

treatments or reactions are desired. Figure 2.7 shows the technical scheme 

of the reactor. The material of the reactor also helps in controlling the 

temperature of the photocatalytic bed, since the dispersion of heat 
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generated by the lamp (as IR photons) is faster than with Plexiglas. 

Eventually, an external cooling circuit (compressed air- or water-based) 

can be connected to the cell (number (6) in Figure 2.7). 

 

Figure 2.7 Scheme of the photocatalytic reactor used in the methanol photo-steam 

reforming: (1) O-ring; (2,14,16) Screws; (3) Cap with O-ring; (4) Heating 

cartridges; (5) Cooling system connectors; (6,7,12) Quick-fit connectors block; 

(8) Photoreactor main body; (9) Photoreactor flange; (10) Pyrex window; (11) 

Gasket; (13) Photoreactor clamp; (15) Thermocouple; (17) Clamp base; (19) 

Washer. 

The photocatalytic bed can be easily loaded through the hole 

capped by (3). It consists in quartz beads (20-40 mesh) covered by the 
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semiconductor powder. For instance, 7.1 g of beads are mixed with the 

photocatalyst, ca. 15 mg, by adding 1 mL of water; then, the mixture is 

placed in an oven at 70 °C for 2 h. With this treatment, the photocatalyst 

adheres on the surface of the beads, obtaining high dispersion of the 

powder. 

The photocatalytic bed is irradiated by a 300 W xenon arc lamp 

(LSH302, LOT-Oriel) through the window. Its emission spectrum 

(reported in Figure 2.8) ranges from 350 to the IR region. 

 

Figure 2.8 Normalised emission spectrum of the 300 W Xe arc lamp used with the 

methanol steam reforming set-up. 

The gas chromatograph (GC, Agilent 6890N) is equipped with two 

columns, a HP-PLOT U to resolve hydrocarbons and a Molesieve 5A for 

permanent gases separation, and two detectors, a Thermo-Conductivity 

Detector (TCD) and a Flame Ionisation Detector (FID). The latter is 
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coupled with a methanation system, based on a Ni catalyst, to transform 

CO2 and CO into CH4 before the FID. The carrier gas is N2. A typical 

chromatogram is reported in Figure 2.9: the top signal is related to the 

FID, the bottom to the TCD.  

 

Figure 2.9 Typical chromatogram recorded under recirculating conditions with 

a flame-made Pt-modified sample. FID detector on top, TCD detector at bottom. 

Peaks: 1 and 8) CO2; 2) H2CO; 3 and 9) H2O; 4 and 10) MeOH; 5) CH3OCH3; 

6) CH4; 7) CO; 11) H2. 

During the methanol steam reforming reaction, we usually 

observed CO2 (1), H2CO (2), H2O (3), CH3OH (4), CH3OCH3 (5), CH4 

(6) and CO (7) with the flame detector and CO2 (8), H2O (9), CH3OH 

(10), H2 (11) with the thermal conductivity detector. Thanks to a previous 

calibration, peaks (1), (2), (6), (7) and (8) allow the quantification of the 

corresponding products. In addition to these products, also formic acid is 

quantified by ionic chromatography (IC). The analysis is performed with 

a Metrohm 761 Compact IC instrument on the solution of the flask at the 

end of the kinetic run. 
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In the case of continuous tests, with the 4-way valve (G) switched 

to the dotted line position (Figure 2.6), the gas flow during the run was 

set at 60 mL‧min-1 by means of an electronic flowmeter (EL-FLOW Base, 

Bronkhorst). Additionally, a second bubbling flask, filled with a 

NaHCO3/Na2CO3 solution, was positioned at the exhaust of the system, 

in order to trap the photoproduced formaldehyde and formic acid. These 

two products were quantified by the colorimetric Nash’s method and by 

IC analyses, respectively, at the end of the photocatalytic test. Some 

continuous tests were performed by following a controlled temperature 

slope with a 2 °C‧min-1 gradient, starting from 40 °C up to 350 °C. In such 

scenario, the photocatalyst was pre-treated in order to reduce the co-

catalyst to its metal state. Indeed, the reductive treatment was achieved by 

heating the reactor up to 350 °C (10 °C‧min-1) and keeping at that 

temperature for 30 min under a 10 vol.% H2/N2 flow. 

The results of photocatalytic tests are usually reported as H2 

production rate (rH2), obtained as the slope of the straight lines of the 

produced hydrogen amount (normalized per unit catalyst weight) vs. the 

irradiation time plots. The selectivity in hydrogen production is calculated 

from the rates of CO2, CO, H2CO and HCOOH formation (rCO
2
, rCO, rH

2
CO 

and rHCOOH), as the ratio between these latter and the rate of H2 production 

from methanol, by taking into account the stoichiometry of the 

corresponding formation reactions: 
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CH3OH + H2O
hv,TiO2
→      3H2 + CO2 𝑆CO2 =

3𝑟co2
𝑟H2

 

CH3OH
hv,TiO2
→      2H2 + CO 𝑆CO =

2𝑟CO
𝑟H2

 

CH3OH
hv,TiO2
→      H2 + H2CO 𝑆H2CO =

𝑟H2CO

𝑟H2
 

CH3OH + H2O
hv,TiO2
→      2H2 + HCOOH 𝑆HCOOH =

2𝑟HCOOH
𝑟H2

 

 

Furthermore, the same system was also exploited for methanol 

oxidation reaction in the presence of O2. Instead of outgassing in pure N2, 

the reactor was purged in air (O2:N2, 20:80) and the flask was filled with 

methanol only. In order to reach similar methanol activity coefficient, 

with respect to those under steam reforming conditions, the flask was 

cooled down to -15 °C. The reaction was performed in continuous mode. 
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3. Chapter 3:   

 FLAME-MADE Cu/TiO2 AND Cu-

Pt/TiO2 PHOTOCATALYSTS FOR 

HYDROGEN PRODUCTION 

3.1. Introduction 

The continued use of fossil fuels led to an increased greenhouse 

effect; thus, renewable and cleaner energy sources are immediately 

required. As already discussed in the Introduction, hydrogen is considered 

the main alternative to fossil fuels and technologies based on H2 

exploitation as an energy vector are already mature, such as fuel cells or 

internal hydrogen combustion engines.1,2 Photocatalysis can provide a 

straightforward route to hydrogen production from water solutions, 

possibly converting solar light into chemical energy in the form of H-H 

bond. 

Titanium dioxide still remains the most widely investigated 

photocatalyst oxide due to its advantageous physical and chemical 

properties.3,4 As mentioned in Chapter 1, the fast recombination of 

photoproduced electron-hole couples can be overcome by modifying 

TiO2 with noble metal (Au, Ag, Pd, Pt) nanoparticles (NPs).5 

Additionally, the rate of photocatalytic hydrogen production from water 

can be largely increased by performing the reaction in the presence of 

organic compounds that scavenge the holes photoproduced in the 
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semiconductor valence band (VB) more efficiently than water, making 

the reaction irreversible.6–11 

Aiming at enhancing the photoactivity of titanium dioxide by 

modification with non-noble metals (e.g., Ni, Cu, Co), thus reducing the 

photocatalyst costs, Irie et al.12 deposited copper on titanium dioxide 

powders by grafting.13 In fact, Cu2+ ions are able (i) to accept electrons 

from the conduction band (CB) of TiO2, since the redox potential of the 

Cu2+/Cu+ couple is more positive than the CB edge of TiO2; and (ii) to 

accept photoexcited electrons directly from the VB of TiO2, also under 

visible light irradiation. Both these electron transfer paths contribute to 

improve the separation of photoproduced charge carriers, with a 

consequent photoactivity enhancement.10 

In this context, synergistic effects in photoactivity have been 

observed in the case of copper-platinum co-modified TiO2 when small 

amounts of Cu were deposited together with Pt NPs, under both aerobic14 

and anaerobic conditions.15,16 A strong synergistic effect between copper 

and platinum NPs deposited over TiO2 has been recently demonstrated in 

hydrogen production by methanol photo-steam reforming by our research 

group.17 

In this chapter, we investigate another, potentially less time 

consuming, synthetic path to produce Cu and Cu-Pt co-modified TiO2 

photocatalysts in single step, i.e., flame spray pyrolysis (FSP), and report 

on the structural characterisation of the so obtained materials in relation 

to their photoactivity in methanol photo-steam reforming. The FSP 

technique demonstrated to be an effective method to synthesise TiO2 

photocatalyst powders containing noble metal NPs with high anatase 

content and crystallinity, high surface area and excellent metal 
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dispersion,18–21 which are particularly suitable for photocatalytic 

hydrogen production from aqueous solutions. In addition, three 

photocatalysts obtained either by grafting copper and/or by depositing 

platinum by wet methods on flame-made TiO2 were also investigated for 

comparison. 

3.2. Materials and Methods 

3.2.1. Synthesis of the Photocatalysts 

Except for commercial P25 TiO2 from Degussa (Evonik), all 

investigated photocatalysts were home-prepared by FSP in a single step,22 

employing a commercial FSP system (NPS10 Tethis S.p.A.). The 

precursor solutions to be burned were prepared by mixing 25 mL of a 1.2 

M titanium(IV)-tetraisopropoxide (TTIP) solution in xylene with a fixed 

volume (i.e., 5 mL) of a Pt-containing mother solution and/or variable 

volumes of a Cu-containing solution. This latter was prepared by 

dissolving 0.381 g of copper acetate monohydrate into 100 mL of 

propanoic acid. The Pt-containing mother solution was prepared by 

dissolving 0.135 g of hexachloroplatinic acid (30 wt.% real Pt content) 

into 50 mL of propanoic acid. 

To maintain the combustion enthalpy constant in all synthesis, the 

xylene to propanoic acid volume ratio was, thus, kept fixed (7:4) by 

diluting all solutions with 10 mL of xylene and with the required volume 

of propanoic acid, up to a 50 mL constant final volume. 

The so-obtained solutions were injected into the burner at 4 

mL‧min−1 by means of a syringe pump through a capillary tube and 

dispersed by a pure oxygen flow (5.0 L‧min−1). The spray was ignited by 

a methane/oxygen flamelet ring surrounding the nozzle. The methane and 
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oxygen flow rates were 1.0 L‧min−1 and 2.0 L‧min−1, respectively, and the 

pressure drop across the nozzle was kept constant at 2 bar. The obtained 

powders were collected on glass fiber filters (Whatman, model GF6, 257 

mm in diameter) positioned 64 cm over the burner, on top of a steel vessel 

connected to a vacuum pump (Seco SV 1040C by Busch). 

Two series of photocatalysts were synthesized: the first series, 

labelled FP-(X)Cu-T, consisted of copper modified titanium dioxide 

powders; the second series, labelled FP-(X)Cu/Pt-T, consisted of 

platinum and copper containing powders. X corresponds to the Cu/Ti 

nominal weight percent ratio, ranging from 0 to 0.5, while the Pt/Ti 

nominal weight percent ratio in the second series was fixed at 0.5. Bare 

titanium dioxide containing no Cu and Pt NPs was also produced by FSP 

and named FP-T. 

Three additional samples were prepared by combining different 

metal NPs deposition techniques. Sample (0.1)Cu/Pt-FP-T was obtained 

from FP-T, by grafting 0.1 wt.% of copper23 and 0.5 wt.% of platinum by 

the deposition-precipitation (DP) method,24 in two consecutive steps. 

Sample (0.1)Cu/FP-Pt-T was obtained by grafting Cu on the surface of 

FP-(0.0)Cu/Pt-T, followed by the addition of an aqueous NaBH4 solution 

in slight excess. Sample Pt-FP-(0.1)Cu-T was obtained by DP of Pt NPs 

on FP-(0.1)Cu-T. Briefly, the grafting method23 consists in drying by 

heating at 90 °C under vigorous stirring an aqueous suspension containing 

(Cu(NO3)2·3H2O) and the dispersed TiO2 powder. The DP technique24 

consists of stirring a heated aqueous suspension containing the starting 

photocatalyst and H2PtCl6 in the presence of urea to induce the 

precipitation of Pt NPs, followed by reduction of the so obtained powder 

with NaBH4 in an aqueous dispersion. 
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All chemicals were purchased from Sigma-Aldrich and used as 

received. 

3.2.2. Characterization of the Photocatalysts 

XRPD analyses were performed using a Philips PW3020 powder 

diffractometer (PANalytical,), operating at 40 kV and 40 mA and 

exploiting copper Kα radiation (λ = 1.54056 Å) as X-ray source. The 

diffractograms were recorded by scanning between 5° and 80° 2θ angles, 

with a 0.05° step. Phase quantitative analysis was made by the Rietveld 

refinement method,25 using Quanto software (Ver. 1.0);26 the mean 

anatase crystallite size was calculated by applying the Scherrer equation,27 

from the width of the most intense reflection at 2θ = 25.4°. 

The BET specific surface area (SSA) was measured by N2 

adsorption/desorption at liquid nitrogen temperature in a Micromeritics 

ASAP 2010 (Micromeritics) apparatus after out-gassing in vacuo at 150 

°C for 2 h. UV-VIS diffuse reflectance (R) analysis was performed with 

a Jasco V-670 spectrophotometer (Jasco) equipped with a PIN-757 

integrating sphere, using barium sulphate as a reference. The results are 

presented as absorption (A) spectra (A = 1 − R). 

XPS data were collected by a PHI-5500 Physical Electronics 

spectrometer equipped with an aluminium anode (Kα = 1486.6 eV) as the 

monochromatized source, operating at 200 W applied power, with a 58.7 

eV pass energy, 0.5 eV energy step, and a 0.15 s step time. The vacuum 

level during the analyses was ca. 10−9 Torr and a neutralizer was used in 

order to avoid surface electrostatic charge accumulation on the 

nonconductive samples. 

HRTEM analysis was carried out with a Zeiss LIBRA 200FE 

transmission electron microscope, equipped with STEM-HAADF and 
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EDX (Oxford X-Stream 2 and INCA software). The microscope has a 200 

kV field emission gun-like source with an in-column second-generation 

omega filter for energy-selective spectroscopy. The sample was dispersed 

in isopropanol and then a drop of the suspension was deposited on a 300 

mesh holey carbon copper or molybdenum grid. 

3.2.3. Photocatalytic Tests 

The photocatalytic activity in hydrogen production from methanol 

photo-steam reforming was evaluated in the already described stainless 

steel closed system5 (Chapter 2.3). The photocatalytic bed, placed in the 

front hollow of the photoreactor, was prepared by mixing 15 ± 2 mg of 

photocatalyst and 7.10 ± 0.05 g of 20–40 mesh (0.42–0.85 mm) quartz 

beads with 1 mL of distilled water, followed by drying in an oven at 70 

°C for at least 2 hours. Prior to any run, the whole system was purged to 

remove any trace of oxygen and other atmospheric gases. In this series of 

tests, the temperature of the photoreactor was fixed at 40 °C. The gas 

phase, saturated with methanol and water vapours by bubbling nitrogen 

into a 20 vol.% methanol/water solution kept at 30 °C, was continuously 

recirculated at a fixed rate (60 mL‧min−1) by means of a bellow pump for 

15 min before starting the test. During the photocatalytic run, the gas flow 

was also set at 60 mL‧min−1. The absolute pressure inside the system, 

initially 1.2 bar, gradually increased during the run due to the 

accumulation of gas products. The light source was the 300 W xenon arc 

lamp whose emission spectrum is reported in Figure 2.8. The light 

intensity on the photocatalyst was 0.31 W‧cm−2, as measured with an 

optical power meter (model PM200 by Thorlabs) equipped with a thermal 

power sensor (Thorlabs S302C). 
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The gas-phase composition was analysed on-line during the 

irradiation period by means of a gas chromatograph (GC, Agilent 6890N) 

equipped with two capillary columns (Molesieve 5A and HP-PlotU), two 

detectors (flame ionization and thermo conductivity) and a Ni-catalyst 

system for carbon dioxide and carbon monoxide methanation. As a 

standard analysis, H2, CO2, CO, CH4, and H2CO were monitored. The 

amount of formic acid produced during the photoreaction and 

accumulated in the aqueous solution was instead determined by ion 

chromatography at the end of the run, employing a Metrohm 761 Compact 

IC instrument, equipped with an anionic Metrosep A column.  

The results of photocatalytic tests are reported as H2 production 

rate (rH2) and of selectivity28 towards CO2 and CO, as discussed in 

Chapter 2.3. 

To ensure the reproducibility of the data, the photocatalytic tests 

were repeated at least twice with each sample, using the same 

photocatalytic bed; at the end of each run, the methanol aqueous solution 

in the flask was changed and the whole system was thoroughly purged 

with N2 in the dark for 30 min before starting a new run. 

3.3. Results and Discussion 

3.3.1. Photocatalyst Characterization 

 XRPD and BET Analyses 

As shown in Figure 3.1, the X-ray powder diffraction (XRPD) 

pattern of pure titanium dioxide FP-T showed a biphasic crystalline 

composition (89% anatase, 11% rutile) with no evidence of brookite 

reflections; the mean crystallite size of the anatase phase was 14 nm 

(Table 3.1). The XRPD analyses of both FP-(X)Cu-T and FP-(X)Cu/Pt-T 



Chapter 3: FSP-made Cu and Cu/Pt TiO2 Materials 

62 

 

series indicate that the anatase crystallite mean size appear to increase 

with increasing copper content, as well as the rutile/anatase ratio, a 

phenomenon which has already been observed in previous studies.29 

 

Figure 3.1 XRPD pattern of selected photocatalyst samples, with standard 

reference patterns of the anatase and rutile phases. 

Nevertheless, no reflections due to the metals or to copper oxides 

were detected, suggesting that they are finely dispersed in small NPs. 

As reported in Table 3.1, the specific surface area (SSA) of the FP-

(X)Cu-T series was only slightly higher than that of the FSP-made pure 

TiO2 (110 m2‧g−1), while the whole FP-(X)Cu/Pt-T series showed a 
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somewhat higher SSA with respect to the other samples, with the FP-

(0.05)Cu/Pt-T photocatalyst possessing the highest SSA, i.e., 153 m2‧g−1. 

Table 3.1 Crystal phase composition, average anatase particles diameter dA, and 

specific surface area SSA of the FSP-made photocatalysts. 

Photocatalyst 
Anatase 

(%) 

Rutile 

(%) 

dA 

(nm) 

SSA         

(m2‧g−1) 

FP-T 89 11 14 110 

FP-(0.05)Cu-T 83 17 14 116 

FP-(0.1)Cu-T 92 8 14 119 

FP-(0.5)Cu-T 79 21 17 115 

FP-(0.0)Cu/Pt-T 87 13 14 131 

FP-(0.05)Cu/Pt-T 92 8 13 153 

FP-(0.1)Cu/Pt-T 88 12 13 130 

FP-(0.2)Cu/Pt-T 82 18 15 127 

FP-(0.3)Cu/Pt-T 84 16 15 129 

FP-(0.5)Cu/Pt-T 82 18 15 121 

 

 UV-Vis Absorption Properties 

The ultraviolet-visible (UV-Vis) absorption spectra of the FP-

(X)Cu-T series together with that of bare FP-T are collected in Figure 

3.2a. First of all, reference FP-T sample shows an important absorption 

tail in the whole visible light range originated from the carbonaceous 

impurities characteristic of FSP-made samples.21,30,31 In the presence of 

copper the absorption of the materials increases, all FP-(X)Cu-T samples 

showing an extra absorption contribution in the 400–500 nm region, to be 

ascribed to the direct interfacial charge transfer (IFCT) of electrons from 

the VB of TiO2 to Cu(II) surface species.12 In addition, specific Cu(II) d-

d transitions, evidenced by the absorption in the 700–800 nm region in 

the spectrum of FP-(0.5)Cu-T (see Figure 3.2b), confirm that the here 
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employed single-step FSP synthesis of Cu-containing TiO2 stabilizes 

surface CuxO species, with copper in an oxidized state. 

 

Figure 3.2 UV-Vis absorption spectra of (a) the FP-(X)Cu-T series; (b) FP-

(0.5)Cu-T in comparison with FP-(0.5)Cu/Pt-T; (c) the FP-(X)Cu/Pt-T series and 

(d) the hybrid Pt and Cu co-modified TiO2 samples prepared by combining FSP 

with Cu grafting and/or Pt NP deposition through the DP route. 

All Pt-containing TiO2 samples showed enhanced absorption with 

respect to the corresponding FP-(X)Cu-T photocatalysts (Figure 2c vs. 

Figure 2a), as clearly evidenced in Figure 2b, where the absorption 

spectrum of FP-(0.5)Cu/Pt-T is compared with that of FP-(0.5)Cu-T. 

However, the materials of the FP-(X)Cu/Pt-T series (characterised by a 

light grey color) showed a much lower absorption with respect to the Pt-

Cu/TiO2 “hybrid” samples prepared by combining the FSP technique with 
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alternative TiO2 surface modification routes implying post-deposition 

metal reduction (Figure 3.2c vs. Figure 3.2d). This indirectly confirms 

that, in FSP-made Pt/TiO2 samples, platinum is also mostly present in 

oxidized, rather than in metallic, form32 and that post-deposition chemical 

reduction may promote the reduction of both metal co-catalysts into 

metallic NPs (Figure 3.2d). Importantly, hybrid materials with identical 

co-catalyst content showed the same optical absorption profiles, 

independently of their preparation sequence (see Pt/FP-(0.1)Cu-T and 

(0.1)Cu/FP-Pt-T in Figure 3.2d). Compared to such materials, (0.1)Cu/Pt-

FP-T, prepared by directly contacting the two metal precursors with the 

FP-T powder in subsequent steps, absorbs less light in the visible range 

and shows a UV-Vis absorption spectrum comparable to that of the 

photocatalyst obtained by applying exactly the same two-step deposition 

procedure to commercial P25.17 

 XPS Analysis 

X-Ray photoelectron spectroscopy (XPS) analysis (see for 

example Figure 3 and Table 2) confirms the presence of ca. 20 at.% of 

carbon in FSP-made materials. The C 1s signal exhibits a band peaking at 

ca. 284.8 eV, which can be attributed to organic carbon, and a second 

peak at ca. 288 eV, ascribable to carbonaceous traces. The O 1s signal 

consists of a main peak at ca. 530.3 eV, originating from oxygen linked 

to titanium (Ti–O bonds) and a minor peak at ca. 532.5 eV compatible 

with oxygen in carbonate species, CO, CO2, and in physisorbed water. 

The Ti 2p doublet signal is almost identical for all samples (Figure 3.3), 

with the main peak at ca. 458.8 eV and the second one at 464.5 eV, both 

typical of Ti4+ in TiO2.33 The absence of shoulders at lower energy points 

to a negligible contribution of sub-stoichiometric titanium dioxide 
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(TiO2−x) or of Ti–OH surface groups.34–36 This is also confirmed by the 

O/Ti ratio greater than 2 (Table 3.2). No signals originated from platinum 

and copper photoemission could be detected, their intensity possibly 

being below the detection limit. 

 

Figure 3.3 XPS spectra of the O 1s, Ti 2p, and C 1s regions for (a) FP-(0.0)Cu/Pt-

T and (b) FP-(0.5)Cu/Pt-T. 

Table 3.2 Results of the XPS analysis for 3 selected FP-(X)Cu/Pt-T 

photocatalysts. 

Photocatalyst 
Concentration (at%) 

O/Ti Ratio 
O 1s Ti 2p C 1s 

FP-(0.0)Cu/Pt-T 55.4 23.5 19.7 2.36 

FP-(0.05)Cu/Pt-T 54.6 23.1 21.0 2.36 

FP-(0.5)Cu/Pt-T 53.5 22.2 23.4 2.41 
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 HRTEM Analysis 

Transmission electron microscopy (TEM) investigation of FP-

(0.0)Cu/Pt-T (Figure 4a) and of FP-(0.5)Cu/Pt-T confirms the typical 

morphology of the flame made powder consisting of micro-aggregates of 

spherical nanocrystals. The TiO2 particle size distribution obtained by 

counting 170 NPs (Figure 3.4b) is in the 4–28 nm range, with an average 

value of 11 nm and a standard deviation of 5 nm. 

 

Figure 3.4 (a) TEM; (b) TiO2 particle size distribution; (c) HRTEM; and (d) 

STEM-HAADF investigation of FP-(0.0)Cu/Pt-T. The green rectangle in (d) 

shows the acquisition area of the EDX spectrum. The white arrow points a surface 

Pt NP appearing as a bright dot due to the Z-contrast. 
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The high resolution TEM (HRTEM) image shown in Figure 3.4c 

confirms that the TiO2 NPs are monocrystalline and that their crystal 

structure corresponds to the anatase phase. Indeed, the plane distance 

calculated by FFT analysis of the nanocrystals appearing within the 

yellow frame in Figure 3.4c is 3.5 Å, corresponding to the d-spacing of 

the [101] plane of anatase. 

Pt NPs can be revealed by scanning transmission electron 

spectroscopy-high angular annular dark field (STEM-HAADF) analysis 

as bright dots on the TiO2 surface because of its higher Z-contrast 

compared to the lighter Ti and O elements. However, Pt NPs can hardly 

be distinguished in Figure 3.4d (see for example the point indicated by 

the white arrow), in line with the fact that Pt is finely and homogeneously 

dispersed on the TiO2 surface in the form of approximately 1 nm sized 

NPs. The presence of Pt was confirmed by energy dispersive X-ray 

spectroscopy (EDX) analysis, giving a 0.4 wt.% of Pt for FP-(0.0)Cu/Pt-

T, in good agreement with its nominal 0.5 wt.% content. Similarly, EDX 

analysis of the FP-(0.5)Cu/Pt-T (dispersed on a molybdenum grid to avoid 

artefact on the Cu signal) confirmed the 0.5 wt.% Cu content and its 

homogeneous dispersion on TiO2. 

3.3.2. Photocatalytic Activity 

In the photocatalytic steam reforming of methanol, the alcohol acts 

as an efficient hole scavenger, thus decreasing the electron-hole 

recombination rate and making conduction band electrons more readily 

available for H+ reduction. Hydrogen production is, thus, coupled with 

methanol oxidation up to CO2. Several intermediates, such as carbon 

monoxide, formic acid, or formaldehyde, are produced together with 

other side products, such as methane or ethane. H2, CO2, and CO 
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accumulate at a constant rate in the closed recirculation system during the 

photocatalytic tests, according to pseudo-zero order kinetics. 

The results obtained in methanol photo-steam reforming 

photocatalytic tests are reported in Figure 3.5 and 3.6, in terms of 

hydrogen production rate, rH
2
, and selectivity to CO2 and CO, SCO

2
 and 

SCO, as in previous studies.28 We note, first of all, that the higher rate of 

hydrogen production rH
2
 obtained with FP-T with respect to P25 TiO2 (3.6 

vs. 2.7 mmol‧h−1‧gcat
−1) can be ascribed to the higher surface area and to 

the larger anatase content. On the other hand, these two reference samples 

behave in the same way regarding side-product formation, with similar 

selectivities towards carbon dioxide and monoxide (Figure 3.5). The rH
2
 

values obtained with the photocatalysts of the FP-(X)Cu-T series were all 

around 7 mmol‧h−1‧gcat
−1, more than twice of those obtained with the bare 

materials, with a slightly decreasing rate with increasing copper loading. 

In addition to the beneficial effect on H2 production rate, the presence of 

Cu species on the TiO2 surface also influences the selectivity to CO in 

methanol photo-steam reforming, the higher the amount of this metal, the 

lower being the selectivity to carbon monoxide. Thus, in the presence of 

copper as co-catalyst, preferential complete oxidation of methanol to 

carbon dioxide occurs, rather than to carbon monoxide, with a consequent 

higher rate of hydrogen production. In fact, full oxidation of one methanol 

molecule produces three H2 molecules, while incomplete methanol 

oxidation to carbon monoxide produces two molecules of hydrogen per 

methanol molecule.28 



Chapter 3: FSP-made Cu and Cu/Pt TiO2 Materials 

70 

 

 

Figure 3.5 H2 production rate (left ordinate) and selectivity to CO2 and CO (right 

ordinate) obtained with Cu-containing TiO2 photocatalysts prepared by FSP in 

single- step. 

With respect to the Cu/TiO2 photocatalysts obtained by grafting 

Cu on P25 TiO2
17 the photocatalysts of the FP-(X)Cu-T series showed a 

lower selectivity towards CO and a higher rate of hydrogen production. 

Considering two photocatalysts with the same 0.1 wt.% Cu nominal 

content, the hydrogen production rate obtained with the FSP-made one is 

almost double (6.9 vs. 3.8 mmol‧h−1‧gcat
−1), with a halved selectivity to CO 

(6.1% vs. 10.8%). This might be a consequence of the formation of small 

NPs of crystalline copper oxides during the FSP synthesis, acting as 

semiconductors and thus forming a heterojunction with TiO2, which 

improves the separation of the photoproduced charge couples.37 In 

Cu/TiO2 photocatalysts produced by the grafting technique the oxidized 

copper species on the TiO2 surface are expected to be in amorphous form, 
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as grafting is carried out at room temperature and, thus, their action 

mechanism, consisting of switching between the Cu2+ and Cu+ oxidation 

states, may be different.12 

The presence of Pt on the FP-(X)Cu/Pt-T photocatalysts led to 

much higher photoactivity in terms of hydrogen production rate with 

respect to pure TiO2 and to a ca. doubled photoactivity with respect to the 

FP-(X)Cu-T series. Platinum, due to its high work function (5.93 eV for 

the 111 crystal plane),38 is a well-known, very efficient co-catalyst of 

TiO2, particularly contributing to increased H+ photocatalytic reduction 

leading to molecular hydrogen evolution.16,28,33,39,40  

 

Figure 3.6 H2 production rate (left ordinate) and selectivity to CO2 and CO (right 

ordinate) obtained with Cu/Pt-containing TiO2 photocatalysts prepared by FSP 

in one step. 

As shown in Figure 3.6, the rate of photocatalytic hydrogen 

production obtained with the FSP-made Cu-Pt co-modified 
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photocatalysts showed a bell-shaped trend, with the best performance in 

terms of rH
2
 (22.7 mmol‧h−1‧gcat

−1) being achieved with FP-(0.05)Cu/Pt-

T, followed by the Pt-only containing sample FP-(0.0)Cu/Pt-T. Further 

increase of the copper content of the FSP-made photocatalysts had instead 

detrimental effects on the hydrogen production rate, with rH
2
 values lower 

than that obtained with copper-free FP-(0.0)Cu/Pt-T. The formation of an 

alloy between Cu and Pt during the FSP synthesis with the resulting 

decrease in the total work function of metal NPs and consequent 

decreased efficiency in H+ reduction in comparison to pure platinum NPs, 

may be at the origin of such a behaviour.28 At the same time, the increase 

of nominal Cu content employed during the FSP synthesis may promote 

the formation of larger copper oxide domains, implying reduced Cu-TiO2 

interactions, which possibly determine a decrease of photocatalytic H2 

evolution.41 

Anyway, with increasing copper content in the FSP-made Cu-

Pt/TiO2 photocatalysts the selectivity towards carbon dioxide reached 

values up to 42% in the case of Cu- and Pt-containing photocatalysts, 

while the selectivity towards CO was significantly reduced. In fact, SCO 

dropped from 3.1% and 3.4% for FP-(0.0)Cu/Pt-T and FP-(0.5)Cu-T, 

respectively, to 1.0% for FP-(0.5)Cu/Pt-T. 

Concerning the photoactivity achieved by the “hybrid” samples, as 

shown in Figure 3.7, a limited increase in rH
2
 up to 10.6 mmol‧h−1‧gcat

−1 

was attained upon platinum deposition by the DP method (see Pt/FP-

(0.1)Cu-T vs. FP-(0.1)Cu-T), as a consequence of the above mentioned 

positive role played by platinum NPs in favouring electron-hole 

separation. On the other hand, Pt/FP-(0.1)Cu-T exhibits a photoactivity 

very similar to that obtained with (0.1)Cu/FP-Pt-T, in terms of both 
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hydrogen production rate and selectivity to by-products. The obtained rH
2
 

value is lower than that attained with the corresponding unmodified 

photocatalyst, i.e., FP-(0.0)Cu/Pt-T, and points to a negative effect of 

copper grafting on the photoactivity of Pt-containing FSP-made TiO2. 

Surprisingly, (0.1)Cu/Pt-FP-T, obtained by Cu grafting followed by Pt 

deposition using the DP method on flame-made bare TiO2, exhibits a 

hydrogen production rate much higher than that of the other two “hybrid” 

samples, containing the same nominal amount of metals.  

Differently from the results obtained in our previous work on Cu-

Pt modified TiO2 photocatalysts prepared starting from commercial 

TiO2,17 with the presently investigated FSP-made Cu and Pt-containing 

TiO2 photocatalysts no synergistic effect between the two metal co-

catalysts was observed. In fact, with none of them a rH
2
 value was attained 

greater than the sum of those observed with the corresponding single 

metal (Pt or Cu)-modified TiO2 photocatalyst. Nevertheless, a limited 

improvement in photoactivity was observed for very low copper content, 

i.e., in the case of FP-(0.05)Cu/Pt-T.  

Thus, FSP proves to be an effective way to synthesize single 

metal-containing TiO2-based photocatalysts, since both Cu-only and Pt-

only containing FSP-made TiO2 samples showed very high photoactivity 

in hydrogen production, performing better than TiO2-based 

photocatalysts with analogous composition produced through wet-phase 

techniques, such as grafting of Cu or Pt deposition through the DP 

method. 

Importantly, the beneficial effects induced in H2 production by 

combining Cu(II) grafting with Pt NPs deposition on the TiO2 surface by 

means of the DP procedure has been confirmed also in the case of bare 
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FSP-made TiO2, i.e. not only for commercial P25.17 In fact, though 

implying a more time-consuming procedure, the mild modification 

conditions ensured by these wet-phase techniques may avoid the 

undesired formation of a Cu-Pt alloy, with the consequent stabilization of 

Cu nanoclusters, able to promote the transfer of photoexcited electrons 

from TiO2 towards Pt NPs, where H2 evolution occurs.17 

 

Figure 3.7 H2 production rate (left ordinate) and selectivity to CO2 and CO (right 

ordinate) obtained with photocatalysts prepared by combining different 

preparation techniques (see text). 

3.4. Conclusions 

In conclusion, FSP proves to be an effective way to synthesize 

highly-performing single metal-containing TiO2-based photocatalysts for 
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photocatalytic hydrogen production. However, the highest synergistic 

effect between the Cu and Pt co-catalysts was attained with photocatalysts 

prepared by wet-phase methods on bare FSP-made TiO2, i.e. Cu(II) 

grafting followed by Pt NP deposition. 

Copper overloading (up to 0.5 wt.%) of FSP-made photocatalysts 

is detrimental for H2 production rate, probably due to Cu-Pt alloying 

under the here employed harsh synthesis conditions. Nevertheless, the 

addition of very low amounts of copper (0.05 wt.%) during the FSP 

synthesis of Pt/TiO2 guarantees a ca. 20% improvement of the overall 

photocatalytic hydrogen production, together with a lower selectivity 

towards the less desired carbon monoxide side-product. 
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4. Chapter 4:    

 Cu AND Pt CLUSTERS DEPOSITION 

ON TiO2 POWDERS BY DC 

MAGNETRON SPUTTERING FOR 

PHOTOCATALYTIC HYDROGEN 

PRODUCTION 

4.1. Introduction 

Photocatalytic steam reforming, conceivably exploiting biomass 

as organic hole scavenger, is addressed to a viable alternative to 

traditional H2 production processes.1 Titanium dioxide, despite its 

relatively large bandgap,2 is still one of the most effective photocatalysts.3 

As already reported in Chapter 1, its photocatalytic performance can be 

increased in the presence of an organic compound, such as methanol, 

ethanol or glycerol, acting as hole scavenger,4–6 and of noble metal (Au, 

Pt, Pd, Ag) nanoparticles on the semiconductor surface acting as efficient 

electron traps.4,7 Further addition of non-noble metal (i.e. Cu or Ni) 

nanoparticles may increase the photocatalytic activity and also lead to 

visible light activation of the photocatalysts.8–10 As demonstrated in 

Chapter 3, among all compositions, titanium dioxide-based materials 

modified with both a noble metal and a non-noble metal, e.g. with Pt and 

Cu, respectively, proved to be more efficient than the corresponding 

monometallic materials.11,12 
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Pulsed-Direct Current (pDC) magnetron sputtering (MS) is a well-

known technique used for the production of thin films. This technology is 

widely employed on the industrial scale due to its scalability and 

versatility, and to the repeatability and high quality of the obtained 

coatings. In fact, MS is exploited for many applications, ranging from 

solar glazing products to micro-electronic coatings, from tool protecting 

layers to packaging coatings,13 allowing the deposition of both metallic 

and non-metallic coatings over various substrates. Recently, pDC MS has 

been employed on the laboratory scale also for metal nanoparticles 

production and deposition on the surface of solid14–17 or liquid supports,18–

20 thus avoiding the contaminations of solvents and/or precursors typically 

occurring with more conventional techniques.  

So far, only by the group of Teixeira et al. investigated the 

possibility of exploiting this technique to modify materials in powder 

form15,16 and found that high metal loadings (larger than 0.5 wt.%) can be 

obtained even with short sputtering times. The great enhancement of the 

catalytic activity of the so obtained materials was attributed to the 

unimodal distribution and small average diameters (ca. 1.5 nm) of the 

deposited metal nanoparticles. 

In this work, we present some preliminary results on Cu and/or Pt 

clusters deposition on TiO2 powders by pDC MS, employing a home-

made apparatus.21 This set-up is based on an oscillating bowl (powder 

holder) placed under the magnetrons. The oscillations force the powder 

particles to roll and mix around the bowl while the metal atoms are 

sputtered from the magnetron target. The obtained materials were tested 

as photocatalysts in methanol photo-steam reforming for hydrogen 

production.  
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4.2. Experimental 

4.2.1. Photocatalytic materials 

Copper and platinum were deposited over commercial P25 TiO2 

powders (Sigma-Aldrich) by pulsed direct current magnetron sputtering 

in the already described rig.22 A sketch of the employed set-up is shown 

in Figure 4.1. Briefly, the deposition system consisted in a sputter-down 

configuration, with a single 7.5 cm diameter type II unbalanced planar 

magnetron installed on the roof of the sputtering chamber. Thus, the target 

was facing an electrically floating substrate holder placed 5 cm 

underneath the magnetron, allowing a continuous powder mixing during 

the sputtering process via a shaker mechanism. The magnetron was 

powered by an Advanced Energy Pinnacle Plus power supply. The metal 

targets were sputtered at 250 W, 350 kHz, 50% duty cycle (corresponding 

to a pulse-off period of 1.4 µs, when the cathode voltage is reversed). The 

deposition process was performed in an Ar-only atmosphere for both Pt 

and Cu deposition and also in a 1:1 O2/Ar plasma for copper deposition. 

The working pressure was fixed, for all depositions, at ca. 2.6 Pa, after 

having evacuated the chamber below 5·10-3 Pa by means of a rotary 

(Leybold Trivac 16B) and a turbomolecular (Leybold TurboVac i90) 

pump. The desired pressure was achieved by adjusting the gate valve 

between the chamber and the turbomolecular pump. The total gas flow 

during deposition was fixed at 20 sccm for all runs. 



Chapter 4: pDC-MS-made Cu and Cu/Pt TiO2 Materials 

82 

 

 

Figure 4.1 Sketch of the employed pDC magnetron sputtering set-up. 

3 g of P25 TiO2 were treated for different times (1-10 min) in 

different atmospheres. The so obtained modified photocatalyst samples 

are named as “P25” followed by deposition time (in min) and by the 

symbol of the sputtered metal(s), in the order in which they were 

deposited. In the case of copper, the Cu symbol is also followed by the 

main gas used during deposition. For instance, P25+1Cu-O2+5Pt 

indicates the P25-based sample first modified by a 1 min-long Cu 

deposition in O2/Ar atmosphere followed by a 5 min-long platinum 

deposition in argon. Copper deposition always preceded platinum 

deposition, as in Chapter 312 in which the two metals were deposited by 

different techniques. 

4.2.2. Photocatalyst characterisation 

UV-Vis diffuse reflectance spectra of all powders were recorded 

on a Jasco V-670 spectrophotometer equipped with a PIN-757 integrating 
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sphere using barium sulphate as a reference. The reflectance R was then 

converted in absorption according to: A = 1 – R. 

X-Ray powder diffraction (XRPD) was carried out with a 

Panalytical Xpert diffractometer operating at 40 kV voltage and 30 mA 

current using the Cu Kα radiation (λ = 1.54056 Å), with the patterns 

recorded in the 20° < 2θ < 100° range (scan step = 0.013°). The crystal 

phase composition was evaluated by Rietveld refinement23 using the 

Quanto software.24 The Scherrer equation, from the most intense 

reflection at 2θ = 25.4°, was exploited to calculate the mean anatase 

crystallite size.25 

Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-

OES) analyses were performed with a Perkin Elmer Optima 8000 ICP-

OES. Pt and Cu were dissolved by dispersing the sample in aqua regia 

(3:1 HCl:HNO3 solution) at 90 °C for 3 h. 

HRTEM analysis was carried out with a Zeiss LIBRA 200FE 

transmission electron microscope, equipped with STEM-HAADF and 

EDX (Oxford X-Stream 2 and INCA software). The microscope has a 200 

kV field emission gun-like source with an in-column second-generation 

Omega filter for energy-selective spectroscopy. The samples were 

dispersed in isopropanol and then a drop of the suspension was deposited 

on a 300 mesh holey carbon copper (for Pt containing samples) or 

molybdenum (for Cu containing samples) grid.  

4.2.3. Photocatalytic tests 

The photocatalysts were tested in hydrogen production from 

methanol photo-steam reforming reaction by exploiting the standard set-

up12 described in Chapter 2.3. 15 ± 2 mg of sample were dispersed in ca. 

1 mL of MilliQ water and mixed with (7.10 ± 0.05) g of quartz grains and 
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then dried in oven at 70 °C for at least 2 h. The so-obtained photocatalytic 

bed was loaded into the home-made steel photo-reactor, sealed with a 

Pyrex glass window. Before starting any run, the system was thoroughly 

purged with pure nitrogen in order to remove any trace of oxygen from 

both the gas phase and the 20 vol% methanol/water solution, kept at 30 

°C. The gas phase, saturated with the solution vapours, was recirculated 

by means of a metal Bellows pump at 60 mL min-1. The photocatalytic 

bed was irradiated by the 300 W xenon arc lamp (LOT-Oriel), switched 

on 30 min before the run and positioned at 20 cm from the photo-reactor.  

The recirculating phase was sampled and analysed automatically 

at regular intervals by the gas-chromatograph (Agilent 6890N) connected 

to the circuit. Formic acid production was evaluated by analysing the 

liquid solution with an ion chromatograph. 

The photocatalytic tests were repeated at least twice in order to verify 

their reproducibility. At the end of each run, the liquid solution was 

replaced with a new one and the system was thoroughly purged in pure 

nitrogen in the dark for 40 min before starting a new run. 

4.3. Results and discussion 

4.3.1. Photocatalysts characterisation 

The results of elemental ICP analysis on the produced 

photocatalysts are collected in Table 4.1. The platinum loading is ca. 

twice the copper loading attained under similar sputtering conditions, 

with ca. 0.7 wt.% Pt vs. ca. 0.34 wt.% Cu deposited after 10 min-long 

deposition. This is actually due to the much higher atomic weight of Pt 

with respect to Cu (195 vs. 63.5, respectively). Indeed, the average 

deposition rate of Cu under Ar atmosphere is significantly higher than that 
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of Pt (e.g., 8.9 vs. 6.1 mol s-1 after 10 min-long deposition, respectively). 

This is consistent with the higher relative sputtering yield of Cu with 

respect to that of Pt. The average deposition rate of Pt increased with 

increasing overall deposition time, while that of Cu decreased. As 

expected, the presence of O2 during the sputtering process caused an 

important decrease in the Cu sputtering yield, likely due to target 

poisoning, since after 10 min deposition only 0.1 wt.% Cu was deposited 

on the TiO2 powder under such conditions. 

The absorption spectra of the prepared materials, shown in Figure 

4.2, confirm that Cu and/or Pt clusters were deposited on the TiO2 surface, 

because a characteristic absorption appeared in the visible region. No shift 

in the band gap absorption onset could be observed in the spectra of the 

modified samples compared to that of pristine TiO2. Thus, the room 

temperature sputtering process in vacuum does not affect at all the main 

structural characteristics of the supporting powder, in contrast with other 

metal deposition methods, e.g. grafting or deposition-precipitation,11 

which require a post-thermal treatment of the material. 

Table 4.1 ICP results reporting Pt and/or Cu loading on different samples and 

average metal deposition rate during sputtering. 

Sample 
Deposition 

time (s) 

Amount 

(wt.%) 

Average deposition 

rate (mol s-1) 

Pt Cu Pt Cu 

P25+1Pt 60 0.04 / 3.4  

P25+10Pt 600 0.71 / 6.1  

P25+1Cu-

Ar+5Pt 
60 + 300 0.19 0.07 3.2 18.4 

P25+1Cu-Ar 60 / 0.05  13.1 

P25+10Cu-Ar 600 / 0.34  8.9 

P25+10Cu-O2 600 / 0.09  2.4 
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Figure 4.2 Absorption spectra of the (a) P25+xPt, (b) P25+xCu-Ar, (c) 

P25+xCu-O2 (x = 1, 5 and 10 min), (d) Cu and Pt co-modified photocatalyst 

series, all compared with the absorption spectrum of bare P25 TiO2 (dashed black 

line). 

Pt-modified TiO2 photocatalysts show an extended optical 

absorption in the visible range due to the presence of the noble metal that 

makes these samples greyish (Figure 4.2a). As expected, the absorption 

in the 400–800 nm range increases for longer deposition times, in 

agreement with the Pt loading increase. 

The absorption spectra of Cu modified TiO2 materials are 

characterized by the presence of a typical absorption band in the 600–800 

nm region, due to the Cu d-d transition, and/or an absorption tail in the 

400–500 nm region attributed to the interfacial charge transfer (IFCT) 

phenomenon between TiO2 valence band electrons and Cu(II) species.11 
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The absorption spectra of the photocatalysts modified with Cu sputtering 

in an Ar-only atmosphere (see Figure 4.2b) exhibit an absorption in the 

visible range, due to the presence of copper nanoparticles, increasing with 

increasing deposition time, but no absorption tail between 400 and 500 

nm related to an IFCT. Such absorption feature appears only in the 

absorption spectrum of P25+1Cu-O2 (Figure 4.2c), suggesting the 

presence of atomically dispersed Cu(II) species (consistent with its unique 

yellowish colour) in the low copper loading deposited in an oxidising 

atmosphere. Moreover, the absorption spectra of the photocatalysts 

obtained by Cu sputtering in an Ar/O2 plasma (Figure 4.2c) show a 

weaker absorption in the visible range with respect to the absorption 

spectra of the analogous photocatalysts obtained by Cu sputtering in an 

Ar-only atmosphere. This is compatible with the lower deposition rate 

attained under reactive conditions. Finally, the absorption spectra of the 

Cu and Pt co-modified samples are basically dominated by the absorption 

profile of Pt nanoparticles in the visible region.  

Figure 4.3 shows that the XRPD patterns of the metal modified 

materials are identical to that of pristine TiO2. In fact, the Rietveld 

refinement of XRPD data confirmed that the amount of anatase and rutile 

phases did not change after metal deposition, as well as the anatase 

crystallite mean size, calculated through the Scherrer equation (see Table 

4.2). All samples are composed of a mixture of ca. 85% anatase and 15% 

rutile, with an average anatase crystalline size of 23 nm. No additional 

reflections related to metal Pt and Cu or copper oxides can be observed, 

due to their low loading and fine dispersion on the TiO2 surface. 
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Figure 4.3 XRPD patterns of selected samples. The inset shows superimposed 

patterns in the 24–28° 2θ range, demonstrating that the sputtering treatment did 

not alter the crystal structure. 

Table 4.2 Average diameter of anatase nanoparticles danatase and crystal phase 

composition. 

Sample danatase (nm) Anatase (%) Rutile (%) 

P25 24 86 14 

P25+10Pt 23 85 15 

P25+10Cu-Ar 23 86 14 

P25+10Cu-O2 24 87 13 

 

The STEM-HAADF and EDX analyses of P25+10Pt shown in Fig. 

4.4 reveal that the Pt particles are irregularly dispersed on the TiO2 

surface. In particular, areas with finely dispersed Pt clusters (area 1 in 

Figure 4.4 and its magnification shown in Figure 4.5b) can be 
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distinguished from areas with dense aggregates of Pt nanoparticles (area 

2 in Figure 4.4 and its magnification shown in Figure 4.5a). This is very 

likely due to a non-perfect mixing of the powder during the sputtering 

process and generates a bimodal distribution of the Pt particles size, as 

shown in Figure 4.5d. In particular, the mean particle size obtained by 

fitting the distribution with two Gaussian functions are 0.8 nm (0.5 nm 

standard deviation) and 2.2 nm (1.1 nm standard deviation). This particle 

size is similar or even smaller than that recently attained with other 

techniques, such as deposition-precipitation or flame spray pyrolysis,26 or 

even pDC MS.15 The EDX quantitative elemental analysis of Pt in Area 1 

of Figure 4.4 gives a 0.7 wt.% Pt loading, while that of area 2 yields a 18 

wt.% Pt loading. The Pt loading of area 1 measured by EDX is in 

agreement with the overall Pt loading determined by ICP analysis (0.71 

wt.%, see Table 4.1). Thus, we can conclude that the major fraction of Pt 

is present in the form of well dispersed clusters (i.e. with particles size 

below 2 nm) together with some islands of Pt nanoparticle aggregates (it 

must be considered that HRTEM is a local probe). Similar Pt particles 

shape and distribution was detected by HRTEM analysis independently 

of the deposition time (i.e. in samples with different metal loadings). This 

suggests that different deposition settings, for instance a lower sputtering 

power (i.e. a lower Pt sputter rate), as well as longer deposition times 

could lead to a more uniform Pt clusters distribution.  
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Figure 4.4 STEM-HAADF and EDX analyses of the P25+10Pt sample. 
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Figure 4.5 (a) STEM-HAADF image of P25+10Pt and HRTEM micrographs of 

(b) P25+10Pt and (c) P25+10Cu-Ar. (d) Pt particle size distribution of 

P25+10Pt. The red curve is the distribution fitting obtained using two Gaussian 

curves (green curves). The red arrows in (b) and (c) point to Pt and Cu clusters, 

respectively. 

Figure 4.5c shows the HRTEM image of P25+10Cu-Ar. Cu 

clusters are more difficult to detect by STEM than Pt clusters, because Cu 

has a Z-contrast similar to that of Ti. Nevertheless, some Cu clusters can 

be recognized on the TiO2 surface, with a shape and dispersion similar to 

those of Pt clusters. 

4.3.2. Methanol photo-steam reforming tests 

As already introduced in Chapter 2, during the photocatalytic 

steam reforming process, methanol undergoes oxidation up CO2 through 

the formation of formaldehyde and formic acid as intermediates, while 
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methane, CO, and dimethylether are usually found as minor side products, 

as reported in previous work.26 The gaseous products (H2, CO2 and CO) 

accumulate at constant rate in the recirculating gas phase within the same 

run (pseudo zero-order kinetics).  

As expected, the presence of Pt clusters on the TiO2 surface is 

beneficial to the photoactivity of the material, regardless of their amount. 

Indeed, the larger work function of Pt (5.12 − 5.93 eV), with respect to 

that of TiO2 (4.6 – 4.7 eV), implies a Fermi level located at lower energy. 

Thus, the electrons photo-promoted into the TiO2 CB are easily 

transferred to Pt clusters, while photo-produced holes remain in the TiO2 

VB, with the consequent decrease of electron-hole pair recombination 

probability. 

The work function of Cu is 4.53 − 5.10 eV, i.e. lower than that of 

Pt but in a range that can exceed that of TiO2. This implies that also 

metallic Cu can in principle act as sink of photo-promoted electrons, 

though being less efficient than Pt. In fact, the highest photocatalytic 

performance was attained with P25+10Pt, the photocatalyst obtained by 

10 min-long Pt sputtering, leading to a 6-fold increase in H2 production 

rate (rH
2
) with respect to that of bare titania (Figure 4.6a). The selectivity 

towards CO2 and HCOOH increases with increasing Pt amount in the 

photocatalyst, while the opposite occurs for CO and H2CO (Table 4.3 and 

4.4). These effects are well established for Pt-modified TiO2 because the 

noble metal is very effective in pushing methanol oxidation up to CO2. 
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Figure 4.6 Hydrogen and by-products production rates obtained with (a) Pt-

modified TiO2, (b) Ar-sputtered Cu-modified TiO2, (c) Ar/O2-sputtered Cu-

modified TiO2, (d) Pt and Cu co-modified TiO2, compared to bare, unmodified 

P25 TiO2. 

A similar behaviour, but to a lesser extent, can be observed for 

photocatalysts modified with Cu clusters sputtered in Ar-only plasma 

(Figure 4.6b). In the case of P25+10Cu-Ar, a 4-fold increase of rH
2
 was 

achieved with respect to that of bare titania. As for Pt sputtered TiO2, also 

for Cu sputtered TiO2 the selectivity to CO2 increases and that to CO 

decreases with an increase in metal loading up to 42% and 9%, 

respectively (Table 4.3 and 4.4). The selectivity to formic acid remains 

almost constant to ca. 25%. Conversely, Cu deposition in a reactive 
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environment (i.e. O2/Ar plasma) was detrimental in the case of P25+1Cu-

O2, or gave very low photoactivity enhancement (Figure 4.6c), 

P25+10Cu-O2 being the only photocatalyst of this series showing an 

increased H2 production rate with respect to bare TiO2. Thus, for this type 

of reaction copper in reduced state appears to be a better performing co-

catalyst of TiO2 than copper oxides.27 

Table 4.3 Photocatalytic performance of the investigated materials in methanol 

photo-steam reforming, in terms of rates of products formation, r. Reaction 

conditions: 0.015 g of photocatalyst fed in recirculation mode with 60 mL·min-1 

of a 2% CH3OH / 3% H2O / N2 (balance) gas mixture. 

Sample 
Production rate / mmol·h-1·gcat

-1 

H2 CO2 CO H2CO HCO2H CH4 

P25 1.63 0.10 0.12 1.76 0.17 8·10-4 

P25+1Pt 3.32 0.22 0.22 2.33 0.33 2·10-3 

P25+5Pt 7.73 0.81 0.38 3.74 0.73 3·10-3 

P25+10Pt 10.03 1.12 0.36 4.93 1.40 6·10-3 

P25+1Cu-Ar 1.80 0.11 0.13 1.63 0.24 7·10-4 

P25+5Cu-Ar 3.20 0.33 0.21 2.58 0.35 7·10-4 

P25+10Cu-Ar 3.68 0.93 0.34 3.29 0.88 2·10-3 

P25+1Cu-O2 0.59 0.03 0.05 1.13 0.07 8·10-4 

P25+5Cu- O2 1.62 0.10 0.12 1.20 0.19 5·10-4 

P25+10Cu- O2 2.75 0.21 0.17 1.84 0.34 2·10-3 

P25+1Cu-Ar+5Pt 9.63 1.18 0.42 4.21 0.85 3·10-3 

P25+5Cu-Ar+5Pt 9.67 1.42 0.40 3.55 1.01 4·10-3 

P25+1Cu-O2+5Pt 9.62 1.10 0.39 4.51 1.01 2·10-3 

P25+5Cu- O2+5Pt 6.31 0.61 0.30 3.99 0.56 1·10-3 
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Table 4.4 Photocatalytic performance of the investigated materials in methanol 

photo-steam reforming, in terms of percent selectivity in relation to hydrogen 

production, S. 

Sample 
Selectivity in relation to H2 production /% 

CO2 CO H2CO HCO2H 

P25 18.8 15.7 67.2 21.3 

P25+1Pt 19.8 13.0 39.2 19.7 

P25+5Pt 31.4 9.8 27.1 18.9 

P25+10Pt 33.4 7.2 25.9 28.0 

P25+1Cu-Ar 18.5 14.6 51.0 26.4 

P25+5Cu-Ar 25.8 15.2 63.4 22.1 

P25+10Cu-Ar 42.0 10.0 27.6 26.5 

P25+1Cu-O2 14.8 17.3 42.3 25.6 

P25+5Cu- O2 18.6 14.6 41.3 23.8 

P25+10Cu- O2 22.9 12.4 37.7 24.8 

P25+1Cu-Ar+5Pt 36.8 8.7 24.5 17.5 

P25+5Cu-Ar+5Pt 44.1 8.3 20.6 20.8 

P25+1Cu-O2+5Pt 34.4 8.2 26.3 21.0 

P25+5Cu- O2+5Pt 28.8 9.6 35.4 17.7 

 

By comparing the two Cu-only modified photocatalyst series, 

sputtering copper in Ar-only gives better results than sputtering copper in 

Ar+O2 atmosphere. This is possibly related to the lower Cu loading 

achieved after the same deposition time, due to the lower copper 

sputtering rate in O2 containing plasma, and also to the different Cu 

oxidation state. In particular, the photocatalytic performance attained with 

P25+1Cu-O2 is lower than that of pristine TiO2 (Figure 4.6c). P25+1Cu-

O2 is the only sample showing the characteristic IFCT absorption feature 

in Figure 4.2c, involving the direct transition of an electron from the TiO2 

valence band to surface Cu(II) species with the consequent copper 

reduction to Cu(I). However, the redox potential of Cu(II)/Cu(I) couple is 
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expected to be more positive than that of the H+/H2 couple. Thus, 

electrons photo-promoted into the copper oxide clusters are not useful for 

hydrogen production and Cu(I) can be oxidized back to Cu(II) by valence 

band holes with the consequent loss of photon energy and decrease of the 

overall photocatalytic performance. 

We also modified TiO2 by deposition of both metals, Cu sputtering 

always preceding Pt sputtering, in line with the deposition sequence 

optimised in previous studies.11 Cu was sputtered for either 1 or 5 min, 

whereas the Pt deposition time was fixed at 5 min.  Figure 4.6d shows that 

with the photocatalysts obtained by sputtering copper in an Ar-only 

plasma for 1 or 5 min, the rate of hydrogen production (9.6 mmol·h-1·gcat
-

1) was close to the sum of the rates attained with the corresponding single-

metal modified materials. Thus, in such materials copper and platinum 

clusters on the TiO2 surface appear to produce additive, rather than 

synergistic effects on photoactivity. A similar rH
2
 value was also attained 

with P25+1Cu-O2+5Pt, while the corresponding Cu-only modified 

P25+1Cu-O2 sample showed very low photoactivity. Thus, in this case 

the hydrogen production rate value was larger than the sum of the H2 

production rates obtained with the singly modified materials. This 

behaviour is similar to that reported in a recent work by Dozzi et al.11, 

which evidenced that only a small amount of Cu (ca. 0.1 wt.%) has a 

promoting effect on the performance of Pt/TiO2 photocatalysts. In 

contrast, larger amounts of copper sputtered in the presence of O2, 

followed by Pt sputtering, proved to have negative effects on the 

photocatalytic activity, with a decrease of rH
2
 down to 6.3 mmol·h-1·gcat

-1 

in the case of P25+5Cu-O2+5Pt. All Pt-Cu co-modified materials, apart 

from P25+5Cu-O2+5Pt, showed very similar rH
2
 values (Figure 4.6d), 
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suggesting that the presence of Pt clusters on the TiO2 surface is 

determining their photoactivity in terms of hydrogen production. 

However, it must be noticed that the co-presence of Cu and Pt clusters on 

TiO2 has a positive effect in increasing the selectivity to CO2 (up to 44% 

vs. 31%) and decreases that to CO (down to 8% vs. 10%). 

4.4. Conclusions 

This work demonstrates that pulsed-DC magnetron sputtering is a 

potentially excellent technique to produce large amounts of photocatalyst 

powders modified with tailored metal nanoparticles in a short time, also 

avoiding any structural change of the starting material. The operation 

conditions need to be optimised to increase the homogeneity of the metal 

clusters dispersion, for instance by lowering the sputtering power and by 

adopting longer deposition times, or a higher powder shaking frequency 

during metal sputtering. The properties of the deposited metal clusters 

also depend on the composition of the plasma during sputtering. In fact, 

when sputtered under Ar-only plasma, Cu sputtered clusters on TiO2 

behave as typical metal co-catalysts, enhancing TiO2 photoactivity with 

increasing loading, though without any synergistic effect when co-

deposited with Pt. 
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5. Chapter 5:   

 REDOX DYNAMICS OF Pt AND 

Cu DEPOSITED ON TiO2 DURING 

PHOTOCATALYTIC METHANOL 

OXIDATION STUDIED BY in situ 

ME-XAS 

5.1. Introduction 

The activity of heterogeneous catalysts, including the 

photocatalytic materials, is strongly affected by the structure, the 

oxidation state and the redox dynamics of the surface active sites. This is 

even more important when the catalyst efficiency is influenced by active 

nanoparticles (NPs) dispersed over the surface of the support.1 For 

instance, the modification of titanium dioxide with metals, acting as 

photopromoted electrons trap, usually leads to an increased photoactivity 

with respect to the corresponding bare material.2 However, the beneficial 

effect of the same metal could vary to a great extent when the modified 

photocatalyst is exploited in hydrogen production (i.e., under anaerobic 

conditions) or in organic pollutants mineralisation (i.e., under aerobic 

conditions). For example, platinum deposited over the TiO2 surface is 

well-known to bring great improvements in hydrogen production from 

alcohols photo-reforming with respect to pristine titanium dioxide, with 
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optimal metal loading.2,3 On the contrary, in organics oxidation reactions 

Pt NPs can be both beneficial, but to a more limited extent,4 or even 

detrimental for the photocatalytic activity.5 Other important variables are 

connected to the synthetic route. This can imply a reduction step of the 

metal precursor2,6,7 or it can be in single-step together with the synthesis 

of the oxide substrate,3,8 and this highly influences the final oxidation state 

of the nanoparticle. Also the metal particle size and distribution can affect 

the photocatalyst stability and activity.9 

In this context, the knowledge of the real active phase of metal-

modified materials becomes important to better direct the synthetic paths 

or to adapt the reaction conditions in order to stabilise the most active, or 

the most suitable, species. However, the main challenge in the 

spectroscopic analyses of such composite materials is discerning the 

signal variation originated by the few atoms involved in the 

adsorption/desorption mechanisms, at the surface of the nanoparticles, 

from the static signal of the bulk. The exploitation of high energy X-rays, 

like in the X-ray absorption spectroscopy (XAS), delivers the intrinsic 

advantages of element specificity and large penetration depth of such 

radiation, along with information of the local coordination and the 

oxidation states. Nevertheless, low analyte concentration in the matrix or 

highly absorbing elements present into the support can decrease the 

effectiveness of the analysis. To improve the sensitivity of the technique 

to the small variations occurring to the catalyst under operando 

conditions, the combination of the time-resolved XAS analyses with 

Modulated Excitation Spectroscopy (MES) has proved to be a valuable 

tool. MES is achieved through the cyclic variation of the experimental 

conditions, such as the gas composition on the sample, in terms of a 
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square-wave stimulation.10–12 A phase Sensitive Detection (PSD) function 

is then exploited by MES to gain better signal to noise ratio and to hide 

all those parts of the spectra unaffected by the periodic stimulation, e.g. 

the bulk of nanoparticles or of the catalyst.  

The Modulated Excitation X-ray Absorption Spectroscopy 

(MEXAS) has proved to largely enhance and to highlight even the small 

variations occurring to metal nanoparticles, i.e. Pd, Pt, Rh, Ru, under 

several modulation experiment, exploiting different gas combinations, 

like CO vs. NO,13,14 H2 vs. O2,15,16 CH4 vs. O2.17 The essential condition 

to have a response from this kind of experiment is that the investigated 

process is reversible.13–17  

Recently, it has been demonstrated that through the MEXAS 

technique it is possible to extrapolate a broad range of information, from 

minute structural changes to kinetic behaviour, from an alumina-

supported Pd nanoparticles influenced by reduction/oxidation cycles.16 

In this chapter, the results are reported on the behaviour of a Pt-

modified and a Cu-modified titanium dioxide material prepared in a 

single-step synthesis, during methanol oxidation reaction under anaerobic 

and aerobic conditions. These two metals are among the most widespread 

ones in photocatalysis due to their photocatalytic enhancing capabilities, 

but their behaviour under different reaction conditions, as mentioned 

above, is still unclear. MEXAS characterisation allowed us to better 

understand how Pt and Cu change in the presence or in the absence of O2 

and how this is connected to their photoactivity. In order to reduce the 

XAS acquisition time, thus getting a better time-resolution, these sample 

were prepared with a high metal loading (nominal 2 wt.%). 
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5.2. Experimental section 

5.2.1. Photocatalysts Synthesis 

The samples were prepared in single step by flame spray pyrolysis 

(FSP),18 employing a commercial FSP system (NPS 10 by Tethis S.p.A). 

All chemicals were purchased by Sigma Aldrich and used as received. 

The burned solutions contained the precursors of titanium dioxide 

(titanium tetraisopropoxide TTIP), and, when necessary, of Cu or Pt. 50 

mL of a 0.6 M TTIP in xylene solution were mixed with 25 mL of 

propanoic acid solution containing the proper amount of Cu or Pt 

precursors (copper acetate monohydrate and hexachloroplatinic acid, 

respectively), in order to have a final 2 wt% metal loading on TiO2. Such 

a relatively high metal loading was chosen for spectroscopic reasons, i.e. 

in order to have sufficient statistics during the time resolved XAS spectra 

measurements. The so-obtained solutions were injected to the nozzle (4 

mL·min-1) by means of a syringe pump, sprayed with 5.0 L·min-1 of O2 

and burned through a methane/oxygen flamelet ring (1.0 L·min-1 and 2.0 

L·min-1 flow rates for CH4 and O2 respectively). The so-produced 

powders were collected on glass fibre filters (Whatman) placed above the 

burner.  

5.2.2. Photocatalysts Characterisation 

The effective Cu or Pt loading on the samples was measured by 

ICP analyses with a Perkin Elmer Optima 8000 IPC-OES. Both samples 

were completely dissolved by using a hot (378 K) aqua regia (3:1 

HCl:HNO3 molar ratio, 10 mL) and HF (2.5 mL) solution for 4 h and then 

diluted to appropriate concentration. Additionally, FP-2Cu/TiO2 was also 
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treated in hot aqua regia without hydrofluoric acid in order to dissolve 

surface Cu only. The obtained solution was filtered to remove the 

undissolved solid support and analysed after proper dilution.  

The BET specific surface area (SSA) was measured by N2 

adsorption at liquid nitrogen temperature on an ASAP 2020 apparatus, 

after out-gassing in vacuo at 150 °C for at least 2 h. 

XRD patterns were recorded by using copper Kα radiation (λ = 

1.54056 Å) in a Philips PW3020 powder diffractometer, operating at 40 

kV and 40 mA. Phase quantification was performed using the “Quanto” 

software,19 applying the Rietveld refinement method;20 the mean anatase 

and rutile crystallite sizes were obtained through the Scherrer equation,21 

from the width of the most intense reflections (2 = 25.4° and 2θ = 27.4° 

for anatase and rutile, respectively). 

UV-Vis diffuse reflectance spectra were measured with a Jasco V-

670 spectrophotometer equipped with an integrating sphere (PIN-757), 

using barium sulphate as a reference. Spectra are reported both as 

absorption (A) spectra (where A = 1 – R, R being the reflectance) and as 

the Tauc plot of Kubelka – Munk transformation, which allows to 

estimate the band gap. 

5.2.3. Photocatalytic tests 

The samples were tested in the gas phase photocatalytic methanol 

oxidation reaction under both aerobic or anaerobic conditions. In the 

former case the photoreactor was fed with a 3.6% CH3OH / 3.8% H2O / 

N2 gas stream (photo-steam reforming reaction), in the latter case with 

18% CH3OH / 20% O2 / N2. The gas stream was obtained by bubbling 

pure N2 into a 20 vol% CH3OH in H2O solution kept 30 °C, or air in pure 

methanol kept at 0 °C. The amount of methanol and water vapours in the 
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obtained gas stream were calculated according to the Raoult’s law for a 

non-ideal solution (T = 303 K, PTOT = 1 bar, xCH
3

OH = 0.1; p0
CH

3
OH = 0.219 

bar,  CH
3

OH = 1.635, p0
H

2
O = 0.042 bar and  H

2
O = 1.635).  

The kinetic tests were performed using a stainless steel setup 

similar to the one described elsewhere22 but operating in continuous 

feeding mode (i.e., no recirculation). Briefly, 15 mg of photocatalyst 

powder were dispersed onto ca. 7 g of 20 – 40 mesh (0.42 – 0.85 mm) 

quartz grains by adding few droplets of water, mixing with a spatula and 

drying in oven at 70 °C for at least 1 h. The so-obtained photocatalytic 

bed was then loaded into a home-made stainless-steel photoreactor (50 

mm diameter and 2 mm depth), equipped with a Pyrex glass optical 

window with a cut-off edge located at ca. 320 nm. The gas flow rate was 

set at 60 mL·min-1 by means of a mass flow meter (EL-FLOW Base, 

Bronkhorst). The outlet of the photoreactor was connected to a 6-way 

injection valve of a gas chromatograph (GC, Agilent 6890N) and then to 

a bubbler filled with a NaHCO3/Na2CO3 aqueous solution acting as a trap 

for the photo-produced formic acid and formaldehyde.  

The GC was equipped with two capillary columns (MoleSieve 5A 

and HP-Plot U), two detectors (TCD and FID) and a Ni-based catalyst for 

CO and CO2 methanation. Prior to any analysis, the system was 

thoroughly purged in dark for 20 min with pure N2 (in the case of the 

steam reforming reaction, to remove any trace of O2) or with air. A 300 W 

xenon arc lamp (LSH302, LOT-Oriel) placed at 20 cm from the reactor 

was employed as light source. During a photocatalytic test, the 

photoreactor was irradiated for 190 min while the formation of the 

gaseous products was continuously monitored by GC analysis starting 2 

min after the beginning of the irradiation and then every 19 min. 
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 The overall formic acid formation was determined at the end of 

any run by ion chromatographic analysis of the aqueous solution 

contained in the trap, using a Metrohm 761Compact IC instrument. 

Formaldehyde was determined by spectrophotometric analysis exploiting 

the Nash method.23,24 Briefly, after proper dilution, the solution contained 

in the trap flask was added to an equivalent volume of Nash’s reagent (25 

g ammonium acetate, 2.1 mL acetic acid and 0.2 mL acetylacetone, 

dissolved in ultrapure water, up to a total volume of 100 mL) and stirred 

for 1 h. Formaldehyde concentration was determined by the absorption at 

413 nm, after proper calibration, with a Jasco V-670 spectrophotometer. 

Selectivity to the by-products was calculated for the methanol 

steam reforming reaction as the ratio between the production rate of the 

selected sub-product and the hydrogen production rate corrected for the 

stoichiometry of the formation reaction.2 

5.2.4. MEXAS measurements 

We performed two different modulation experiments for each 

sample, mimicking the corresponding photocatalytic experiments: 

switching i) from 5%O2/He + UV-Vis to 3.6% CH3OH/He in the dark and 

ii) from 3.8%H2O/He + UV-Vis to 3.6%CH3OH/He in the dark. Time-

resolved XAS spectra were recorded in energy dispersive mode at both 

the Cu K-edge (8.98 keV) and the Pt L3-edge (11.56 keV) at the ID24 

beamline of ESRF in Grenoble (France). 1.5 mm quartz capillaries were 

filled with the photocatalytic powder and then connected to the gas 

manifold. Inlet water and methanol vapour flows were attained by 

bubbling He in the corresponding liquids. The switching of the inlet gas 

composition was attained using an automatic 4-way valve synchronized 
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with the XAS acquisition. The outlet gas composition from the capillary 

was continuously monitored by mass spectrometry (MS). 

The UV-Vis light source was the same lamp used for the 

photocatalytic tests but connected to liquid light guide, to focus the light 

on the quartz capillary, and an electronic shutter also synchronized with 

the XAS acquisition. Prior to the modulation experiment the set-up was 

purged with He (40 mL·min-1) under dark conditions, until the MS signals 

of O2 (m/Z = 32) and N2 (m/Z = 28) were stable and low. The modulation 

period was fixed to 210 s long, while recording 40 time resolved XAS 

spectra (ca. 5 s per spectrum, 20 spectra in O2 or H2O + 20 spectra in 

CH3OH). The full MEXAS experiment consisted in 15 consecutive 

modulation periods. Additionally, an oxidation-reduction modulation 

experiment was carried out for both samples. In this case, the capillary 

was pre-heated at 473 K under He flow by means of a heating gun placed 

just below the capillary. After reaching the desired temperature, 15 

alternated 210 s long 5%O2/He vs. 5%H2/He pulses (20 mL·min-1 flow, 5 

vol.% in He) were sent to the capillary, without UV-Vis irradiation.  

The averaged time-resolved and PSD transformed (phase-

resolved) spectra were obtained using a homemade MATLAB routine. 

The first five modulation periods were always discarded to ensure that the 

steady state conditions were achieved. 

5.3. Results 

5.3.1. Characterisation 

ICP-OES elemental analyses, reported in Table 5.1, revealed that 

Pt loading in the corresponding FP-2Pt/TiO2 photocatalyst was 1.61 

wt.%, lower than nominal but consistent with the high hygroscopicity of 
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the precursor. Copper loading in FP-2Cu/TiO2 photocatalyst, obtained 

after complete dissolution of the sample, was 1.92 wt.%, close to the 

nominal 2 wt.%, while, when the TiO2 matrix was not dissolved, the 

analysis showed a 1.49 wt.% Cu loading. This difference might be 

attributed to the partial doping of titanium dioxide. Indeed, the Cu(II) 

atomic radius is only slightly larger than that of Ti(IV), 0.87 Å vs. 0.745 

Å respectively, and thus Cu(II) ions may substitute titanium atoms in the 

lattice25 during the one step flame synthesis. 

As already observed for analogous samples with lower metal 

loadings,26 the XRD patterns of the flame-made samples showed that 

anatase was the main crystallographic phase. The bare titanium dioxide 

sample was composed by ca. 86% of anatase and 14% of rutile (Table 

5.1). The presence of copper during the single-step synthesis promoted 

the rutile formation, increasing its content up to 23%. As a dopant, Cu(II) 

generates oxygen vacancies inside the crystalline structure, resulting in a 

favoured growth of rutile crystallites.25,27,28 On the opposite, the presence 

of Pt did not induce any important effect on the phase composition. Of 

the material. No reflections related to copper or platinum, either in oxide 

or metal forms, could be observed, indicating that metals, except for the 

dopant copper, are finely dispersed over TiO2 nanoparticles. 

The two metals affected differently the crystallite dimensions. On 

one side, anatase is not affected by platinum during the synthesis, while 

the presence of copper caused a doubling in the average diameter (from 

13 nm for bare TiO2 to 27 nm in FP-2Cu/TiO2). On the opposite, rutile 

crystallite dimensions are affected in the same extent by the presence of 

the metals, with an increase from 9 nm up to 16 nm. 
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Table 5.1 Crystalline phase distribution and corresponding crystallite average 

diameter, metal loadings and band gap values for the three samples. 

Sample 

Pt or 

Cu 

(wt.%) 

SSA 

(m2 

g-1) 

Anatase 

(%) 

da 

(nm) 

Rutile 

(%) 

dr 

(nm) 

Band 

Gap 

(eV) 

FP-TiO2 / 110 86 14 14 9 3.12 

FP-

2Pt/TiO2 
1.61 151 86 14 14 17 3.15 

FP-

2Cu/TiO2 
1.92 132 77 27 23 17 3.05 

 

The bare TiO2 possesses a high BET specific surface area (SSA) 

of 110 m2 g-1, typical of flame made powders. The addition of Cu and Pt 

during the flame synthesis with this relatively high loading led to an 

increased SSA up to 132 and 151 m2‧g-1, respectively (Table 5.1). 

The UV-Vis diffuse reflectance spectra, reported in Figure 5.1a, of 

the pristine oxide show the usual profile of flame-made bare TiO2. The 

absorption increase in the 400 – 800 nm range can be ascribed to the 

carbonaceous impurities typically present in FSP-made materials.  

As expected, the presence of Pt in the corresponding noble metal-

modified TiO2 gives rise to an extended absorption in the visible range, 

compatible with the dark grey colour of the sample. FP-2Cu/TiO2 showed 

the typical d-d transition band of this metal at wavelength between 600 

and 800 nm, thus confirming its presence as stable oxidised copper in 

CuxO form. The extra absorption tail observed at 400 – 500 nm can be 

ascribed to the interfacial charge transfer (IFCT) mechanism between 

TiO2 VB electrons and Cu(II) species which are partially reduced to 

Cu(I).27,29,30 
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Figure 5.1 (a) Absorption spectra and (b) Tauc plot of the Kubelka-Munk 

transform of the three samples. 

The Tauc plot of the Kubelka-Munk transformation (Figure 5.1b) 

allowed to estimate the band gap of the three photocatalyst. As expected, 

bare and Pt-modified TiO2 did not show important difference in the 
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energy gap, 3.12 and 3.15 eV respectively, while the band gap of FP-

2Cu/TiO2 is apparently slightly narrower, 3.05 eV, probably due to the 

larger rutile content in the latter sample and to Cu doping.31,32  

5.3.2. Photocatalytic activity 

In the methanol photo-steam reforming reaction, the organic 

substrate, according to the already proposed reaction mechanism,2,33,34 is 

oxidised up to carbon dioxide through several intermediates and reaction 

pathways with the simultaneous production of hydrogen. Thus, in 

addition to H2 and CO2, also carbon monoxide, formic acid and 

formaldehyde were detected. Dimethyl ether formation was also detected 

in this reaction but not quantified. The gaseous products flew from the 

photocatalytic cell to the GC sampling loop for analysis. A calibration 

previously performed allowed us to quantify the products in terms of 

ppmv in the gas stream and consequently as moles of produced gas. 

As shown in Figure 5.2a and reported in Table 5.2, FP-2Pt/TiO2 is 

by far the best performing photocatalyst, showing a hydrogen production 

rate of ca. 19 mmol·h-1·gcat
-1. It is known that Pt is a very efficient co-

catalyst of TiO2,2,35 able to trap the photopromoted electrons, due to its 

higher work function36 with respect to TiO2 (5.12 − 5.93 eV vs. 4.6 − 4.7 

eV, respectively) that enhances the separation of the charge carriers. 

Moreover, the reduction to H2 proceeds more efficiently on the Pt surface 

than on TiO2. By contrast, the FP-2Cu/TiO2 sample exhibited a rH
2
 

significantly lower than that obtained with the Pt modified photocatalyst 

and just slightly higher than that of the bare TiO2 (5 vs. 4.9 mmol·h-1·gcat
-

1, respectively). 
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Table 5.2 Photocatalytic performance of the studied materials in the anaerobic 

methanol oxidation, in terms of rates of products formation, expressed in mmol·h-

1·gcat
-1 

Sample 

rH
2
 

(mmol·h-

1·gcat
-1) 

rCO
2
 

(mmol·h-

1·gcat
-1) 

rCO 

(mmol·h-

1·gcat
-1) 

rH
2
CO 

(mmol·h-

1·gcat
-1) 

rHCOOH 

(mmol·h-

1·gcat
-1) 

FP-TiO2 4.94 0.26 0.21 2.87 0.43 

FP-

2Pt/TiO2 
19.25 2.06 0.06 8.62 1.72 

FP-

2Cu/TiO2 
5.02 0.54 0.06 2.79 0.35 

Indeed, the work function of Cu (4.53 − 5.1 eV) is very close to 

that of TiO2, thus reducing its electron trapping ability and charge carriers 

separation efficiency. It is worth underlining that the Cu and Pt metal 

loading (2 wt.%) is not the optimal one in terms of photocatalytic activity 

which usually drops at such high metal content. However, as mentioned 

above, this high loading was chosen for spectroscopic reasons. The 

modification with both Pt and Cu increases the selectivity to CO2 (up to 

32%) and decreases the selectivity to CO (Table 5.2).  

For all three investigated samples and under these experimental 

conditions, formaldehyde was the main methanol oxidation product with 

a selectivity above the 45%, while the selectivity to formic acid was the 

less affected by metal NP modification (Table 5.2). The sum of the 

selectivities of the above-mentioned by-products (CO2, CO, H2CO and 

HCOOH) is close to 100% for all samples, proving that other species (like 

the detected dimethyl ether) are not directly involved in H2 production. 

The production of hydrogen and of the by-products appeared to be stable 

along the 3 h irradiation time (Figure 5.3). 
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Figure 5.2 Photocatalytic results obtained in (a) anaerobic and (b) aerobic 

methanol oxidation reactions. In (a), by-product formation rate refers to the right 

ordinate. The values were obtained as the linear regression of the instantaneous 

production rates over time. 
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Figure 5.3 Time-on-stream concentration profiles of hydrogen (full symbols) and 

carbon dioxide (empty symbols) for the tested samples. 

Contrarily to methanol photo-steam reforming conditions, in the 

presence of O2 bare titanium dioxide showed to be the most active 

photocatalyst, especially in terms of CO2 and formaldehyde production 

(Table 5.3 and Figure 5.2b). Traces of CH4 and CO were also detected as 

side-products. The overall photocatalytic activity, expressed as the sum 

of the production rates of all C-containing species, significantly increases 

under aerobic conditions, i.e. from 4 to 38 mmol‧h-1‧gcat
-1 for TiO2, from 

12 to 26 mmol‧h-1‧gcat
-1 for FP-2Pt/TiO2, and from 4 to 10 mmol‧h-1‧gcat

-1 

for FP-2Cu/TiO2. The modification with Pt was beneficial only for formic 

acid production, while Cu NPs dramatically decreased the overall 

photoactivity compared to pristine TiO2.  Hence, under aerobic 

conditions, the surface modification of TiO2 with Pt and Cu, at least with 

this relatively high metal loading, demonstrated to be detrimental for 
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photocatalytic activity. Formaldehyde resulted to be the main product of 

methanol oxidation also in this case.  

Table 5.3 Photocatalytic results of the investigated photocatalysts in the aerobic 

methanol oxidation, in terms of rates of products formation, expressed in mmol·h-

1·gcat
-1 

Sample 

rCO
2

 

(mmol·h-

1·gcat
-1) 

rCO 

(mmol·h-

1·gcat
-1) 

rH
2

CO 

(mmol·h-

1·gcat
-1) 

rCH
4
 

(mmol·h-

1·gcat
-1) 

rHCOOH 

(mmol·h-

1·gcat
-1) 

FP-TiO2 6.01 0.49 27.95 0.27 3.08 

FP-

2Pt/TiO2 
3.35 0.00 17.61 0.31 4.85 

FP-

2Cu/TiO2 
0.82 0.08 8.01 0.37 0.80 

5.3.3. MEXAS measurements  

The photocatalytic tests have shown that the surface modification 

of TiO2 with Cu and Pt have an opposite effect on the methanol oxidation 

when this occurs in presence of water vapour or of oxygen. While Cu and 

Pt co-catalyst demonstrated to improve the CO2 production rate in the 

presence of water, they had a detrimental effect in the presence of oxygen, 

where bare TiO2 showed a significantly higher CO2 production rate than 

the corresponding metal modified samples. MEXAS is a powerful tool to 

get a deeper insight into the role of Cu and Pt on the photoactivity during 

the methanol oxidation under these two different conditions. Indeed, 

MEXAS can provide information on the subtle redox dynamics of the 

metal co-catalysts, which is connected to their possible surface interaction 

with water or oxygen. During the modulation experiment, the samples 

were saturated in methanol vapours in the dark for 105 s, followed by the 
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reaction under UV-vis with water vapours or with oxygen for further 105 

s while recording 20+20 time resolved XAS spectra at the Cu K-edge or 

at the Pt L3-edge.  

5.3.3.1. Pt L3-edge experiments 

The averaged time resolved XANES spectra recorded during the 

anaerobic modulation experiment, i.e. H2O + UV-Vis vs. MeOH, are 

shown in Figure 5.4a (grey curves) together with the reference spectra of 

metal Pt (red line) and PtO2 (blue line). 

 

Figure 5.4 ME-XANES results at the Pt L3-edge obtained with the FP-2Pt/TiO2 

sample. (a, c, e) Averaged time-resolved and (b, d, f) phase resolved in the 0° < 

φPSD < 170° range spectra for the (a, b) H2O vs. MeOH, (c, d) O2 vs. MeOH and 

(e, f) O2 vs. H2 modulation experiments; In (a) and (c) the spectra are compared 

with that of metal Pt (red curve) and PtO2 (blue curve) reference spectra. 

The whiteline intensity of the averaged time resolved spectra 

clearly resembles that of the reference metal Pt (red spectrum) showing 

that Pt is essentially in reduced form under anaerobic reaction conditions. 
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The linear combination fitting of these spectra, using those of Pt foil and 

PtO2 as standards, confirmed that ca. 93% of Pt is present as metal. 

Moreover, the phase resolved spectra at the Pt L3-edge (Figure 5.4b) 

shows no variations as a function of the demodulation angle φPSD, proving 

that Pt undergoes no redox or structural changing under anaerobic 

reaction conditions,  

The XANES spectrum at the Pt L3-edge of the as prepared FP-

2Pt/TiO2 sample (Figure 5.5) shows an intense white line demonstrating 

that Pt is prevalently in oxidized form. However, Figure 5.5 shows that Pt 

is reduced under photo-steam reforming reaction conditions, as already 

reported.3  

 

Figure 5.5 XANES spectra at the Pt L3-edge of as-synthesised  (black line) and 

of averaged time resolved spectra recorded under H2O + UV-Vis vs. methanol 

modulation experiment (grey lines) of FP-2Pt/TiO2 sample compared to reference 

PtO2 (blue line). 
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Platinum reduction under anaerobic conditions explains the much 

larger activity of the FP-2Pt/TiO2 sample with respect to the bare 

photocatalyst. Due to the high work function (5.12 − 5.93 eV),36 metal Pt 

is very efficient in scavenging photopromoted electrons from the 

conduction band of titanium dioxide. The combination of longer-living 

electrons with the high affinity of metal Pt towards protons leads to the 

observed high hydrogen production rate. 

 

Figure 5.6 MS profiles reporting a single modulation cycle of the H2O/MeOH 

modulation experiment, showing H2 (red line, 10 times magnified), H2O (blue 

line), H2CO (green line), MeOH (magenta line), and CO2 (brown line). In red is 

highlighted the MeOH pulse, whereas in light blue the oxidative pulse. 

From the mass spectroscopy (MS) spectra related to the 

H2O/MeOH modulation experiment, reported in Figure 5.6, it can be 

observed that the profiles of the signals of H2, CO2 and H2CO has the 

same shape of that of methanol. Indeed, as soon as the shutter is opened, 

2500 2550 2600 2650 2700 2750 2800

 

 

S
ig

n
a
l 
in

te
n

s
it

y
 (

a
.u

.)

Time on stream (s)

 m/z 2  m/z 18  m/z 31  m/z 44  m/z 30

MeOH dark H
2
O + UV-vis



Chapter 5: Pt and Cu Redox Dynamics Study by MEXAS 

120 

 

the adsorbed methanol quickly reacts with the photopromoted electrons 

and with water to give the steam reforming products. Then, as methanol 

is consumed, the production of H2 and CO2 decreases over time.  

Under O2 + UV-Vis vs. MeOH modulation conditions the 

averaged time resolved spectra (Figure 5.4c) shows again that Pt is still 

prevalently in a reduced form, but the whiteline is more intense than those 

recorded under anaerobic condition. This result suggests that under 

aerobic condition the metal surface Pt nanoparticles may be oxidised at 

the surface because of an interaction with O2. The averaged spectra 

obtained from the O2/MeOH modulation experiment showed little but 

observable differences (Figure 5.4c), clearly enhanced by the PSD 

function on the demodulated spectra (Figure 5.4d). Indeed, Pt is 

continuously oxidised under oxygen and reduced under methanol. The 

phase resolved spectra (Figure 5.4d) highlights that changes occur mainly 

at 11.566 eV, corresponding to a variation in the whiteline intensity. 

The higher oxidation state of Pt under such conditions is further 

confirmed by the linear combination fitting analyses performed over the 

last XANES spectrum recorded under MeOH flow and over the last one 

recorded under oxidative gas flow. In the former situation, 76% of Pt is 

present in metallic form, whereas in the latter the 73% is metallic Pt. Thus, 

Pt is in a more oxidised state with respect to anaerobic conditions and it 

is continuously oxidised and reduced, as proved by PSD spectra. 

 Furthermore, the envelopes of the PSD spectrum obtained with 

O2/MeOH modulation are similar to those of the O2/H2 modulation at high 

temperature (Figure 5.4f). Considering that, due to the harsh conditions 

of the latter experiment that certainly can reduce and oxidise Pt 

nanoparticles, it can be supposed that the same occurs also under the 
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milder O2/MeOH conditions. Nevertheless, the change in the oxidation 

state is not complete, but very likely occurring only at the surface of the 

Pt NPs. 

 

Figure 5.7 MS profiles reporting a single modulation cycle of the H2O/MeOH 

modulation experiment, showing H2O (blue line), H2CO (green line), MeOH 

(magenta line), and CO2 (brown line). In red is highlighted the MeOH pulse, 

whereas in light blue the oxidative pulse. 

By comparing the MS profiles obtained under aerobic (Figure 5.7) 

and anaerobic (Figure 5.6) conditions, it can be observed a net increase in 

CO2 production, as already noticed from the results of the photocatalytic 

tests and a H2CO production.  

The lower efficiency of FP-2Pt/TiO2 photocatalyst under aerobic 

conditions can be explained by the interaction of the oxidant, i.e. O2, with 

the photopromoted electrons trapped in the Pt nanoparticles. Such 

interaction leads to the formation of a PtO2 layer over the Pt NPs, 

decreasing the photoactivity. On the contrary, the more reduced state 
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under anaerobic conditions favours protons reduction over the Pt 

nanoparticles by photopromoted electrons, leading to high H2 production 

rates. 

5.3.3.2. Cu K-edge experiments 

Also in the case of Cu NPs, the averaged spectra recorded under 

anaerobic modulation conditions (grey lined in Figure 5.8) clearly look 

like those of the metal Cu. Indeed, by comparing the shape of the 

whiteline of the spectra in Figure 5.8a with those in red of Figure 5.8e 

(recorded under H2 stream at high temperature, where copper is 

completely reduced), it can be observed the characteristic double peak 

feature at the whiteline of metal Cu at ca. 9.0 keV and the pre-edge at 

8.985 keV in both cases. 

 

Figure 5.8 ME-XANES results at the Cu K-edge obtained with the FP-2Cu/TiO2 

sample. (a, c, e) Averaged time-resolved and (b, d, f) phase resolved in the 0° < 

φPSD < 170° range spectra for the (a, b) H2O vs. MeOH, (c, d) O2 vs. MeOH and 

(e, f) O2 vs. H2 modulation experiments. 
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The phase resolved FT-XANES spectra at the Cu K-edge (Figure 

5.8b) showed no variations in the phase resolved spectra, proving that Cu, 

under water + UV-Vis and methanol modulation, undergoes no redox 

dynamics.  

Nevertheless, an additional experiment carried out over the as 

prepared material demonstrated that, under such anaerobic conditions, 

Cu, originally present in a fully oxidised form, is reduced under 

photosteam reforming reaction conditions. A capillary filled with fresh 

photocatalyst was irradiated with UV-Vis light in the presence of a 

continuous stream of CH3OH and H2O vapours in He. As reported in 

Figure 5.9, Cu partially reduced under methanol steam reforming 

conditions. For instance, the black spectrum, representing the as-

synthesised fresh sample, correspond to 50 XANES averaged spectra 

recorded under a 5% O2/He flow, at room temperature and in dark 

condition. After that, the same capillary was treated with a 0.5% 

MeOH/1% H2O/He flow for 20 min, firstly in dark and then under UV-

Vis irradiation conditions. Then, the capillary was purged, in dark, with 

He until the methanol MS signal reduced to zero. Additional 50 spectra 

were recorded and averaged into the red line. This treatment was repeated 

a second time, resulting into the blue spectrum.   
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Figure 5.9 XANES spectra of FP-2Cu/TiO2 sample before (AS) and after being 

exposed to methanol steam reforming (SR) reaction conditions. The inset shows 

Cu speciation for each spectrum, proving metal reduction under anaerobic 

conditions. 

The linear combination fitting of those averaged spectra, reported 

in the inset of Figure 5.9, provided evidence of the above-mentioned 

reduction process. Thus, copper, initially present as a mixture of Cu(II) 

(60 wt.%) and Cu(I) (30 wt.%), is partially reduced under methanol steam 

reforming conditions and this process proceeds as the reactive anaerobic 

conditions are kept. Cu(0) and Cu(I) content grew up to 25 and 55 wt.% 

respectively while Cu(II) content decreased to 20 wt.% after the double 

treatment. We also observed that copper reduction occurred due to the 

steam reforming conditions, and not to the harsh X-rays, as the sample 

became darker after the treatment but prior to XAS analyses. Indeed, the 

powder within the capillary became darker only on the side exposed to 
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the UV-Vis light, and not all of it as it would be if the reduction process 

was due to the more penetrating X-rays (Figure 5.10). 

 

Figure 5.10 Picture of the capillary filled with FP-2Cu/TiO2 before (left side) and 

after (right side) the experiment reported in Figure 5.9. After being exposed to 

reactants and UV-Vis light, the powder became darker of the irradiated side. 

From the mass spectroscopy (MS) spectra related to the 

H2O/MeOH modulation experiment, reported in Figure 5.11, one can 

observe that the profiles of the signals of CO2 and H2CO follows that of 

methanol. H2 signal becomes visible only after a 100-time magnification. 

H2 production rate with this sample was quite low if compared to the Pt-

modified one, thus such poor signal is compatible with the low 
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photoactivty of FP-2Cu/TiO2. As already observed with the FP-2Pt/TiO2 

photocatalyst, as light is switched on methanol signal sharply decreases, 

followed by those of CO2 and H2CO, the side-products of the reaction. 

 

Figure 5.11 MS profiles reporting a single modulation cycle of the H2O/MeOH 

modulation experiment, showing H2 (red line, 10 times magnified), H2O (blue 

line), H2CO (green line), MeOH (magenta line), and CO2 (brown line). In red is 

highlighted the MeOH pulse, whereas in light blue the oxidative pulse. 

Thus, copper present in Cu-modified TiO2 acts mainly as co-

catalyst in its partially reduced form in the methanol photo-steam 

reforming reaction. It is worth assuming that, in the presence of water, 

methanol but also photoproduced hydrogen, copper may reduce during 

the photocatalytic tests in an even greater extent than here reported. This 

explains the only slightly higher enhancement in photocatalytic activity 

attained with FP-2Cu/TiO2. Metal Cu possesses a work function (4.53 – 

5.10 eV) in a similar range to that of TiO2 (4.6 – 4.7 eV), thus resulting 
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less effective than Pt in proton reduction, leading to lower hydrogen 

production rates. 

The oxygen/methanol modulation experiment lead to different 

results with respect to its analogous under anaerobic conditions. Despite 

the small or negligible differences in the averaged spectra (Figure 5.8c), 

the PSD function highlighted that the metal was periodically oxidised and 

reduced by the gas flows (Figure 5.8d). Two envelops can be easily 

observed in the XANES region. The first, centred at ca. 8.985 keV, was 

related to the variation in the pre-edge region of the spectra and the 

second, at about 9.000 keV, corresponded to the variation of the whiteline 

as a consequence of the modulation. In order to interpret the demodulated 

spectra, one should keep in mind that the phase resolved spectrum is 

analogous to a difference spectrum. Hence, in Figure 5.12 is reported a 

comparisons between the PSD spectrum of the O2 + UV-Vis vs. MeOH 

modulation experiment (φPSD = 160°) with three difference spectra of the 

reference materials, namely: i) CuO – Cu2O; ii) CuO – Cu, and iii) Cu2O 

–  Cu. The shape of the PSD spectrum is very similar to that of the CuO 

– Cu2O difference spectrum. Indeed, the whiteline shift intensity (2) and 

the almost absent signal at higher energy (4,5) allow us to assume that 

under such aerobic conditions copper is involved in a Cu(II)/Cu(I) 

transition. 
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Figure 5.12 Comparison between the PSD spectrum of the O2 + UV-Vis vs. 

MeOH modulation experiment (φPSD = 160°) and the CuO-Cu, Cu2O-Cu and 

CuO-Cu2O difference spectra.  

A further confirmation of this process comes from the full 

oxidation/reduction experiment (Figure 5.8e), performed at 473 K by 

pulsing O2/He and H2/He flows alternatively. Under such harsh 

conditions, spectra changed completely, from fully oxidised (black lines) 

to fully reduced Cu (red lines). Interestingly, it was also possible to 

observe a Cu(I)2O spectrum, appearing few seconds after the switch of 

the gas flow to H2. Thus, the oxidation and the reduction processes of this 

metal are not occurring directly between Cu(II)O to Cu(0), but they 

involve also Cu(I)2O as intermediate, even under severe conditions (see 

inset in Figure 5.8e). This finding suggests that under reactive oxidative 

conditions, copper continuously changes oxidation state from Cu(II) to 
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Cu(I), since the shape of the envelopes are comparable. Indeed, the 

complete redox process between Cu(0) and Cu(II) leads to the formation, 

in the PSD spectrum (Figure 5.8f), of an envelope at 9.03 keV, which is 

absent in the PSD spectrum obtained with the aerobic modulation 

experiment. 

 

Figure 5.13 MS profiles reporting a single modulation cycle of the H2O/MeOH 

modulation experiment, showing H2O (blue line), H2CO (green line), MeOH 

(magenta line), and CO2 (brown line). In red is highlighted the MeOH pulse, 

whereas in light blue the oxidative pulse. 

As already described with Pt under analogous conditions, also in 

the case of FP-2Cu/TiO2 under aerobic modulation an important signal of 

CO2 (m/z = 44, in Figure 5.13), appears together with that of H2CO (m/z 

= 31), as the light is switched on.  
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5.4. Conclusions 

A different behaviour of platinum and copper in different reaction 

conditions is here evidenced. The methanol/water gaseous mixture of the 

anaerobic alcohol oxidation, in the presence of irradiation, is able to 

reduce both metals under the steam reforming reaction conditions. Thus, 

Pt and Cu, in such an environment, behave like metal-nanoparticle co-

catalysts over TiO2, improving the photoactivity to an extent related to 

their work function. In this scenario, the beneficial effects of NPs are 

correlated to the total loading, particles dimension and distribution. All 

these features strongly influence the ability of the metal to expose a larger 

number of corner and edge atoms, that already proved to be most reactive, 

lacking full coordination number.  

On the contrary, in the presence of oxygen, platinum and copper 

were continuously oxidised and reduced, by O2 and methanol 

respectively, and the average oxidation state of both metals resulted to be 

higher than that under anaerobic conditions. The presence of metal oxide 

over the surface of TiO2 lead to lower photoactivity with respect to the 

bare oxide. 

These findings prove that different reaction mechanisms occur 

under aerobic and anaerobic conditions. Indeed, O2 interacts with the 

photopromoted electrons trapped in the metal NPs, partially oxidising the 

surface of the nanoparticles and thus decreasing the photoactivity, as 

demonstrated by the photocatalytic results. Indeed, in the oxidised form 

the co-catalyst nanoparticles can not act as photopromoted electron 

sinkholes to increase the charges lifetime. On the contrary, water, 

adsorbing on TiO2 and being oxidised by the photogenerated holes, does 

not interact directly with the metal NPs. Thus, the trapped electrons and 
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the protons adsorbing on their surface lead to metal NPs reduction and 

better photocatalytic efficiency in the investigated reaction. 
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6. Chapter 6:    

 TEMPERATURE EFFECTS ON THE 

PHOTO-STEAM REFORMING 

REACTION 

6.1. Introduction 

Photocatalysis is usually considered as a temperature-independent 

process since the energy gaps of photocatalytic materials are usually too 

wide to have an electron promoted from the VB to the CB by heat. 

However, a high temperature can still influence the absorption rate or the 

dynamics of the reactants over the semiconductor surface, thus changing 

the rate determining step or the selectivity of the reaction. Indeed, usually 

at T > 70 °C the activity decreases since the adsorption of the reactant 

becomes the rate limiting step.1 For this reason, the best temperature for 

photocatalytic tests is typically considered to be between 20 and 80 °C.  

Already in early the 80s, Grätzel et al. observed that temperature 

had a positive effect on H2 production in a TiO2 aqueous suspension, with 

a 50-fold increase in hydrogen yield over a temperature range of 50 °C.2 

Griffin et al. demonstrated that bare titanium dioxide photoactivity in the 

oxidation of 1-butanol increases at higher temperature (105 vs. 25 °C), 

whereas in dark conditions poor catalytic activity was observed at 105 °C. 

Indeed, they claimed that the combination of photocatalysis and thermal 

catalysis can be useful for changing and controlling the selectivity of a 

reaction.3 However, non-homogeneous reports can be found in the 

literature about heating effects on pristine TiO2. A general beneficial 
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effect over a wide temperature range, up to 150 °C has been reported,4,5 

whereas others6 claim a detrimental effect at temperature above 80 °C, as 

expected. 

TiO2 is not generally considered as a good thermal catalyst itself, 

but it is employed, along with many other oxides, i.e. SiO2 or Al2O3, as 

an inert support for metal nanoparticles that are widely exploited as 

catalysts in a range of industrial reactions. Thus, in addition to the effects 

already observed with bare TiO2, a further enhancement in the 

photocatalytic activity can be attained from the thermo-catalytic 

properties of the metal NPs deposited on the surface of titanium dioxide. 

Indeed, several studies reported general beneficial effects of high 

temperature over the photocatalytic activity of metal-modified TiO2. For 

example, Kennedy et al. tested a Pt-modified TiO2 photocatalyst in the 

ethanol oxidation reaction. They found that a higher temperature-induced 

synergistic effect between the substrate and the metal nanoparticles 

occurs even when the same heated photocatalyst was not active in dark 

condition. Furthermore, an impressive ethanol conversion was observed 

under irradiation in the 50 – 200 °C temperature range, while the material 

was slightly active in the dark.7 Other authors found analogous results 

with Pt-modified titanium dioxide photocatalysts when testing them in the 

oxidation of different organic substrates, such as toluene,8 

acetaldehyde,8,9 benzene10,11 and cyclohexane.12  

In addition to these photocatalytic oxidation reactions, the effect 

of temperature was verified also on carbon dioxide reduction, which can 

occur under both photoinduced and thermal catalysis. The latter can be 

performed quite easily and with good yield at high temperature by means 

of noble metal nanoparticles.13 Vaiano et al. compared the performance 
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obtained with photocatalysis and thermocatalysis by employing a Pd/TiO2 

catalyst, finding the former more efficient.14 The positive combination of 

the two effects was proved even with bare TiO2 or titanium dioxide 

coupled with MgO. Both Saladin et al.15 and Liu et al.16,17 found that heat 

enhances CO2 photo-conversion to CH4 or CO, probably due to an easier 

desorption of the products from the catalyst surface. 

To the best of our knowledge, only a single report has been 

published so far about photocatalytic hydrogen production in the gas 

phase combined with temperature. According to Han et al., by employing 

a Pt-modified titanium dioxide photocatalyst it is possible to obtain an 

extremely high H2 production rate (up to 800 mmol·h-1·gcat
-1) under solar 

light irradiation at 300 °C, doubling the production rate achievable in dark 

conditions. However, no deeper investigation was done over thermal 

effects in photocatalysis.18 

In this context, we verified the effect of a thermal reductive pre-

treatment on the photocatalytic behaviour of Pt-, Cu- and Pt/Cu-modified 

titanium dioxide materials. Then, the effect of temperature was 

systematically investigated in the methanol steam-reforming reaction, in 

terms of H2 production and sub-products distribution over the of 40 – 350 

°C temperature range. 

6.2. Synthesis and characterisation 

The samples selected for these experiments are already fully 

described in Chapter 3. Indeed, we chose the most active sample, in terms 

of H2 production, among the flame made photocatalysts, i.e. TPC0.05 (a 

0.05 wt.% Cu and 0.5 wt.% Pt modified titanium dioxide), together with 

the corresponding single-metal modified materials, i.e. TPC0.0 (0.5 wt.% 
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Pt-TiO2) and TC0.05 (0.05 wt.% Cu-TiO2) and the bare flame-made 

titania. The materials were characterised by UV-Vis absorption 

spectroscopy and by BET, XRD, XPS and HRTEM analyses (see Chapter 

3.3.) 

6.3. Photo-thermocatalytic tests 

The activity of the selected samples was tested in the methanol 

steam reforming reaction employing the already described stainless steel 

setup (Chapter 2). As a standard procedure, 15 mg of photocatalyst were 

employed for each photocatalytic test, after being adsorbed over 20 – 40 

mesh quartz grains. Different kinds of experiment were performed in 

order to investigate the various aspects of temperature effect over the 

photocatalytic activity.  

Firstly, the effect over the photocatalytic activity of in situ pre-

reductive treatment was investigated at a fixed temperature (200 °C). The 

treatment consisted in flowing a 10 vol.% H2/N2 mixture (100 mL·min-1) 

to the photoreactor previously set at 250 °C. These conditions were 

chosen based on the results, reported in Chapter 5, demonstrating that Pt 

and Cu nanoparticles can be completely reduced under such conditions. 

Briefly, once the gas flows were set, the photoreactor was heated up to 

250 °C with a temperature ramp of 10 °C‧min-1. The final temperature was 

kept for 30 min and the reactor was then allowed to cool down. Then, a 

pure N2 flow (100 mL·min-1) was sent for 15 min in order to remove any 

trace of H2 before starting with the outgassing procedures of the whole 

system, as reported in Chapter 2. The switch from the H2/N2 gas mixture 

to pure N2 occurred when temperature was below 70 °C, in the case of 

tests performed at 40 °C, or when the reactor was cooled to 200 °C, when 
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the tests were performed at this temperature. After the outgassing step, 2 

h- or 1 h-long methanol steam reforming photocatalytic tests were 

performed, which were repeated twice or 5 times, respectively. At the end 

of any kinetic run, the solution within the flask was analysed, to check the 

concentration of formate ions produced during the run and replaced with 

a fresh 20 vol.% MeOH/H2O solution. A new run was started after having 

purged the recirculating system with nitrogen, in order to remove O2. The 

as-synthesised samples were tested at 40 °C whereas the pre-reduced ones 

were analysed both at 40 and 200 °C. Additionally, due to the attained 

results, TPC0.0 and TPC0.05 were also tested in continuous mode. The 

two samples were analysed as-synthesised at 40 °C and at 200 °C after 

being pre-treated. 

The results of these first studies will be reported in terms of H2, 

CO2 and CO accumulation profiles within the recirculating system, when 

they were tested in recirculating mode, and as instantaneous H2 

production rate vs. time on stream in the case of continuous-mode tests. 

Systematic studies on the effect that different temperatures have 

on photoactivity were obtained by testing the photocatalysts in continuous 

mode. During the kinetic test, a temperature ramp of 2 °C·min-1, from 40 

to 350 °C, was set, and the gas phase composition was examined at 

different temperatures. The gas-chromatographic analyses were 

performed every ca. 19 min, a first analysis in the dark at 40 °C being 

performed before removing the lamp shutter (t = 0). After reaching the 

end of the heating ramp, the photoreactor was kept at 350 °C for ca. 1 

hour (corresponding to 4 GC analyses) to check the stability of the 

material. To avoid changes in the properties of the photocatalysts during 

the heating ramp, a reductive pre-treatment at 350 °C, similar to that at 
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250 °C (i.e. 10 °C·min-1), was performed before any continuous run. The 

system was equipped with a bubbling flask, filled with a 

Na2CO3/NaHCO3 solution, at the exit of the circuit to collect the produced 

H2CO and HCOOH. 

These results, instead, will be reported in terms of instantaneous 

production of H2, CO2, CO and H2CO vs. time on stream and temperature. 

Those of carbon dioxide, carbon monoxide and formaldehyde were 

calculated as the ratio between the production rate of the sub-product and 

that of hydrogen, taking into account the relative stoichiometric 

coefficient (as explained in Chapter 2). Since no time on stream data about 

formic acid was collected (it is not detected in the gas phase), its 

selectivity was calculated, at each temperature, as: 

𝑆𝐻𝐶𝑂𝑂𝐻 = 100 − (𝑆𝐶𝑂2 + 𝑆𝐶𝑂 + 𝑆𝐻2𝐶𝑂)                     𝐸𝑄 6.1 

Consequently, from the so-obtained selectivity the instantaneous 

formic acid production rate could also be calculated. 

6.4. Results and discussion 

6.4.1. Effects of the pre-reduction treatment and of the test 

temperature 

As expected, the reductive pre-treatment performed at 250 °C 

caused important changes in the photocatalytic activity of the materials 

which were tested at 40 °C. In their zero-valent form, the effect of metal 

NPs over TiO2 surface can be easily correlated to the metal work function 

(5.12 − 5.93 eV for Pt and 4.53 − 5.10 eV for Cu). The results reported in 

Figure 6.1 (a and b) indicate that when tested as-synthesised (like in 

Chapter 3), the TPC0.05 photocatalyst showed a slightly larger H2 
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production rate than the corresponding Pt-only modified photocatalyst 

(TPC0.0) and the Cu-only modified material (TC0.05) exhibited a much 

lower activity (Figure 6.1a). When the three samples were pre-reduced, 

the TPC0.0 material dramatically increased its photoactivity, showing a 

hydrogen production rate (rH
2
) almost doubled with respect to that 

attained with the non-reduced photocatalyst. This can be attributed to the 

total reduction of Pt nanoparticles over the TiO2 surface, that makes the 

photocatalyst much more active in the methanol steam-reforming 

reaction. Indeed, since the work function of Pt is higher than that of TiO2, 

the photopromoted electrons can flow from the CB of the oxide to the 

metal NP and then reducing adsorbed protons. 

On the contrary, the complete reduction of Cu in both TPC0.05 

and TC0.05 lead to a loss of activity. Indeed, the Cu-only modified sample 

showed a halved rH
2
, while the Cu-Pt co-modified material exhibit a H2 

production rate reduced from 23 mmol‧h-1‧gcat
-1 to 14 mmol‧h-1‧gcat

-1. This 

phenomenon can be justified with the formation of a Pt-Cu alloy during 

the reductive pre-treatment. Alloys have intermediate characteristics with 

respect to their components; thus, in this case, the work function of Pt is 

reduced by that of Cu in the NPs of TPC0.05, causing a decrease in 

photoactivity. The same changes can be appreciated looking at the carbon 

dioxide production rates. Indeed, a strong correlation between hydrogen, 

carbon dioxide and carbon monoxide production rate can be found, since 

an increased H2 production is related to a better reactant conversion on 

the photocatalyst (Figure 6.2a and 6.2b and 6.3a and 6.3b), with larger 

CO2 and lower CO productions. 
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Figure 6.1 H2 accumulation profiles with the three selected photocatalysts a) as-

synthesised (runs at 40 °C) and pre-reduced runs at b) 40 °C and c) 200 °C. 

 

Figure 6.2 CO2 accumulation profiles with the three selected photocatalysts a) 

as-synthesised (runs at 40 °C) and pre-reduced runs at b) 40 °C and c) 200 °C. 

 

Figure 6.3 CO accumulation profiles with the three selected photocatalysts a) as-

synthesised (runs at 40 °C) and pre-reduced runs at b) 40 °C and c) 200 °C, with 

an opposite trend with respect to Figure 6.2. 
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When performing the reaction at 200 °C after having pre-reduced 

the materials, the two Cu-modified samples showed, both reduced and as-

synthesised, an increased rH
2
 with respect to the reaction run at 40 °C. On 

the contrary, the TPC0.0 sample at 200 °C exhibited a slightly lower 

hydrogen production rate than at 40 °C (Figure 6.1b vs. 6.1c). 

Furthermore, H2 accumulation within the recirculating set-up did 

not occur linearly, as in the case of test performed at 40 °C, with both Pt-

modified photocatalysts and, to a much less extent, also with TC0.05. In 

addition, high temperature led to a complete change in the by-product 

selectivity, with CO becoming the main sub-product, with a up to 10-

times larger production than at 40 °C (Figure 6.3c). The same loss of 

stability observed in H2 production can be appreciated in both CO2 and 

CO accumulation traces (Figure 6.2 and 6.3 panel c). 

From these results it can be supposed that the larger CO production 

occurring at high temperature causes the poisoning of metal Pt 

nanoparticles, thus reducing the efficiency of the material over time. 

Despite the high temperature, that favours CO dissociation,19 large 

amounts of CO in the gas phase can push the equilibrium towards the 

adsorbed form and, thus, to a decreasing photoactivity due to deactivation 

of the materials. 

To verify this hypothesis, a series of short kinetic runs (each 1 h-

long) was performed. At the end of every run, the recirculating system 

was thoroughly purged to remove all photoproduced gases. TPC0.0 was 

tested under these conditions both at 40 °C as-synthesised and at 250 °C 

after being pre-reduced.  
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Figure 6.4 Accumulation profiles of (a,b) H2, (c,d) CO2 and (e,f) CO obtained 

with TPC0.0 as-synthesised at 40 °C (left side) and at 200 °C, after being pre-

reduced (right side). 1st to 5th analysis from darker to lighter colours. A clear 

difference in photoproduction stability and selectivity appears. 
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The results, reported in Figure 6.4 (green colours for the former 

condition, red colours for the latter, 1st to 5th run from darker to lighter 

colour), show that the deactivation process is not correlated to the 

accumulation of CO within the circuit, since the photoactivity at 200 °C 

clearly decreases after every short run despite the purging step. The same 

analysis done with TPC0.05 and TC0.05 confirmed the already attained 

results: the Pt containing material showed a more evident decrease in 

photoactivity with respect to the Cu-modified one (Table 6.1). 

Table 6.1 Comparison of the total H2 production attained with the three selected 

photoctaltysts at 200 °C at the end of every 1 h-long kinetic run. The loss of 

activity is more important with the Pt-modified materials. 

 
nH

2
 (mmol·gcat

-1) 

TPC0.0 TPC0.05 TC0.05 

1st run 38.7 32.0 11.1 

2nd run 32.7 27.5 10.8 

3rd run 28.2 23.7 10.3 

4th run 25.5 23.2 9.5 

5th run 24.8 22.0 9.4 

 

A clear evidence of the deactivation of the Pt-modified 

photocatalysts was obtained by running the photocatalytic system in 

continuous mode. Figure 6.5 shows that the as-synthesised Pt-modified 

materials tested at 40 °C exhibit a stable H2 photoproduction over ca. 6 

hours, whereas at 200 °C, after being pre-reduced, the photocatalyst 

exhibits a rH
2
 decreasing with time. Indeed, after ca. 6 h at 200 °C the 

beneficial effect induced by pre-reduction is lost. On the contrary, the 

effect over selectivity is kept despite the loss of activity: CO2 production 
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resulted lower at high temperature and rCO was 10 times larger than that 

at 40 °C. 

These first results obtained with photocatalytic runs at 200 °C 

indicate that the presence of platinum NPs over titanium dioxide catalyses 

the formation of syngas (a mixture of H2 and CO), according to the 

reaction 

𝐶𝐻3𝑂𝐻 → 𝐶𝑂 + 2𝐻2                                  𝐸𝑄 6.2 

rather than favouring the full oxidation of methanol to carbon dioxide. 

 

Figure 6.5 H2 production rate vs. time on stream obtained with TPC0.0 (grey 

squares) and TPC0.05 (orange circles) both as-synthesised at 40 °C (empty 

symbols) and pre-reduced at 200 °C (full symbols). 

6.4.2. The influence of temperature over photoactivity and 
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Based on the results reported in the previous section, we performed 
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activity in the methanol steam reforming reaction. The photocatalysts 

were all pre-treated in H2 flow at 350 °C for 30 min. Considering the 

higher temperature with respect to the previous analyses and the overall 

treatment time (ca. 1.5 h due to the additional time related to heating and 

cooling ramps), we assumed that the photocatalyst deactivation along the 

photo-thermocatalytic tests would be prevented in such temperature 

range. Figure 6.6a shows that, under irradiation on TPC0.0, H2 production 

slowly increases with temperature, almost doubling in the 40 – 150 °C 

range, then it rises up to 350 °C, reaching a ca. 450 mmol‧h-1‧gcat
-1 value. 

The thermic H2 contribution, evaluated by performing the same reaction 

under dark conditions (grey bars in Figure 6.6a) appears at ca. 150 °C, 

becoming predominant over the photocatalytic contribution from 250 °C 

and above. At 350 °C the photocatalytic contribution to hydrogen 

production accounts for ca. 60 mmol‧h-1‧gcat
-1 and the thermally-produced 

H2 production rate was 375 mmol‧h-1‧gcat
-1. In order to discern the pure 

photocatalytic from the thermal contribution, in Figure 6.6b the 

photoproduced H2 production rate is reported, calculated as the difference 

between the rH
2
 recorded under irradiation and under dark condition at the 

same temperature. It can be observed that by rising temperature, H2 

production increases up to 60 mmol‧h-1‧gcat
-1 at 350 °C, doubling the value 

attained at 40 °C. It is also interesting to notice that, once reached the final 

temperature (350 °C), photoproduced H2 rapidly decreases probably due 

to deactivation or sintering of the material, and this reduces the 

photocatalytic H2 production rate.  
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Figure 6.6 rH
2
 profiles obtained with pre-treated TPC0.0 as a function of 

temperature. a) Comparison of rH
2
 obtained under irradiation (red bars) and in 

dark conditions (grey bars); b) photo-produced H2 obtained as the difference 

between the red and grey bars in panel a. The temperature ramp is also shown in 

both figures (right axis). 
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This result proves that temperature has a positive effect on the 

photoactivity of the material, boosting the photocatalytic H2 production 

rates up to 3 times with respect to 40 °C, but, at high temperature the 

catalytic contribution in H2 production becomes predominant. These 

results are comparable with those of Han et al.18 in terms of absolute H2 

production. However, a much different distribution between 

photocatalytic H2 and thermal hydrogen can be observed. Our results 

clearly show that at high temperature the photocatalytic contribution 

accounts for ca. 15-20% of the total H2 production. 

The other important effect of thermo-photocatalysis is related to 

reaction-path changes. Indeed, Figure 6.7 shows how the production rates 

of CO2, CO and H2CO vary with temperature.  

 

Figure 6.7 By-products (CO2, CO and H2CO) production rates vs. temperature. 

CO production becomes predominant at temperature above 250 °C. 

With the Pt-only modified TiO2 material, at 40 °C the main sub-

products of methanol steam reforming are carbon dioxide and 
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formaldehyde. H2CO production increases up to 150 °C, and then it 

decreases with increasing temperature, becoming negligible at high 

temperature. On the opposite, CO2 production firstly decreases and then 

rises again above 200 °C. The greatest change, however, concerns carbon 

monoxide: rCO sharply rises as the thermal effect becomes important, 

reaching 170 mmol‧h-1‧gcat
-1 at 350 °C.  

By comparing the selectivity towards these sub-products under 

irradiation and in dark conditions, it appears that the carbon monoxide 

large production at high temperature in mainly due to thermal effects (the 

green CO profiles in Figure 6.8a and 6.8b), whereas formaldehyde is a 

photocatalytic sub-product of the reaction. Under irradiation, H2CO and 

CO2 productions are strongly correlated since, between 40 and 250 °C, 

the increase of the former is associated with a decrease of the latter. This 

phenomenon can be justified either by competitive reaction paths leading 

to H2CO and CO2 or, according to the mechanism proposed by Chiarello 

et al.20, by a faster oxidation process of H2CO to CO2 induced by heat. It 

is worth underlining that between 150 and 200 °C the photocatalytic path 

dominates over the thermic one, since under irradiation large 

formaldehyde amounts and low CO2 production were recorded, whereas 

the photocatalyst had a completely different behaviour in dark conditions. 

The amount of formic acid detected by ion chromatography in the solution 

was 69.4 ppm, when the test was performed under irradiation conditions. 

The calculated rHCOOH and SHCOOH, reported in Figure 6.9, indicate that 

formic acid is produced photocatalytically at low temperatures. These 

calculated results are in agreement with the total formic acid detected. 

Indeed, from the integration over time of the calculated production rates, 
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corrected for the catalyst weight, the solution volume in the flask and the 

HCOO- molar mass, a concentration of 68.9 ppm was obtained. 

 

Figure 6.8 Comparison between sub-products selectivity under a) irradiation 

conditions (photo-thermocatalysis) and b) dark conditions (thermocatalysis) with 

increasing temperature (40-350 °C) 
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Figure 6.9 Calculated formic acid production rate and selectivity as a function of 

temperature for TPC0.0 tested under irradiation. 

Interestingly, it can be observed a methane production associated 

to thermal catalysis (Figure 6.10), since its production starts at 150 °C. 

CH4 production exhibits the same profile of hydrogen production at high 

temperature, similar also to that of CO. It is known that at high 

temperature CO2, in the presence of H2, can be reduced to CH4.14 

Furthermore, Pt is also an efficient catalyst for thermal steam reforming 

of methane (𝐶𝐻4 + 𝐻2𝑂 ⇄ 𝐶𝑂 + 2𝐻2). However, high temperature is 

usually required to shift the equilibrium towards the syngas.21–25 Thus, it 

can be supposed that at temperature below 350 °C, and in the presence of 

large amounts of H2 and CO, the equilibrium of this reaction favours 

methane production. 
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Figure 6.10 Methane production rate under irradiation (pink columns) and in 

dark conditions (purple columns) with TPC0.0. CH4 production is mainly induced 

by heat, but photocatalytic processes can enhance its production rate. 

By comparing these results with those obtained with bare titanium 

dioxide (TiO2), it can be observed that the activities are similar (Figure 

6.11 for TC0.05 and Figure 6.12 for TiO2). Thermal hydrogen production 

starts, with both samples, from ca. 300 °C and reaches values lower than 

5 mmol‧h-1‧gcat
-1. As already observed in the case of the Pt-modified 

photocatalyst, keeping the material under irradiation at 350 °C causes a 

loss of photoactivity, which is not observed in dark conditions. Thus, it 

can be assumed that a sintering process occurs probably affecting the 

photocatalytic more rather than the thermal activity. 
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Figure 6.11 (a) Comparison between the rH
2
 (under irradiation, red, and 

thermally produced, grey) obtained with TC0.05 at different temperatures. (b) 

Selectivity to different by-products obtained under irradiation with the same 

photocatalyst. 

The photocatalytic contribution of metal Cu NPs to H2 production 

is thus limited if compared to that of Pt and the thermic contribution is 

negligible. Furthermore, the presence of copper only slightly changes the 
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selectivity towards the sub-products. Indeed, both TC0.05 and bare TiO2 

show high selectivity towards H2CO over all the investigated temperature 

range.  

 

Figure 6.12 (a) H2 production rate under irradiation (red) and in dark conditions 

(grey) obtained with bare TiO2. (b) Selectivity to CO2, CO and H2CO under 

irradiation at different temperatures. 
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On the contrary, and as already observed with measurements at 

lower temperature, the presence of copper is beneficial in terms of carbon 

dioxide selectivity, especially at low and high temperatures. Nevertheless, 

the small differences in terms of selectivity towards the different sub-

products between the TPC0.0 and the TPC0.05 samples can be ascribed 

to the small Cu loading in the TC0.05 sample.  

The co-presence of both Cu and Pt, as expected, led to an 

intermediate activity between the corresponding single-metal modified 

photocatalysts (Figure 6.13). Due to the presence of copper, the hydrogen 

production rate in the investigated temperature range was lower than that 

observed with TPC0.0, but the presence of Pt still drove the thermal 

activity at high temperature. Indeed, at 350 °C the rH
2
 obtained in dark 

with TPC0.05 was ca. 300 mmol‧h-1‧gcat
-1 to be compared with the almost 

400 mmol‧h-1‧gcat
-1 rH

2
 value obtained with TPC0.0 in the same conditions. 

The selectivity towards the main sub-products is dominated by the 

platinum presence but in the presence of Cu the formation of H2CO 

extends up to 300 °C, both in dark and under irradiation, whereas with the 

Pt-only photocatalyst SH
2
CO drops to zero at ca. 250 °C. Nevertheless, 

carbon monoxide is the main sub-product at temperatures above 250 °C, 

as with the Pt-only modified sample. 

Additionally, all the photocatalyst, either the bare TiO2 and the 

three metal-modified samples, showed a decrease in activity at 350 °C. 

Thus, at high temperature these materials are not stable and a sintering 

process is probably occurring, decreasing the available active sites. 
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Figure 6.13 Results obtained with TPC0.05: a) comparison of rH
2
 obtained under 

irradiation (red) and in dark conditions (grey), showing a behaviour similar to 

that obtained with TPC0.0; b) Selectivity to CO2, CO and H2CO with increasing 

temperature. 
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Finally, from the methanol conversion data reported in Table 6.2 

we can observe that in any situation, under irradiation or in dark condition 

and at any temperature, no photocatalyst is able to convert all the available 

alcohol. Thus, despite the large H2 production rates, the system is never 

under limiting reagent situation. In dark condition and at low temperature, 

due to the poor catalytic activity, the conversion value appears close to 

zero. 

Table 6.2 Methanol conversion attained with the 4 photocatalysts both in dark (T) 

and under light (hν+T) conditions at the different temperature. 

T 

(°C) 

Methanol conversion (%) 

TPC0.0 TPC0.05 TC0.05 TiO2 

T hν+T T hν+T T hν+T T hν+T 

40 2.4 7.6 0 0.6 0.0 0.0 0 0.4 

79 1.6 10.3 0 8.2 0.2 0.0 0 1.4 

118 2.8 12.3 0 9.5 0.7 0.0 0 1.5 

157 1.6 13.7 0 10.3 0.0 0.0 0 2.0 

196 2.9 15.6 0.2 14.8 1.1 1.9 0 4.1 

235 4.7 19.3 2.5 12.9 0.0 2.8 0 7.7 

274 21.1 31.3 9.7 16.2 0.0 8.6 0 6.9 

313 56.3 65.1 28.5 39.6 2.8 10.0 0 9.6 

350 75.1 87.7 57.9 73.7 3.3 7.5 5.6 19.8 

 

6.5. Conclusions 

This preliminary investigation demonstrates that thermal 

treatments and temperature can play a crucial role in photocatalytic 

reactions. Bare titanium dioxide can take advantage of high temperature 

in hydrogen production by increasing the H2 yield without notable 

changes in by-products selectivity. The combined effect of light and heat, 
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instead, leads to different results depending on the metal NPs deposited 

on the TiO2 surface. Indeed, the stabilisation of Pt nanoparticles into its 

metal form by high temperature reduction leads to a great improvement 

of photocatalytic activity, whereas the same treatment applied to copper 

NPs-containing TiO2 was detrimental due to the loss of the peculiar ability 

of oxidised Cu to switch between oxidation states.  

Moreover, tests performed at a fixed high temperature revealed 

that Pt-modified TiO2 is more susceptible to deactivation with respect to 

Cu-modified titania. The influence of Cu on TiO2 activity at different 

temperatures was negligible, but the low metal loading could be an 

explanation for this. On the contrary, the presence of Pt nanoparticles 

dramatically changed the activity and selectivity of the oxide at different 

temperatures.  

Indeed, these results open the exploitation of metal-modified TiO2 

materials to a number of industrial applications. By carefully selecting the 

photocatalyst working temperature it is possible to tune the selectivity 

and, thus, the outlet gas composition. Furthermore, the use of 

photoreactors combined with solar concentrators could allow to exploit 

the powerful synergistic effect observed between photocatalytic and 

thermal reactions by using solar light. 
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7. Chapter 7:    

 TUNGSTEN TRIOXIDE 

7.1. WO3 and its properties 

Among the suitable alternatives to TiO2 as semiconductor 

photocatalyst, tungsten trioxide has attracted wide attention due to its 

narrower band gap, with respect to titania. Indeed, the energy gap ranges 

from 2.6 to 2.8 eV1–3 allowing WO3 to be activated by visible light up to 

ca. 480 nm. Additional studies about tungsten trioxide have been carried 

out in consideration of its interesting applications, other than in 

photocatalysis, such as in photo- and electro-chromism3–5 or gas 

sensing,6–8 especially in thin film form. Its high-potential valence band 

(ca. 2.8 – 3 V vs. NHE at pH = 0), similar to that of TiO2, gives tungsten 

trioxide a high oxidation ability when activated. On the contrary, the 

narrower band gap is connected to the position of the conduction band 

(CB), which is at a lower energy than the CB of TiO2. Indeed, 

photopromoted electrons in the CB can not reduce protons to H2, the CB 

edge of WO3 being at positive potential. This is probably the greatest 

limitation of WO3 as photocatalyst, since it can not be directly employed 

in H2 production without any external applied bias that boosts electrons 

to drive the reaction. An additional drawback is its poor stability under 

basic or neutral aqueous environments. Looking at the Pourbaix diagram 

in Figure 7.1, it can be observed that the stability range of WO3 is limited 

to pH below 6.9 
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Figure 7.1 Pourbaix diagram for tungsten in aqueous media. WO3 stability range 

is limited to pH values below 6; above this value, dissolution of the oxide to WO4
2- 

occurs.9 

Tungsten trioxide can exist under five different crystal structures, 

depending on temperature. All the five forms possess very similar 

structure, consisting of networks of corner-sharing WO6 octahedra. The 

structures are usually described with respect to an ideal cubic structure, 

like the ReO3 one, that can be obtained only after stabilisation by Na 

doping, with the sodium cations located in the perovskite cages.10 The 

five phases are: α-WO3, β-WO3, γ-WO3, δ-WO3, ε-WO3. The tilting of the 

octahedra is a common phenomenon for the five tungsten trioxide 

structures and it can be described as the result of the octahedral rotation 

about the Cartesian axes (or perovskite axes) from their ideal orientation 

(i.e. that of the cubic phase, reported in Figure 7.2). The value of this angle 

is roughly the same for all tilting angles around 8°; however, the rotation 

may be clockwise or anticlockwise.10 



Chapter 7: Tungsten Trioxide 

165 

 

Figure 7.3 reports the WO3 structures with their corresponding 

temperature stability range, compared to the ideal cubic WO3 structure. 

Views from the three different axes are represented, together with the 

tilting direction about each Cartesian axis (+, ‒, 0 for in-phase, out-of-

phase or no-tilting respectively). Table 7.1 reports the main lattice 

parameters. The various phases contain a different number of WO3 units 

(Z) in the unit cell; thus, for example, the ε-WO3 phase data are converted 

to a larger Z = 8 cell, by averaging over the appropriate sites. 

Table 7.1 Lattice parameters and band-gap energy of WO3 polymorphs. Z is the 

number of WO3 units considered in the unit cell; a, b and c are the lattice 

constants. 

PhaseRef. 
Crystal 

Structure 
Z 

Space 

Group 
a (Å) b (Å) c (Å) 

Band 

Gap 

(eV) 

Cubic 

(ideal) 
11–13 

Simple cubic 1 Pm3𝑚̅ 3.82 3.82 3.82 0.5441 

α-WO3 

14,15 
Tetragonal 2 P4/nmm 7.468 7.468 7.850 1.8 

β-WO3 

14,16 
Orthorhombic 8 Pbcn 7.361 7.574 7.762 2.0 

γ-WO3
14 Monoclinic 8 P21/n 7.327 7.564 7.727 2.6 

δ-WO3 

14,15 
Triclinic 8 P1̅ 7.309 7.522 7.686 2.6 

ε-WO3
14 Monoclinic 4 Pc 7.378 7.378 7.664 2.8 

1 Calculated.  
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Figure 7.2 Crystal structure of ideal cubic WO3. There are four atoms in the WO3 

primitive cell: one W (0, 0, a/2) and three O atoms at (0, 0, 0), (0, a/2, a/2) and 

(a/2, 0, a/2), where a is the lattice constant.11 

 

Figure 7.3 Tilt patterns and stability temperature domains of the different 

polymorphs of tungsten trioxide.10,17 
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The ε phase is stable only up to -43 °C, the δ up to 17 °C and the 

α phase becomes stable after reaching 730 °C. Thus, the most common 

WO3 structures are the γ and β phases, monoclinic and orthorhombic, 

respectively. As reported in Table 7.1, the distortion of the ideal cubic 

structure causes an enlargement of the band gap, from the calculated 

0.544 eV for the ReO3-like structure to the well-established 2.6 – 2.8 eV 

band gap value of the most common phases. 

As for titanium dioxide, also the valence band of tungsten trioxide 

is formed by filled O 2p orbitals while the conduction band is mostly W 

5d-derived (Figure 7.4). 

 

Figure 7.4 Schematic band structure of WO3. The 5d-derived orbitals (white 

squares) are empty and can be filled by the reported number of electrons.4 
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With respect to TiO2, even a small oxygen deficiency in the 

structure leads to important changes in the absorption capabilities of the 

material. Indeed, whereas tungsten trioxide absorbs only the blue part of 

the visible spectrum (it is a slightly yellow oxide), an oxygen-deficient 

WO3-x shows a more greenish colour, caused by the absorption of photons 

in the red-infrared region. The additional absorption peak is caused by an 

electron transfer from W6+ to W5+. This phenomenon has been recently 

exploited for the production of electrochromic smart windows that can 

change their colour by applying an external electrical bias.18,19 The same 

effect can also be obtained by treating WO3 with reducing gases (i.e. H2, 

gaschromism),20 with heat21 and with light (photochromism).22 

7.2. Improving WO3 activity 

In the field of hydrogen production and photon energy conversion, 

the main advantage of tungsten trioxide, i.e. its narrower band gap with 

respect to that of TiO2, conflicts with a CB positioned at potential higher 

than the H+/H2 redox couple. In order to attain proton reduction with WO3 

it is necessary to boost the electrons photopromoted in the conduction 

band and this is possible only by applying an external bias. It is clear that, 

for H2 production, WO3 must be prepared as a film over a conductive 

support, i.e. a metal foil or a conductive glass (FTO, ITO), in order to 

separate the photopromoted electrons from the photogenerated holes and 

to perform the two semi-reactions at different electrodes. In principle, the 

application of a chemical bias, i.e. placing the WO3 photocatalyst in a 

basic environment and the counter electrode in an acidic solution, should 

work since the photopromoted electrons would be at a more negative 

potential than the H+/H2 couple. However, the poor stability of tungsten 
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trioxide at high pH, as described before, excludes this kind of application 

in favour of the electrical bias. Nevertheless, most of the routes to boost 

WO3 photoactivity has aimed at improving the solar harvesting capability, 

by doping the structure either with anions or cations, or at increasing the 

charges lifetime, by creating heterojunction systems with other oxides. 

7.2.1. Doping with anions 

WO3 doping with anions aims at reducing the band gap to extend 

the visible light absorption properties. So far, almost only nitrogen has 

been employed as anionic dopant without significant results. Nitrogen 

introduction into the crystalline structure causes a mixing of the N 2p 

orbitals with those of oxygen, raising the valence band minimum and, 

thus, reducing the band gap. Most of the attempts have been made with 

sputtering techniques, that proved to be effective in exploiting a poor 

reactive gas like N2 directly for the synthesis of the material. The results 

reported in literature evidence that for low dopant concentrations the 

impact on the band gap is minimal23 but with larger nitrogen amounts 

within the structure the Eg can be reduced to 2 – 2.2 eV.5,24 However, this 

modification leads to a decrease in the crystallinity5,23,24 and, for large 

doping, also to segregation of tungsten nitride phases.5 Also the 

photoactivity of N-doped WO3 appeared to be lower than that of the 

undoped photocatalyst: Cole et al. reported a 10-times decrease in 

photocurrent value at 1 V vs. SCE. These authors suggested that, despite 

the narrower band gap, the more defective structure causes a degradation 

in the charge transport properties, preventing the extraction of the 

photogenerated carriers.23 

A more promising doping source for WO3 seems to be carbon. Sun 

et al. reported a C-doped tungsten trioxide series prepared by spray 
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pyrolysis. Those materials exhibited a slightly narrower band gap together 

with an increased photocurrent with respect to the corresponding undoped 

WO3.25 

7.2.2. Doping with cations 

Tungsten trioxide structure modification by doping with metal 

ions has been more investigated with respect to doping WO3 with anions. 

Several metals, such as Mo, Hf, Te, Fe, or Nb, have been investigated, 

both experimentally and theoretically. Molybdenum doping, obtained by 

co-sputtering W and Mo in a reactive sputtering, caused modifications to 

the crystallographic properties, introducing a large number of defects and 

leading to poor photoelectrochemical performances. However, Gaillard et 

al. proposed that coupling such a co-doped WO3 film with a pure tungsten 

trioxide film leads to an effective heterojunction due to the different Fermi 

level position within the two oxides.26,27 Indeed, DFT calculations 

indicate that Mo, and Cr as well, only slightly affects the geometrical and 

electronic structure of WO3, due to the same oxidation state of tungsten 

and to the similar atom size. On the contrary, Pacchioni et al. suggested 

the use of a dopant possessing an ionic radius larger than that of W6+ and 

also a different oxidation state. For instance, they found that Hf4+ could 

be an effective WO3 dopant. Being larger than W6+ (0.78 Å vs. 0.62 Å, 

respectively), Hf4+, in place of tungsten, should introduce strain and local 

relaxation, causing distortions of the WO6 doped octahedrons and 

consequently up-shifting the CB, with an increased reduction potential 

(Figure 7.5c). Furthermore, the loss of two electrons is compensated by 

the generation of oxygen vacancies (in this case, one per each doping 

atom), leading to a final HfxW1-xO3-x material. The vacancies cause an up-

shift of both VB and CB, increasing the reduction potential, slightly 
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decreasing the oxidation potential but keeping the visible light absorption 

properties (Figure 7.5d). On the basis of DTF calculations, Pacchioni et 

al. suggest that this doped WO3 oxide could be active even for hydrogen 

production from water splitting.28,29 

 

Figure 7.5 Schematic energy levels of WO3 (a), oxygen-deficient WO3-x (b), Hf-

doped HfxW1-xO3 (c) and HfxW1-xO3-x (d) systems. 29 

In general, all metal dopants cause a decrease in the crystallinity 

of tungsten trioxide due to local distortion and oxygen vacancies 

introduction if the cation has a different valence. These consequences 

deteriorate one of the most valuable characteristics of WO3, its good 

charge transport ability. Thus, iron (III) doping brings improvements only 

for limited dopant amounts. Zhang et al., for example, reported that the 

optimum Fe3+ doping concentration is 2 mol.%, allowing both a larger 

wavelength exploitation and an increased photoactivity. Above this value, 

despite a further red-shifted absorption, oxygen vacancy concentration 
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becomes detrimental.30 Similar results were obtained by Kabtamu et al. 

with niobium. The optimum loading (0.03 mol.%) allows to maximise the 

beneficial effects, i.e. larger light absorption and better photoactivity, 

without introducing too many O vacancies or structure distortions.31 

An interesting alternative to the above-mentioned dopants is 

tellurium. Yang et al. tried WO3 doping with this metalloid in very small 

concentration, i.e. 0.25 at.%. Despite the low amount, they observed 

interesting effects over the light exploitation ability. Indeed, Te did not 

affect the band gap, which was only marginally reduced, by it introduced 

intra-band gap states that allows even red light exploitation.32 

7.2.3. Heterojunction systems 

The most common technique to improve WO3 photoactivity is its 

coupling with a different oxide to generate a heterojunction. As already 

mentioned in Chapter 1, these systems are employed to improve the 

charge separation and, thus, the lifetime of the photogenerated charges in 

order to increase the overall photoactivity. Due to its characteristics, the 

use of tungsten trioxide implies that, independently of the other coupled 

oxide, the photopromoted electrons are not able to produce hydrogen in 

the water splitting reaction without any external bias. Thus, great efforts 

have been made in recent years to obtain WO3-based heterojunctions in 

thin film form, so that it is possible to apply an electrical bias and generate 

H2 by proton reduction. Indeed, the WO3/TiO2 system is commonly used 

for organics oxidation, exploiting the highly-oxidising holes in the TiO2 

valence band.33,34 A similar heterojunction has been obtained with ZnO 

instead of TiO2; this system uses tungsten trioxide to extend solar light 

exploitation in the visible range, with photocatalytic efficiencies greater 

than the single oxides.35–38 
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I already mentioned the heterojunction between the Mo-doped 

WO3 and undoped WO3.26 Indeed, since doping causes changes in the 

electronic structure, the formation of a junction between doped and 

undoped or differently doped WO3 layers can be a solution to improve the 

photoactivity. In principle, an efficient heterojunction could be created 

between the Hf-doped WO3, as suggested by Pacchioni et al.,28,29 and 

another WO3 layer or a different oxide. 

A similar effect has been obtained by Choi et al. by depositing a 

thin Al2O3 layer over the WO3 film. Despite being not photoactive, the 

overlayer induced beneficial effects due to the suppression of peroxo-

species formation. Furthermore, the alumina layer influenced the tungsten 

trioxide surface defect sites, with an increase in trapped hole population 

and a decrease in electron accumulation. Thus, the efficiency of this 

system rose with respect to the single-layer system.39 

Recently the combination of WO3 with bismuth vanadate gained 

much attention due to its interesting performances under visible light 

irradiation. Indeed, the narrower band gap of BiVO4 (2.4 eV), and its 

bands position, i.e. both CB and VB are higher in energy, made this oxide 

ideal for coupling with WO3. This heterojunction showed highly 

enhanced the oxidation abilities with respect to the corresponding single 

oxides, as demonstrated by Grigioni et al.. Indeed, they reported current 

density values greater than the sum of those attained with the single 

photocatalysts.40,41 

Recently, tungsten trioxide has been coupled also with antimony 

sulphide (Sb2S3). With respect to bismuth vanadate, Sb2S3 has a narrower 

band gap (1.7 – 1.9 eV), making it suitable for the exploitation of the full 

solar spectrum. The results appears encouraging, with high photocurrent 
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density observed, due to the better light harvesting properties and to the 

efficient charge separation.42 However, it is known that sulphides are 

poorly stable under oxidative conditions, thus deeper investigations 

should be required to confirm its long-term efficiency. 
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8. Chapter 8:   

 EXPERIMENTAL PROCEDURES 

 AND SET-UP 

This chapter describes the main experimental details about the 

synthesis and testing set-up, related to WO3-based materials. The 

synthesis by sputtering techniques of the different photocatalytic films 

was performed in the CNR laboratory of Dr. Vassallo at the Istituto di 

Fisica del Plasma di Milano and in SmartMat Lab centre at the Università 

degli Studi di Milano. The different photocatalytic set-ups used to 

characterise and determine the photocatalytic behaviour of the different 

materials are also reported. 

8.1. Sputtering Techniques 

Sputtering processes are techniques widely employed for years to 

evaporate materials from the solid state by bombarding them with 

energetic ions. They are usually exploited for depositing thin films, 

possessing specific characteristics, over simple or complex surfaces.1,2 

Sputtering techniques are based on glow discharges,3 where the plasma 

process is not thermal (the so-called cold or nonthermal plasma) and thus 

there’s no thermodynamic equilibrium between the lighter (i.e. electrons) 

and the heavier (i.e. ions) species within the plasma. Plasmas, in general, 

are neutral since a roughly equal number of ions and electrons exist in 

their body. However, on a smaller scale, neutrality perturbations could 

occur, but such imbalances are rapidly compensated by the movement of 

the charges.3 
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The first condition to generate a cold plasma is a rarefied gas. 

Usually, in sputtering techniques, the working pressure is around some 

Pascals (10-2 millibar). Thus, the sealed metal chamber, typically made of 

steel, is connected to a high vacuum system. This is composed of two 

different pumps: a rotary pump is employed for removing most of the 

atmospheric gas and a high vacuum pump (usually a turbomolecular 

pump or a diffusion pump) is used for making high vacuum, in the 10-6 

Pa range. Once most of the atmospheric gas molecules are removed, the 

gas chosen for generating plasma can be flown inside the chamber, rising 

again the pressure to the correct value. In general, noble gases (i.e. Ar) 

are employed for plasmas. However, in case of reactive sputtering 

processes, O2, N2, CO2 or other gases compatible with the system can be 

added. 

The simplest mean of forming a plasma is the Direct Current (DC) 

diode discharge. This system consists in a couple of electrodes, i.e. a 

cathode and an anode, connected to a high-voltage power supply. The 

electric field present between the electrodes is determined by V/d, where 

V is the applied voltage and d the distance between cathode and anode. If 

a free electron generated within the chamber by external phenomena, e.g. 

cosmic rays, is close to the cathode, this will be accelerated to the anode 

by the electric field. Due to the high vacuum condition and to the presence 

of the rarefied gas, the electron can gain enough energy, along the electric 

field to ionise a gas atom after colliding with it (EQ. 8.1). 

𝑒− + 𝐴𝑟 → 𝐴𝑟+ + 2𝑒−                                 𝐸𝑄 8.1 

Thus, a second additional electron is generated. Alternatively, another 

common process is the excitation of the atom into an electronically 

excited state: 
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𝑒− + 𝐴𝑟 → 𝐴𝑟∗ + 𝑒−                                    𝐸𝑄 8.2 

This second process causes the typical light emission of plasmas, since 

the Ar* specie can relax by emitting a photon. 

The electrons released after ionisation as in Eq. 8.1 will be 

accelerated towards the anode, striking and ionising additional atoms. On 

the opposite, the cations will be accelerated to the cathode by the electric 

field. The final collision of ions on the cathode causes the emission of 

several secondary electrons, contributing to plasma generation and 

stabilisation.3 

An improvement of the DC diode discharge is given by Radio 

Frequency (RF) diode plasma. RF power is applied to improve the level 

of discharge ionisation. The most common frequency for commercial RF 

systems if 13.56 MHz. The design of this system is similar to that of DC 

plasma but with RF it is more common that an electrode, for instance the 

anode, is grounded together with the chamber. Thus, the relative areas of 

the two electrodes can be very different. As for DC plasma, a high voltage 

is placed between the electrodes (or only cathode is powered if the anode 

is grounded), in order to ignite the plasma. At this point, the applied 

voltage oscillates with time. The electrons, being light particles, are free 

to respond to the applied voltage while the ions, being heavier, are not 

able to respond to frequencies above 100 kHz. The consequence is that 

the more positive charged electrode will collect electrons rapidly; on the 

contrary, the more negative charged electrode will collect ions, but at slow 

rate due to their mass. Thus, plasma is denser than in DC discharge due 

to the rapid movement of electrons across the chamber, ionising more 

atoms. At the same time, a larger number of ions will bombard the 

negative charged electrode. 
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To exploit the ion bombardment occurring in the glow discharge, 

the cathode is usually covered and electrically connected by a plate of the 

material to evaporate. In this way, atoms of this material are freed from 

the plate and, if possessing enough energy, reach the opposite electrode, 

where they deposit creating a film. With respect to DC diode 

configuration, RF systems allow to sputter also insulating materials (like 

oxides), since electrode polarity is periodically reversed. Indeed, 

sputtering insulating materials with continuous DC power causes charges 

accumulation on the cathode, resulting in arching phenomena and plasma 

instability. However, the potential switching with a RF source also 

implies that some sputtered material can be back-sputtered from the 

deposited film. Thus, RF sputtering systems have a grounded electrode 

(i.e. the electrode were the substrate to be covered is placed). The main 

consequence is that, being an asymmetric system, sputtering from the 

material plate occurs at higher rates with respect to the back-sputtering 

occurring at the substrate and chamber walls, due to the large area 

difference.3 

The two above-described glow discharge systems can be used as-

such for sputtering materials. In the form of a planar diode, they compose 

the simplest sputter source. The plate of the material to be sputtered, the 

so-called target, is bonded to a water-cooled backing-plate, or directly 

water-cooled. This is the type of source employed for film synthesis in 

Chapter 9. This kind of source is efficient in using the target material, 

since the electric field is quite homogeneous through the electrode, but it 

is inefficient in exploiting secondary electrons. The consequences are an 

important bombardment of the deposited substrate and a consequent 
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temperature increase as deposition proceeds. Furthermore, only low 

deposition rates can be achieved. 

One of the most important improvement brought to this technique 

to overcome those problems is the application of a magnetic field around 

the source. Indeed, a moving charge, like electron or ions in plasmas, in a 

magnetic field is subject to a force: 

𝐹𝑚 = 𝑞𝑣⃗ × 𝐵⃑                                              𝐸𝑄 8.3 

q being the charge of the particle, 𝑣  its velocity and 𝐵⃑  the applied 

magnetic field. This force will cause a charged particle, moving at right 

angles to a magnetic field, to follow an orbital path. Particles with higher 

energy or mass will follow larger orbits. Thus, electron orbits are usually 

smaller than the system dimension, while those of the ions are usually 

greater. The direct consequence of magnetic field application is that 

electrons are confined in a small region around the target, increasing 

plasma density, sputtering efficiency and requiring lower gas pressure and 

applied voltages. On the contrary, target erosion becomes nonuniform, 

generating a racetrack, i.e. the region of the target where material erosion 

is more important. 
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Figure 8.1 Cross sectional view of a planar magnetron sputter source.3 

As shown in Figure 8.1, the array of magnets is placed behind the 

backing plate and water-cooled as well. Magnets are arranged in order to 

have different polarity at the centre with respect to the border of the target. 

In this way, the electrons are strongly confined in a region close to the 

target (ca. 60 mm above it). Thus, if the substrate is positioned within this 

region, the film suffers ion bombardment that can modify its structure and 

properties. On the contrary, if the film is positioned outside this region, 

the ion bombardment is so poor that it becomes difficult to obtain dense 

films.1,2 This problems has been solved with the development of the 

unbalanced magnetron systems. Developed by Window and Savvides,4–6 

they consist in strengthening the outer array of magnets so that some 
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electrons are no more confined in the target region but, following the 

magnetic field lines, they can flow to the substrate. The result is the ion 

bombardment of the substrate with an increased quality coating. If two 

unbalanced magnetrons are installed opposed to each other, they can be 

configured with opposite magnets of opposite polarity (closed-field), or 

with opposite magnets of the same polarity (mirrored). The former 

configuration has led to further improvements in the sputtered coatings.7 

A comparison between some configuration is reported in Figure 8.2. 

 

Figure 8.2 A comparison of the magnetic configuration and plasma confinement 

in conventional, unbalanced and dual-magnetron closed-field systems.1 

Magnetron sputtering sources are the same as those of the diodes, 

thus both DC current or RF systems can be employed. As for the non-

magnetron sources, the RF system has been preferred in the case of 

insulators sputtering or reactive sputtering from metal target leading to 

insulating films. Indeed, the use of continuous DC sources under the 

mentioned scenarios leads to the formation of arc discharges, causing the 

ejection of droplets of material from the target and consequently 
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increasing the amount of defects in the film.1,2,8 The solution was found 

in the pulsed DC (pDC) magnetron sputtering process. The target voltage 

is periodically reversed, either to 0 V or even to small positive voltages 

(up to 10-20% of the negative operating voltage), with a frequency in the 

20-350 kHz range. This technique avoids the formation of an insulating 

film over the target during the reactive sputtering process and prevents 

the arc discharging. High deposition rate and high-quality defect-free 

insulating films can thus be obtained also with the DC magnetron 

sputtering technique.1,2 The pDC and RF magnetron sputtering processes 

were employed for the syntheses described in Chapter 4 and 10. 

8.2. Photo-electrocatalytic set-up 

The IPCE measurements and the photocatalytic activity of the 

tungsten trioxide thin films were performed by using a Plexiglas cell.9 The 

reactor configuration depends on the measurement performed: it is 

composed by a single compartment when measuring IPCE or by two 

compartments when testing the activity or recording polarisation curves. 

The sketch of the cell, in the two-compartment configuration, is reported 

in Figure 8.3. 

The cell is made of different Plexiglas plates (5,6,8,9,10) 

assembled together with rubber/silicon gaskets (7), tightened by 7 screws. 

Poly(methyl methacrylate) is resistant to alkaline and acidic corrosion, it 

is thermally and UV stable, thus suitable for our testing conditions. In 

water splitting configuration, the sample (3), acting as Working Electrode 

(WE), and the Pt coil (4), the Counter Electrode (CE), are placed in two 

different compartments, (8) and (9) respectively. In this way, it is possible 
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to collect the photoproduced H2 and O2 separately into different graduated 

burettes (11). 

 

Figure 8.3 Sketch of the Plexiglas cell for photocatalytic activity measurements: 

(1) Glass window; (2) O-ring; (3) Sample; (4) Pt wire; (5) Frontal Plexiglas plate; 

(6) Window holder Plexiglas plate; (7) Gaskets; (8) Anodic Plexiglas 

compartment; (9) Cathodic Plexiglas compartment; (10) Back Plexiglas plate; 

(11) H2 and O2 collecting burettes; (12) Stopcock; (13) Rubber septum; (14) 

Reservoir; (15) Reference Electrode (RE); (CA) Potentiostat. 
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Indeed, test the volume of produced gases can be measured at the 

end of the photocatalytic. To compensate the loss of solution due to the 

WS reaction, two reservoirs (14) are connected to the cell. The sample is 

facing the window, kept in position by an O-ring, so that it can be 

irradiated by the lamp. When IPCE measurements are performed, the 

cathodic compartment plate is not used and the CE is placed underneath 

the sample. Furthermore, also the burettes and the reservoirs are not 

employed. Thus, the cell appears simpler and smaller. 

Since the conduction band of WO3 is more positive than the H+/H2 

redox couple, we performed all measurements by applying a bias to 

samples. Indeed, a three-electrode system is required. The reference 

electrode (RE) was placed within the reservoir connected to the anodic 

compartment when using the two-compartment cell; on the other hand, 

when measuring IPCE, the RE was placed in the same hole used for the 

burette, above the WO3 film. In order to avoid contaminations of the 

solution within the RE, a salt bridge, filled with the same electrolyte 

employed in the analyses, was used. The employed reference electrode 

was a Satured Calomel Electrode (SCE), having a +0.2444 V vs. SHE 

redox couple. 

8.2.1.  IPCE measurements 

Photocurrent is the current that flows from a photoelectrode to a 

counter electrode in a photocatalytic cell, under irradiation. This measure 

with a monochromatic source is utilised to determine the IPCE, Incident 

Photon to Current Efficiency that is an evaluation of the efficiency of a 

system to convert light radiation energy into electric energy at a certain 

wavelength. 

The IPCE can be calculated from the following equation: 
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%𝐼𝑃𝐶𝐸 = (
𝑗

𝑃
∙
1240

𝜆
) ∙ 100                               𝐸𝑄 8.4 

where j (A‧m-2) is the current density, P (W‧m-2) is the illumination power 

density at the specific wavelength (this value can be obtained from the 

lamp current intensity), λ (m) is the wavelength of the incident light. The 

constant 1240 J‧m‧A-1‧s-1 can be obtained from the relationship: 

1240 =
ℎ ∙ 𝑐

𝑞
                                            𝐸𝑄 8.5 

with h being the Planck constant (6.626‧10-34 J‧s), c being the speed of 

light (2.998‧108 m‧s-1) and q being the electron charge (1.602‧10-9 C). 

The set-up used for this kind of measurements is composed by a 

lamp, a LOT-Oriel arc Xe lamp (300W), connected to an Omni-λ 150 

LOT-Oriel monochromator, with 0.4 nm resolution at 500 nm and 150 

mm focal length. The monochromator is endowed of two different 

gratings. The first grating has been used since it provides a larger intensity 

in the UV region. At the exit of the monochromator, it is present a shutter 

(ThorLab SC10). The PEC cell was placed always at the same fixed 

distance from the shutter, being held by a rail mounted on the optical 

bench. A photodiode (model S130VC Thorlabs) connected to a power 

meter (model PM200 ThorLabs) was employed to measure the lamp 

power density in the same position of the sample within the PEC cell. The 

photodiode sensitivity ranges from 200 up to 1100 nm and the active area 

is ca. 70.9 mm2. The IPCE setup is completed by an Amel, mod. 2549 

potentiostat/galvanostat for bias application and by a Tecktronick 

DMM4040 multimeter for direct current (DC) measurement. The former 

was connected to all three electrodes (WE, CE and RE) while the latter 
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was connected in parallel to WE and CE only. Except for the potentiostat 

and the lamp, all the set-up is controlled directly by a LabView routine. 

The lamp spectrum and the corresponding power density in the 

analysis range are reported in Figure 8.4. It can be observed that the lamp 

simulates quite well the solar spectrum, with a high-power density in the 

400 – 500 nm range. The important drop in the power density under 350 

nm is due to the presence of the glass window placed before the 

photodiode, thus absorbing part of the UV photons. 

 

Figure 8.4 Normalised lamp spectrum (black line) and corresponding power 

density (red line) of the lamp employed in IPCE measurements. 

The typical IPCE procedure imposes to switch on the lamp at least 

30 minutes before the start of the measurements in order to stabilise its 

intensity. Then, the output power at 470 nm is measured and it is verified 

that P = 1.16 mW. If this value is not correct, the lamp power is changed 
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to reach the desired P. The PEC cell was filled with a suitable electrolyte. 

Due to the already-mentioned instability of WO3 in alkaline medias, 

usually acidic (1N H2SO4 or H3PO4) or neutral electrolytes (1N Na2SO4) 

are used. 

The lamp power density can be thus measured in the analysis range 

(250 – 550 nm) and, after that, the cell, filled with electrolyte and 

connected to all the instruments, is placed in front of the monochromator. 

After applying the desired bias, usually 1 V vs. SCE, and waiting for 

current stabilisation, the IPCE analyses can be performed. IPCE data are 

acquired every 2 nm by averaging 10 measurements for each step. 

8.2.2. Linear Sweep Voltammetry and Water Splitting test 

In the case of polarisation curves (Linear Sweep Voltammetry, i.e. 

LSV) and photocatalytic activity tests the two compartment PEC cell is 

employed. Usually, LSV analyses are performed before and after the 

water splitting test, thus the set-up is the same for both measurements. For 

instance, the PEC cell is connected to the Amel potentiostat/galvanostat 

as in the IPCE set-up. The instrument both applies the electrical bias to 

the sample and records the current flowing from the working electrode to 

the counter electrode. Two different lamps have been used with this set-

up. Regarding the experiments performed in Chapter 9, we used an iron 

halide mercury arc lamp (Jelosil HG200, 250 W) emitting in the 350 – 

450 nm range with an incident power density of 19.7 mW‧cm-2 (Emission 

spectrum in FIGURE 8.5 (a)). On the opposite, for the experiments 

performed in Chapter 10, a LOT-Oriel arc Xe lamp (300W) with an 

AM1.5G solar simulation filter has been employed (Emission spectrum 

in FIGURE 8.5 b). The set-up is completed by an automated shutter (Lot-

Oriel LSZ160) positioned in front of the lamp. 
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Figure 8.5 Normalised lamp spectra of (a) the iron halide mercury arc lamp and 

(b) of the arc Xe lamp with AM1.5 solar simulation filter employed in LSV and 

WS measurements. 

The electrolyte used for this kind of measurements is the same of 

that employed in IPCE analyses and also the applied bias during water 

splitting tests is equal to that applied in IPCE measurements. 
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The LSV analysis consists in scanning the potential range, in our 

case from -0.2 to 1.5 V vs. SCE, applied to the working electrode while 

recording the current flowing from WE to CE. The standard procedure 

requires that two LSV analyses under dark conditions, i.e. with the lamp 

shuttered, are recorded first, followed by a LSV analysis under continuous 

irradiation and by a last one under chopped-light condition. The latter is 

obtained by setting the automated shutter in order to open and close every 

5 s. Before any LSV measurement, the sample is set at a fixed potential, 

i.e. the starting bias in LSV analysis, in order to condition the WE. From 

this measurement is it possible to observe the onset potential, i.e. the 

potential at which the photocurrent rises, meaning that at the CE electrons 

are reducing water. 

The water splitting tests are performed by applying the above-

mentioned bias and continuously irradiating the sample. Due to the 

oxidation and reduction processes at the anode (WE) and cathode (CE), 

O2 and H2 evolves from the electrodes, accumulating into the burettes. 

Indeed, these were completely filled with electrolyte solution before 

starting the test. The volume of the produced gases is measured every 60 

min, after shuttering the light, as the volume of displaced liquid in the 

burettes. Every sample was tested for at least 6 hours. Furthermore, it also 

possible to compare the volume of photoproduced H2 with the 

photocurrent read by the potentiostat. Thus, according to the equation: 

𝑛𝐻2 =
∫ 𝑖 𝑑𝑡
𝑡

0

2𝐹
                                         𝐸𝑄 8.6 

the number of moles of photoproduced H2 are calculated by dividing the 

integrated photocurrent (i) over time by the Faraday constant (F) and 2 

(number of electrons for each molecule of produced H2). 
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9. Chapter 9:    

 ENHANCED PHOTOPROMOTED 

ELECTRON TRANSFER OVER A 

BILAYER WO3 n–n 

HETEROJUNCTION PREPARED 

 BY RF DIODE SPUTTERING 

9.1. Introduction 

The hydrogen economy represents a possible solution to maintain 

the world energy demand, meanwhile persuading the target of zero carbon 

emission from fossil fuels exploitation. Photocatalytic cleavage of water 

has been widely investigated as environmentally-friendly method for 

renewable solar fuel production.1–4 Separate stream of pure hydrogen and 

oxygen from water can be effectively achieved using photoelectrocatalitic 

(PEC) cells.4–7 In the case of n-type semiconductors, the material acts as 

a photoanode for water oxidation to O2, whereas the photopromoted 

electrons flow to the counter electrode where H2 evolution takes place. 

One major issue in this process, which may seriously affect its efficiency, 

is the high probability of electron–hole pair recombination. 

Among suitable semiconductor photocatalysts, WO3 has received 

much attention as alternative to TiO2
8,9 in consideration of its narrower 

band gap, ranging from 2.6 to 2.8 eV compared to 3.0 - 3.2 eV of TiO2.10,11 

However, as introduced in Chapter 7, the electrons photopromoted in the 
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WO3 CB are not able to reduce protons to H2 and this reaction needs to 

be boosted by an externally applied voltage bias. 

A multiple-layer strategy has often been investigated to improve 

the efficiency of photoactive materials. In the case of WO3 several 

heterostructures have been studied, including WO3/TiO2,12 WO3/BiVO4,13 

WO3/Sb2S3
14 and WO3/Cu2O.15 Enhanced photocurrent generation was 

recently attained with a triple-layered WO3 photoanode grown by 

electrochemical anodization and attributed to the unique morphology of 

the material.16 

Among the methods for thin film deposition, radio frequency (RF) 

plasma sputtering (Chapter 8) proved to be very effective for the synthesis 

of photoactive coatings,7,17–20 particularly because it enables tuning of 

their properties through precise control of the deposition parameters (RF 

power, total pressure inside the chamber, composition of the gas 

atmosphere, deposition time, temperature and distance of the substrate). 

In a previous study,21 the effect of sputter oxygen partial pressure on the 

characteristics of the resulting WO3 coatings was studied and it was found 

that samples deposited in a 40%O2/Ar atmosphere gave the most 

promising PEC performance. Moreover, WO3 deposition at alternatively 

high and low gas pressures can minimize the well-known stress 

phenomena.22 In this way, a denser outermost layer grown at lower 

pressure relieves the stress to an underlying less dense one, resulting in a 

larger critical thickness and good adhesion.23 In particular, we found that 

the optimal high and low pressures were around 3 Pa and 1.5 Pa, 

respectively.21 

In this work, we demonstrate that the electronic properties and the 

PEC performance of WO3-based photoanodes can be tuned by changing 
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the total pressure during the RF plasma sputtering deposition. In 

particular, the deposition of two successive layers of the same oxide 

sputtered at different pressures provides an effective route to obtain an n–

n heterojunction bilayer system with good stability and enhanced PEC 

performance in terms of photocurrent generation, hydrogen production 

and faradaic efficiency. 

9.2. Experimental procedure 

9.2.1. Photoanodes preparation 

Three WO3 photoanodes were prepared by RF (13.56 MHz) 

plasma sputtering21,24,25 in a diode configuration at 140 W power and 1500 

V of DC self-bias voltage. The WO3 films were deposited on a tungsten 

foil (FB-Tecno, temper annealed, purity 99.6%, 2 × 2 cm2, and 0.2 mm 

thick), and placed at 4.5 cm from the metal tungsten target in a reactive 

40% O2/Ar environment. The vacuum chamber was evacuated to less than 

10−6 mbar before deposition. Two single layer coatings, labelled 1L(1.7 

Pa) and 1L(3 Pa), were deposited at constant gas pressures of 1.7 Pa and 

3 Pa, respectively. A double layer coating, labelled 2L(3+1.7 Pa), was 

prepared by growing WO3 at two different gas pressures, by first 

depositing at 3 Pa, followed by deposition at 1.7 Pa. Details of the 

deposition times, chosen to achieve a ca. 1 μm thick photoactive layer in 

the three photoelectrodes, are reported in Table 1. The photoelectrodes 

were then calcined in an oven at 600 °C for 2 h. Finally, two more 

photoanodes were prepared for comparison, i.e. a bilayer photoanode, 

labelled 2L(1.7+3 Pa), obtained by inverting the sequence of deposition 

pressures, followed by calcination at 600 °C, and a compact dense WO3 
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film, labelled 1L_calc, obtained by oxidation of the pristine tungsten foil 

surface in air at 600 °C for 2 h. 

Table 9.1 Sputtering deposition time, film thickness (d), electrochemically active 

surface area (ECSA), band gap energy (Eg), flat band potential (EFB), valence 

band energy (EVB) and density of donors (ND) of the investigated WO3 coatings. 

Sample 

Dep. 

Time 

(min) 

d 

(nm) 

ECSA 

(cm2) 

Eg 

(eV) 

ECB 

(V vs. 

SHE) 

EVB 

(eV) 

ND 

(1020 

cm-3) 

1L(1.7 

Pa) 
179 1002 279 2.90 0.29 3.0 1.58 

1L(3 Pa) 227 976 327 2.79 0.39 3.0 1.34 

2L(3+1.7 

Pa) 

106 + 

106 
942 293 2.80 0.34 3.0 0.80 

 

9.2.2. Photoanodes characterisation 

X-ray diffraction patterns were recorded on a Philips PW3020 

powder diffractometer operating at 40 kV voltage and 40 mA current, by 

using the Cu K radiation (λ = 1.5418 Å). The patterns were compared 

with the Inorganic Crystal Structure Database (ICSD) data for phase 

identification.  

The film morphology, both at the surface and in cross-section, was 

investigated by High-Resolution Scanning Electron Microscope (SEM) 

imaging using a Tescan MIRA3 FESEM. X-ray photoelectron 

spectroscopy (XPS) measurements were performed with a Surface 

Sciences Instruments (SSI) M-Probe apparatus using Al Kα radiation 

(1486.6 eV). For all samples, the C 1s peak at 284.6 eV due to 



Chapter 9: RF-DS-made bilayer WO3 films 

197 

 

adventitious carbon was taken as the internal reference. UV-Vis-NIR 

diffuse reflectance spectra were recorded in the 220 – 2600nm range with 

a Shimadzu UV3600 Plus spectrophotometer equipped with an ISR-603 

Integrating Sphere. Photoluminescence spectra were measured with an 

Edinburgh FLS980 Spectrofluorimeter in the 360–650 nm range, upon 

excitation at 350 nm. 

9.2.3. Electrochemical characterisation 

Electrochemical measurements were performed in a two-

compartment three-electrode PEC cell filled with a 0.5 M sodium sulphate 

solution. The sputtered WO3/W electrode acted as working electrode (9.6 

cm2 geometric area), a platinum wire (bent into a three-loop coil) was the 

counter electrode and an aqueous saturated calomel electrode (SCE) was 

the reference electrode. All measurements were performed with a 

Metrohm Autolab PGSTAT302N potentiostat/galvanostat equipped with 

a frequency response analyser module (FRA32M) for electrochemical 

impedance spectroscopy (EIS).  

The electrochemical surface area (ECSA) for each sputtered 

tungsten oxide electrode was estimated recording three consecutive 

potential cycles centred around the open circuit potential (OCP), 

sweeping between -0.150 and -0.05 V vs. SCE at scan rates from 0.025 to 

0.3 V‧s-1. The capacitive currents evaluated in the middle of the range 

were then plotted as a function of the sweep rate potential.26,27 

The flat band potential, EFB, and density of donor, ND, of the 

investigated semiconducting WO3 photoanodes were evaluated by Mott-

Schottky (MS) analysis.28 Measurements were performed in the dark and 

in 0.5 M Na2SO4 N2-purged solution, recording impedance spectra (30 

frequency values, single sine, logarithmically distributed from 104 Hz to 
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0.03 Hz and 0.01 V amplitude) at a constant applied potential ranging 

from 0.1 to 1.0 V vs. SHE (the experimentally applied potential vs. SCE 

was converted to the SHE by adding 0.244 V). The oxide film was first 

conditioned at 0 V vs. SCE for 30 s and then at the selected potential for 

30 s. During the entire EIS test a flux of N2 was maintained at the surface 

of the solution. Considering the frequency dispersion of the resulting MS 

analysis,29 the EIS spectra were fitted with a Randles-type equivalent 

circuit Rs(RpQ), where Rs is the serial resistance, Rp is the polarization 

resistance and Q is a constant-phase element. Q substitutes the common 

capacitor, and allows one to calculate the effective capacitance C, to draw 

1/C2 vs. applied potential plots.30 

EIS spectra were also measured under working conditions for 

hydrogen production, i.e. under irradiation (19.7 mW‧cm−2) and at 1.0 V 

vs. SCE bias, by sampling sixty frequencies (single sine logarithmically 

distributed from 105 Hz to 0.1 Hz and 0.01 V amplitude). Data were fitted 

with the aforementioned modified Randles equivalent circuit, where Rct 

instead of Rp stands for the charge transfer resistance associated with 

photo-assisted water oxidation reactions occurring at the WO3 surface. 

All EIS spectra were fitted using Z-View software (Scribner Associates, 

Inc.). 

9.2.4. IPCE measurements 

The incident photon to current efficiency (IPCE) was measured on 

an optical bench already described elsewhere,31 including a 300 W Xe 

lamp (Lot-Oriel), a monochromator (LOT-Oriel Omni-λ 150), a shutter 

(Thorlabs SC10), a calibrated photodiode (Thorlabs S130VC) connected 

to a power meter (Thorlabs PM200), and a potentiostat/galvanostat 

(Amel, mod. 2549). Measurements were done in the three-electrode PEC 
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cell, biased at 1.0 V vs. SCE in 0.5 M Na2SO4 electrolyte solution. The 

percent IPCE at each wavelength λ was calculated as: 

% 𝐼𝑃𝐶𝐸 =
𝐼𝜆
𝑃𝜆
 ∙  
1240

𝜆 
∙ 100                                 EQ 9.1 

Where Iλ is the photocurrent density (mA‧cm-2) at a specific 

incident wavelength λ (nm), Pλ is the incident power density (mW‧cm-2) 

at the same λ, and 1240 (J‧nm‧C-1) = h‧c‧q-1 being h the Plank constant, c 

the speed of light and q the elementary charge carried by a single electron. 

9.2.5. Photocatalytic performance test 

Photocatalytic water splitting tests were conducted in the above 

described two-compartment PEC cell. The three electrodes were 

immersed in a 0.5 M Na2SO4 electrolyte solution and connected to the 

potentiostat/galvanostat for photocurrent measurements while applying 1 

V vs. SCE external potential bias. The photoanode was illuminated 

through a Pyrex glass optical window employing an iron halide mercury 

arc lamp (Jelosil HG200, 250 W) as an irradiation source (Figure 8.5a in 

Chapter 8). The evolved H2 and O2 gases were collected in two graduated 

burettes surmounting the two compartments of the cell, which were 

initially filled with the electrolyte solution.6 The volume of produced gas 

was measured every 60 min by the displacement of the liquid in the 

burettes, after shuttering the light. Each photoanode was tested for at least 

6 h-long irradiation. 
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9.3. Results and discussion 

9.3.1. Sample characterisation  

9.3.1.1. XRD analysis.  

The as-grown films, deposited at room temperature, are 

notoriously amorphous.21 As shown in Figure 9.1, all sputtered WO3 

coatings after calcination at 600 °C exhibit diffraction patterns similar to 

that of the oxidized tungsten foil surface (sample 1L_calc). The crystal 

structure of WO3 consists of corner-sharing octahedra (Figure 7.2 and 7.3 

in Chapter 7). Because several distortions are possible, WO3 can exist in 

many different polymorphs depending on the annealing temperature, i.e. 

triclinic from −50 to 17 °C,32 monoclinic up to 330 °C, orthorhombic up 

to 740 °C, and tetragonal above 740 °C.33 Monoclinic and orthorhombic 

structures have similar XRD patterns (see the bottom of Figure 9.1). Thus, 

it is not simple to discern between these two phases, also because of the 

XRD peak broadening and shift, due to possible distortions originating 

from oxygen vacancies. Nevertheless, because of the high annealing 

temperature, our sputtered WO3 coatings are expected to have a distorted 

orthorhombic structure. Moreover, the relative intensity of the diffraction 

peaks significantly differs from that of the reference, the most intense 

peaks being those located at 2θ = 23.5° and 48.1° corresponding to the 

parallel (020) and (040) planes. This indicates a preferred orientation 

along the [010] direction, as often occurs in thin films and metals.34 It is 

noteworthy that films grown on (100) silicon wafers under the same 

operation conditions and reported in our previous work21 showed the 

opposite preferred orientation, the peak centred at 2θ = 23.5° being the 

weakest one. Because the metal tungsten foil support also exhibits a 
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preferred orientation, one may conclude that the sputtered coating follows 

a nearly epitaxial growth (and spatial rearrangement) process, with the 

crystallographic axes of the deposited layer aligning along the orientation 

of the support underneath.  

 

Figure 9.1 XRD patterns of the calcined tungsten foil (1L_calc) and of the WO3 

coatings (single and double layers) prepared by RF sputtering and calcined at 

600 °C for 2 h. The reflection position and relative intensity of the monoclinic (M) 

and orthorhombic (O) phases are reported at the bottom of the figure for 

comparison. 

 SEM analysis 

SEM investigation of the pristine metal tungsten support (Figure 

9.2A and 9.3C) confirms the layered microstructure responsible for the 

preferred crystallographic orientation. After annealing at 600 °C for 2 h 

in air, the tungsten foil surface underwent oxidation forming a compact 
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1.5 μm thick WO3 layer (sample 1L_calc, see Figure 9.2B). Interestingly, 

the cross-sectional SEM images of the annealed 1L(1.7 Pa) and 1L(3 Pa) 

samples (Figure 9.2C and 9.2D) reveal the presence of a 2.3 μm thick 

WO3 film possessing a hierarchical structure with a porous layer 

surmounting a columnar basement. This morphology resembles that of 

the cliffs in the Isle of Staffa (Pillar Island) of volcanic origin in the west 

of Scotland. The WO3 film was much thicker than expected on the basis 

of the sputtering deposition rate.  

 

Figure 9.2 Cross-sectional SEM images of (A) the pristine metal tungsten foil and 

(B) after calcination at 600 °C; (C) 1L(3 Pa); (D) 1L(1.7 Pa); 2L(3 + 1.7 Pa) (E) 

before and (F and G) after calcination at 600 °C. (H) Top view of 2L(3 + 1.7 Pa). 

However, the cross-sectional image of the as grown 2L(3+1.7 Pa) 

sample (i.e., before annealing, Figure 9.2E) shows that the initial double-

layer lying over the smooth tungsten metal surface is ca. 1 μm thick, as 

expected. After annealing at 600 °C in air (Fig. 9.2F) the film thickness 

increases to 2.3 μm due to the formation of the columnar basement. 

Hence, the innermost WO3 vertically aligned array is formed upon 

oxidation of the metal tungsten surface in contact with the sputtered 
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coating. However, the resulting ordered morphology differs from that 

observed after calcination of the bare tungsten foil (Figure 9.2B), 

suggesting that the formation of this ordered structure is driven by the 

presence of the porous sputtered coating above. Thus, the calcined 

2L(3+1.7 Pa) sample exhibits a Staffa-like morphology (Figure 9.2G), 

actually consisting of (i) a porous double-layer grown by RF diode 

sputtering (Figure 9.2H), and (ii) an underneath columnar layer formed 

by surface oxidation of the tungsten support during calcination in the 

presence of the overlying sputtered oxide.  

 

Figure 9.3 (A) Comparison of XRD patterns of pristine W foil (a) and after 

annealing in air at 600 °C for 2h (b). The peak positions and relative intensities 

of the cubic metal W phase (ICSD code 653433) are reported at the bottom of the 

figure for comparison. The formation of a surface monoclinic WO3 film after the 

annealing is highlighted by the appearance of the reflections in the 20° < 2θ < 

60° range. (B) Crystal unit cell of body centered cubic (bcc) metal W (a = b = c 

= 3.1585 Å, α = β = γ = 90°, Space Group:  𝐼𝑚3̅𝑚) showing the (011), (020) and 

(112) planes. The preferred orientation along the (020) plane may arise from the 

layered microstructure of the employed W foil as shown by the SEM image (C). 
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 Electrochemical Surface Area  

The electrochemically active surface area (ECSA) gives an 

estimation of the real surface area involved in photoelectrochemical 

processes. It can be estimated by the potential scan-rate dependence of the 

capacitive current due to the double-layer charging and discharging at the 

solid–electrolyte interface.26,35 The non-faradaic region of the cyclic 

voltammograms is typically a range of a few tens of millivolts centred 

around the open-circuit potential, OCP. In this potential region the 

capacitive current (Ic) is linearly dependent on the scan-rate v according 

to Ic = ECSA Csv, where Cs is the intrinsic specific capacitance. The 

ECSA Cs product, corresponding to the double-layer capacitance CDL of 

the interface, can be determined by the slope of the straight line 

interpolating Ic as a function of v, taken at the central potential of the 

cyclic voltammograms during both the anodic and cathodic scan (Figure 

9.4). The value of Cs depends on the nature of the semiconductor material 

and of the electrolyte. Typical values are in the 15–130 μF‧cm−2 range.35  

However, in the absence of a reference electrode of the known ECSA, a 

reasonable value of Cs = 60 μF‧cm−2 for metal oxides36 can be used to 

estimate the surface area of the investigated electrodes. Table 9.1 shows 

that the compact 1L_calc sample has an ECSA close to its geometric 

surface area, Ag (14.5 cm2 vs. 9.6 cm2, 3.5 cm being the diameter of the 

electrode), resulting in a roughness factor, rf = ECSA/Ag, of 1.5. In 

contrast, the porous sputtered coatings possess a much larger surface area 

and, accordingly, a much higher rf. The ECSA of the film deposited at 

higher pressure (3 Pa) is 17% larger than the ECSA of the film deposited 

at lower pressure (1.7 Pa). Indeed, at higher pressure the sputtered 

tungsten atoms undergo more frequent collisions with energy transfer (i.e. 
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energy loss) to the background gas before reaching the substrate. This 

results in a lower atomic mobility and in a variation of the atomic 

arrangement of the deposited film, with the formation of a less dense, 

more porous coating with a larger surface area. As expected, 2L(3+1.7 

Pa) and 2L(1.7+3 Pa), being deposited at both pressures, have a surface 

area intermediate between those of 1L(3 Pa) and 1L(1.7 Pa).  

 

Figure 9.4 Determination of electrochemically active surface area (ECSA) from 

double-layer capacitance measurements for 1L(1.7 Pa) sample in 0.5 M Na2SO4. 

(a) Cyclic voltammograms measured in a 0.1 V region around the OCV (i.e. in a 

non-Faradaic region) at different potential scan rates. (b) The cathodic and 

anodic capacitive charging currents taken at −0.1 V vs. SCE (= OCP) plotted as 

a function of scan rate. The double-layer capacitance CDL of the system is the 

average of the absolute slope of the linear fits. 

 Band gap structure 

The UV-vis-NIR diffuse reflectance spectra (DRS) are presented 

in Figure 9.5 as Tauc-plots of the Kubelka-Munk transform, F(K) = (1-

R)2/2R, for direct allowed transition. The spectra show oscillations in the 

visible region typical of thin films, originating from the interference of 

the waves reflected at the top and bottom surface of the film. Their 

frequency and amplitude depend on the film thickness d.31 The values of 

d of the calcined sputtered coatings, calculated using a dedicated tool of 
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the spectrophotometer software, are collected in Table 9.1. Interestingly, 

the results are in good agreement with the thickness of the outermost 

sputtered layer (ca. 1 m), indicating a partial reflectance of light at the 

porous-columnar interface. By contrast, the dense 1L_calc sample shows 

no interference fringes, indicating that its thickness exceeds the light 

penetration depth.  

 

Figure 9.5 Tauc plot of the Kubelka–Munk transform UV-Vis-NIR diffuse 

reflectance spectra in the 310 < λ < 1030 nm region and optical band gap 

determination (allowed direct transition). Spectra recorded on the samples after 

the 6 h-long photocatalytic water splitting test. 

The band gap energy Eg can be obtained by the Tauc plot, 

(F(K)hn)1/2 vs. hn, at the intersection between the linear region of the 

absorption edge and the linear fit of the background at lower energy 

(Figure 9.5). The band gap absorption threshold of all samples is located 
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above 2.8 eV (ca. 440 nm). In particular, the 1L(1.7Pa) coating exhibits a 

0.11 eV wider Eg with respect to the 1L(3Pa) (Table 9.1). A variation of 

WO3 band gap from 3.2 eV to 2.5 eV as a function of both deposition 

pressure and temperature has been widely documented in literature.37–40  

In order to further understand the origin of the difference in the 

band gap of 1L(3 Pa) and 1L(1.7 Pa), we estimated the position of the CB 

using the Mott–Schottky equation (EQ 9.2). In this model, the CB edge is 

measured as flat band potential EFB, i.e. the potential at which the drop in 

the space-charge layer is zero and the semiconductor bands are flat. For 

n-type semiconductors: 

1

𝐶𝑆𝐶
2 =

2

𝜀𝜀0𝑞𝑁𝐷
(𝐸𝑎𝑝𝑝𝑙 − 𝐸𝐹𝐵 −

𝑘𝑇

𝑞
)                     EQ  9.2 

Where Csc is the space-charge capacity of the semiconductor, Eappl 

the applied bias voltage,  the dielectric constant of the semiconductor 

(35.2 for WO3),41 0 the permittivity of vacuum (8.85 10-14 F‧cm-1), ND the 

donor dopant density, q the elementary charge, k the Boltzmann constant 

and T the temperature. EFB, at a given T and pH of the electrolyte solution, 

can be obtained extrapolating to zero the linear part of C-2 vs. Eappl plot 

(Figure 9.6) where EFB = Eappl(C-2 = 0) – kT/q, whereas ND can be 

calculated by the slope. The results presented in Table 9.1 show that the 

1L(1.7Pa) sample has an EFB shifted of 0.1V towards lower potential (i.e. 

higher energy) with respect to the 1L(3Pa). Thus, the wider band gap of 

the coating prepared at lower pressure is due to the up-shifting of the CB 

energy. XPS valence band spectra (Figure 9.7) further confirm this 

finding showing that both monolayer samples have the EVB located at the 

same energy (3.0 eV) with respect to the Fermi level, EF. 
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Figure 9.6 Mott–Schottky plot measured in 0.5 M Na2SO4 (pH 7, at 21 °C) with 

the investigated sputtered coatings after the 6 h-long photocatalytic water 

splitting test. The intercept of the straight line with the x-axis corresponds to EFB 

+ kT/q. 

The positive slope of the Mott–Schottky plot confirms the n-type 

character of the synthesized semiconductor coatings due to the presence 

of oxygen vacancies, in the form of W5+ or W4+ sites, acting as electron 

donors. Their optical transition energy level is typically located 0.77–1.0 

eV below the CB minimum.44 The density of donor species ND calculated 

from the slope of the Mott–Schottky plot (Table 9.1) demonstrates that 
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the coating prepared at lower pressure has a larger ND, i.e. more oxygen 

vacancies, in agreement with the reactive sputtering process. 

 

Figure 9.7 XPS valence band (VB) spectra of the two monolayer samples. The 

energy of the VB (EVB) edge is related to the Fermi level (EF) located at 0 eV. 

In fact, a higher gas pressure in the deposition chamber during the 

deposition process leads to an increased probability that evaporated W 

atoms react with O2 molecules, with a consequent lower amount of 

oxygen vacancies in the sputtered WO3 layer. According to DFT 

calculations, the highest energy valence levels of WO3 are predominantly 

O 2p states, whereas the bottom of the CB is mainly composed of W 5d 

states partly mixed with O 2p orbitals.43–45 These studies also predict, 

based on the crystal field theory (CFT), that a distortion of the WO6 

octahedron and in particular a change in the W–O bond length can affect 
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the position of the CB bottom.43 Hence, the variation of the CB position 

as a function of the sputtering total pressure can tentatively be attributed 

to the different extent of crystal distortion induced by the different oxygen 

vacancy content. 

The different band gap and doping levels measured in the two 

coatings prepared at the two deposition pressures suggest that in the 

2L(3+1.7 Pa) sample an equivalent n-type to n-type heterojunction is 

created at the interface between the two WO3 layers. Interestingly the 

2L(3+1.7 Pa) sample has an EFB value intermediate to those of single layer 

1L(3 Pa) and 1L(1.7 Pa), and a much lower equivalent density of donors. 

Indeed, the bilayer sample can be modelled as two capacitors connected 

in series. Because the density of charge of each capacitor is equal to ρ = 

NDq, where ND is that of each single layer calculated from the Mott–

Schottky equation (ND,1.7 Pa = 1.58 × 1020 cm−3 and ND,3 Pa = 1.34 × 1020 

cm−3), and q is the unitary charge, then the equivalent charge density ρeq 

of the bilayer is: 

𝜌𝑒𝑞 = (
1

𝜌1.7 𝑃𝑎
+

1

𝜌3 𝑃𝑎
)
−1

= 0.72 × 1020𝐶 ∙ 𝑐𝑚−3        EQ 9.3 

The ND value of the so modelled bilayer is very close to the 

measured one (0.80 × 1020 C‧cm−3). Thus, both EFB and ND values 

obtained for 2L(3+1.7 Pa) by the Mott–Schottky plot give experimental 

evidence supporting the formation of a n–n heterojunction. 

 Photoluminescence and X-ray photoelectron 

spectroscopies.  

Photoluminescence (PL) spectroscopy40,46,47 and theoretical 

calculations42,44,45,48 have been widely employed to ascertain the nature of 

defects in WO3. The PL emission spectra of the WO3 sputtered coatings 
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recorded under excitation at 350 nm are shown in Figure 9.8. These 

spectra can be reasonably deconvoluted into four Gaussian curves (Figure 

9.9) centred at ca. 410, 440, 490 and 550 nm.  

 

Figure 9.8 Comparison of PL spectra (in air, λexc = 350 nm) of the investigated 

WO3 sputtered coatings before (solid line) and after (dotted line) the 6 h-long 

photocatalytic water splitting test. 

 

Figure 9.9 Deconvolution of PL emission spectra (excitation at 350 nm) of as 

prepared (i.e. before the 6 h-long photocatalytic water splitting test) WO3 

sputtered coatings, including the experimental (dots) and fitted (red line) spectra. 



Chapter 9: RF-DS-made bilayer WO3 films 

212 

 

 

The first emission band, occurring at an energy greater than the 

band gap, has been attributed to the direct recombination of “hot 

electrons” which have not fully relaxed to the bottom of the CB.47 The 

second and most intense band originates from the recombination of free 

charge carriers from the bottom of the CB to the VB (band-to-band 

recombination). The emission at an energy lower than the Eg necessarily 

involves infra-band gap energy states of donors trapped in either surface 

or bulk defects. In the case of WO3, the removal of an O atom from the   

–W–O–W– lattice chain may lead to the formation of different charge 

states (0, 1+, and 2+) of oxygen vacancies (VO) in the forms 

(𝑊5+/𝑉𝑂
0/𝑊5+), (𝑊4+/𝑉𝑂

0/𝑊6+), (𝑊5+/𝑉𝑂
+/𝑊6+), and (𝑊6+/𝑉𝑂

2+/

𝑊6+).44,51 By applying hybrid density functional calculations, Wang et 

al.42,50 reported that the energy levels describing the possible PL 

transitions involving these charge states are all located in the band gap 

and can be associated with the radiative decay of electrons from the 

vacancy states (𝑉𝑂
0  or 𝑉𝑂

+) to the VB, according to: 

𝑉𝑂
0 → 𝑉𝑂

+ + 𝑒𝑉𝐵
− + ℎ𝜈                                      𝐸𝑄 9.4 

𝑉𝑂
+ → 𝑉𝑂

2+ + 𝑒𝑉𝐵
− + ℎ𝜈                                     𝐸𝑄 9.5 

Because the energy level of 𝑉𝑂
0  is predicted to be closer to the CB 

than the 𝑉𝑂
+ level, the PL emission bands at ca. 490 nm (2.53 eV) and 550 

nm (2.21 eV) can be attributed to the transitions in EQ 9.4 and EQ 9.5, 

respectively. Finally, the band at 560 nm, that appears more intense in the 

case of 2L(3+1.7 Pa), can be tentatively attributed to a localized increase 

of 𝑉𝑂
+ levels due to the formation of a depletion layer at the heterojunction, 

consequent to band alignment at the interface. 
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The presence of W5+ was confirmed by XPS analysis (Figure 9.10 

and 9.11). Indeed, the XPS spectra in the W 4f binding energy region 

(Figure 9.10a) of all coatings were fitted as the convolution of two W 

4f7/2–W 4f5/2 doublets, with the main peaks centered at 34.7 eV and 35.9 

eV, originating from W5+ and W6+, respectively.  

 

Figure 9.10 Experimental (grey line) and fitted (red line) XPS spectra of the used 

2L(3+1.7 Pa) sample (i.e. measured after the 12 h-long irradiation water splitting 

test) in the (a) W 4f and (b) O 1s binding energy regions. The fitting was performed 

using a Shirley background. 
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The spin–orbit spacing and the area ratio of both doublets were 

constrained to 2.18 eV and 4 : 3, respectively.51,52 The oxygen 1s region 

(Figure 9.10b) shows a main peak located at 530.5 eV, due to structural 

oxygen in WO3, and a minor one at 532 eV, assigned to oxygen in surface 

hydroxyl groups (or adsorbed water). The elemental analysis (Table 9.2) 

shows that in all samples the O : W atomic ratio is under-stoichiometric. 

The 1L(1.7 Pa) sample possesses a lower O : W atomic ratio (i.e. more O 

vacancies) than 1L(3 Pa), in line with the larger density of donors ND 

calculated from the Mott–Schottky plot. 

 

Figure 9.11 Experimental (grey line) and fitted (red line) XPS spectra of used 

1L(1.7 Pa) and 1L(3 Pa) (i.e. measured after the 12 h-long irradiation water 

splitting test) in the (a) W 4f and (b) O 1s binding energy regions. In (a) the 

convoluted W 4f7/2–W 4f5/2 doublets of W(VI) (blue lines) and of W(V) (green lines) 

are also shown. The fitting was performed using a Shirley background. 
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Table 9.2 Results of the XPS analysis of used coatings: oxygen to tungsten atomic 

ratio, percent of W(V) and percent of oxygen as OH moieties 

Sample O : W at. ratio % W(V) % OH 

1L(1.7Pa) 2.64 9.6 19.0 

1L(3Pa) 2.72 9.2 24.8 

2L(3+1.7 Pa) 2.70 11.1 19.8 

 

9.3.2. PEC results 

9.3.2.1. IPCE 

All IPCE curves of the investigated coatings exhibit an activity 

onset below 450 nm in agreement with the calculated Eg from the UV-vis 

DRS spectra. The IPCE curves recorded under hydrogen evolution 

conditions (1.0 V vs. SCE and pH 7) confirm the narrower band gap of 

the coating deposited at higher pressure (Figure 9.12). Moreover, 1L(3 

Pa) shows a slightly higher efficiency than 1L(1.7 Pa), likely due to its 

larger surface area (Table 9.1). The efficiency of the 2L(3+1.7 Pa) 

photoanode is significantly higher than those of the single layer 

photoanodes, despite the similar surface area and photoactive film 

thickness (Figure 9.13). It is noteworthy that the IPCE considerably 

increases after the PEC water splitting test (i.e., after 6 h-long irradiation) 

and the maximum efficiency shifts towards longer wavelengths, i.e. from 

330 nm to 360 nm. This phenomenon is very likely due to the decrease of 

the oxygen vacancies (i.e., crystal defects) occurring during irradiation, 

which can act as electron–hole pair recombination centres (see Section 

3.2.3). 
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Figure 9.12 Evaluation of the bandgap energy of 1L(3 Pa) and 1L(1.7 Pa) from 

the IPCE curves measured at 1.0 V vs. SCE in 0.5 M Na2SO4 (pH 7) after the 6 h-

long photocatalytic water splitting test, confirming the narrower Eg of the WO3 

coating deposited at higher pressure. 

 

Figure 9.13 Incident photon to current efficiency (IPCE) curves of the 

investigated WO3 sputtered photoanodes measured at 1.0 V vs. SCE in 0.5 M 

Na2SO4, before (dotted line) and after (solid line) the 6 h-long photocatalytic 

water splitting tests. 
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 Polarization curves 

Figure 9.14 shows the polarization curves from −0.1 V to 1.6 V vs. 

SCE range, performed over the compact 1L_calc (Figure 9.14a) and 

2L(3+1.7 Pa) (Figure 9.14b) photoanodes, either under continuous or 

chopped irradiation. The photocurrent potential onset above 0.05 V (i.e. 

0.29 vs. SHE) is in agreement with the flat band potential calculated from 

the Mott–Schottky plot. Two main differences can be noticed by 

comparing Figure 9.14a and b: (i) under continuous irradiation the porous 

double-layer sputtered WO3 photoanode reaches a saturated photocurrent 

density of 1.6 mA‧cm−2 at ca. 0.8 V; (ii) the photocurrent recorded under 

chopped light with 2L(3+1.7 Pa) significantly exceeds that measured 

under continuous irradiation. In contrast, the compact 1L_calc 

photoanode generates a lower photocurrent that continuously increases 

without reaching saturation, and the photocurrent under chopped light 

matches that measured under continuous irradiation.  

The superior photoactivity of porous WO3 films with respect to 

compact ones has already been reported.1,11,53,54 Pros and cons can be 

recognized in nanostructured photoelectrodes. The advantages of porous 

coatings are: (i) larger surface area providing more active sites for reactant 

adsorption and charge transfer; and (ii) shorter carrier collection pathways 

to the surface, with a lower probability of electron–hole pair 

recombination. Moreover, the shorter diffusion path requires a lower 

potential for extraction of bulk holes to the surface, allowing to reach the 

saturated photocurrent density over the porous film. On the other hand, 

the main disadvantage of nanocrystalline porous coatings is the slower 

charge transport by diffusion compared to the faster drift occurring bulk 

films.55,56 
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Figure 9.14 Polarization curves in (a–c) 0.5 M Na2SO4 and (d–f) 0.5 M Na2SO4 

+ 1.2 M CH3OH aqueous solution; 9.6 cm2 photoanode irradiated area, sweep 

rate 5 mV‧s−1, recorded with the (a and d) 1L_calc WO3 and (b and e) 2L(3+1.7 

Pa) photoanodes in the dark (red line); chopped light irradiation with 10 s 

light/dark cycles (grey line), and full irradiation (blue curve). (c and f) 

Photocurrent density curves measured under full irradiation with all investigated 

photoanodes. All measurements were performed on used photoanodes (i.e. after 

the 6 h-long photocatalytic water splitting tests). *Inverted heterojunction. 

The additional barrier at the interparticle interface further hampers 

charge diffusion. Because electrons and holes under polarization migrate 

towards opposite directions, both phenomena increase the recombination 

probability. This explains the moderately higher photocurrent density of 

porous photoanodes compared to the compact one, despite the more than 

one order of magnitude larger surface area (ca. 300 cm2 for each porous 

electrode, see Table 9.1, to be compared with 14.5 cm2 for the compact 

one). Finally, as expected from the IPCE curves, the 2L(3+1.7 Pa) 

photoanode produces a 30% higher saturated photocurrent than the single 

layer coating (Figure 9.14c), in spite of the similar film thickness and 

surface area. It is also noteworthy that a lower saturated photocurrent 

value is attained with the 2L(1.7+3 Pa) inverted heterojunction, compared 
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to the 2L(3+1.7 Pa). Also in this case the net difference in photocurrent 

cannot be attributed to a difference in the active area (280 cm2 vs. 293 

cm2, respectively).  

 PEC water splitting results 

Hydrogen and oxygen evolution vs. irradiation time and the 

photocurrent density profile recorded at 1.0 V vs. SCE and pH 7 during 

the photocatalytic water splitting tests are presented in Figure 9.15 and 

Table 9.3. The photocurrent density significantly increased during the 

first irradiation hour over all fresh coatings, while steady state conditions 

(i.e. stable photocurrent and linear gas evolution) were reached only after 

the second hour. During this transient period, which appears to be shorter 

for 2L(3+1.7 Pa) than for the 1L photoelectrodes, the “extra current” is 

very likely generated by a photo-assisted partial oxidation of the highly 

defective WO3−x coating, such as: 

(𝑊5+ 𝑉𝑂
0 𝑊5+⁄⁄ ) + 𝐻2𝑂

ℎ𝜈
→ (𝑊6+ − 𝑂 −𝑊6+) + 2𝐻+ + 2𝑒−     𝐸𝑄 9.6 

Table 9.3 PEC water splitting results in 0.5 M Na2SO4 and 1.0 V vs. SCE external 

bias, under 19.7 mW‧cm−2 irradiation. ηF = faradaic efficiency (* Inverted 

heterojunction). 

Sample 
Production rate (mmol·h-1) 

rH
2
/rO

2
 F 

H2 O2 

1L(1.7 Pa) 153.9 63.7 2.4 85.6% 

1L(3 Pa) 155.6 72.4 2.2 89.8% 

2L(1.7+3 Pa)* 178.9 67.7 2.6 80.8% 

2L(3+1.7 Pa) 187.6 93.2 2.01 93.3% 
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Figure 9.15 Photocatalytic water splitting results obtained with the sputtered 

WO3 photoanodes in 0.5 M Na2SO4 at 1.0 V vs. SCE and 9.6 cm2 irradiated area. 

(a) Cumulative H2 and O2 gas evolution, (b) photocurrent density vs. time 

recorded during the tests. During the evolved gas measurement, the light was 

shuttered causing the photocurrent drop. *Inverted heterojunction. 
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This hypothesis is corroborated by three experimental 

observations: i) the H2 to O2 mole ratio during this period is larger (ca. 

2.6) than during the following stationary period (Table 9.2); ii) The 

intensity of the PL emission spectra after the 6h-long photocatalytic tests 

considerably suppressed (Figure 6, dotted lines), accounting for a reduced 

number of oxygen vacancies as photoemission sites; and iii) the fresh 

photoanode exhibits a pronounced hydrophobic surface that turns 

hydrophilic after the 6 h-long irradiation test (Figure 9.16). Photoinduced 

hydrophilicity is a well-known phenomenon occurring on several metal 

oxides including WO3. An increased wettability is related to an increase 

of surface energy due to filling surface oxygen vacancies with OH 

groups.59 

 

Figure 9.16 Photograph of the 4x4 cm2 2L(3+1.7 Pa) photoanode after the 

photocatalytic water splitting test, rinsed with Milli-Q water. Notice that the 

central irradiated round shape area displays a hydrophilic character (wettable 

surface), while the non-irradiated remaining part retains the original 

hydrophobicity (nonwettable surface). 
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After ca. two hours, both H2 and O2 evolved at a constant rate 

under irradiation (pseudo zero order kinetics). Slightly higher H2 and O2 

production rates (rH
2
 and rO

2
, respectively) were obtained with 1L(3 Pa) 

possessing a larger surface area than 1L(1.7 Pa), while 2L(3+1.7 Pa) 

outperforms single layer samples in terms of both rH
2
 and H2 : O2 mole 

ratio, and approaches the stoichiometric value of 2 (Table 9.3). Indeed, a 

very high (93%) faradaic efficiency ηF (i.e. the photocurrent-to-oxygen 

conversion efficiency)58 was attained over this photoanode in comparison 

with the efficiency values reported in the literature for WO3 thin films, 

usually ranging between 18% and 80%.27,58,59 The larger H2 to O2 

evolution rate with respect to stoichiometry is usually attributed to the 

side formation of H2O2.58 In contrast, 2L(1.7+3 Pa) with the inverted 

heterojunction showed a less stable photocurrent profile along the 6 h 

irradiation test (Figure 9.15b), a lower hydrogen production rate and a 

remarkably lower faradaic efficiency (80.8%) with respect to the most 

performing 2L(3+1.7 Pa) photoanode. 

Finally, Figure 9.15b shows that the 2L(3+1.7 Pa) photoanode also 

demonstrated a very high time stability, maintaining a stable photocurrent 

density along the 6 h continuous irradiation following the 5 h-long 

irradiation under shuttered conditions.. 

9.3.3. Electrochemical Impedance measurements 

The Nyquist plots recorded at 1.0 V vs. SCE, in 0.5 M Na2SO4 and 

under full lamp irradiation (Figure 9.17) exhibit the typical semicircle 

shape, best fitted by a simplified Randles equivalent circuit Rs(QRct) 

(inset in Figure 9.17). In this model, the electrochemical reaction is 

limited only by the surface-mediated electron transfer and not by reactant 
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diffusion through the Helmholtz layer. From a qualitative point of view, 

the diameter of the semicircle is equal to the charge-transfer resistance 

(Rct). Thus, the compact 1L_calc photoanode exhibits the greatest 

resistance, whereas the best performing 2L(3+1.7 Pa) exhibits the lowest 

resistance. The fitting results presented in Table 9.4 can be summarized 

as follows: 

 

Figure 9.17 Nyquist plots of the investigated photoanodes under 1.0 V vs. SCE 

potential in 0.5 M Na2SO4 under full lamp illumination. Experimental points 

(dots) fitted (solid line) by a Rs(QRct) equivalent circuit (inset). 
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Table 9.4 Fitting results of the electrochemical impedance spectra according to 

a Rs(QRct) equivalent circuit. The charge-transfer resistance (Rct,n) and the 

capacitance (Cn) are normalized per unit electrochemically active surface area 

(ECSA) (* Inverted heterojunction) 

Sample Rs (Ω) Rct (Ω) Rct,n (kΩ‧cm2) Cn (F‧cm-2) 

1L(1.7 Pa) 0.67 139 38.7 5.7 

1L(3 Pa) 0.73 107 34.9 4.7 

2L(3+1.7 Pa) 1.03 86 25.2 5.3 

2L(1.7+3 Pa)* 0.98 121 34.0 4.1 

1L_calc 0.63 279 4.04 28 

Calculated as 𝐶 = 𝑌0
1 𝛼⁄ (𝑅𝑆

−1 + 𝑅𝐶𝑇
−1)(𝛼−1) 𝛼⁄  from the constant phase element Q 

of the impedance 𝑍𝑄 = 𝑌0
−1(𝑗𝜔)−𝛼, where ω is the angular frequency. 

Rs is the series resistance accounting for all ohmic resistors 

(external contacts and wires, electrode sheet resistance) and the 

electrolyte resistance. As expected, similar values are obtained for all 

samples, though Rs is slightly higher for 2L(3+1.7 Pa) and 2L(1.7+3 Pa), 

tentatively due to the additional interface resistance between the two WO3 

sputtered layers.  

Q is the constant phase element that takes into account the non-

ideal behavior of the interface double layer. This pseudo-capacitance can 

be treated as at least two capacitors (the space-charge region CSC and the 

Helmholtz double layer CH) connected in series, 𝐶−1 = 𝐶𝑆𝐶
−1 + 𝐶𝐻

−1. The 

former capacitance is located at the semiconductor surface where the 

positive charges, in the form of ionized donors, attract the negative 

counter charges at the surface. This, in turn, attracts the hydrated mobile 

ions of the electrolyte on the liquid side creating the inner (IHP) and the 

outer (OHP) Helmholtz plane. However, by considering the lower carrier 
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density in semiconductors with respect to the electrolyte, it is possible to 

neglect the CH term in the connection, so 𝐶−1 ≈ 𝐶𝑆𝐶
−1. 

The capacitance depends on both the density of donor species (i.e. 

the charges stored in the depletion layer) and on the geometry of the 

electrode. Table 9.4 shows that the compact photoanode (1L_calc) has 

one order of magnitude greater normalized capacitance per unit area (Cn) 

compared to the porous sputtered photoanodes. Indeed, the compact 

1L_calc is a flat electrode (it can be modelled as a parallel-plate capacitor) 

and it has a lower surface to volume ratio (i.e. larger density of positive 

charges per unit surface area). In contrast, the porous film can be 

described, in first approximation, as coaxial cylinders (to simulate the 

shape of pores) that notoriously have lower capacitance per unit surface 

than the parallel plates.  

Rct is the charge-transfer resistance associated with the oxidation 

reaction occurring at the semiconductor/electrolyte interface. Rct is a very 

important parameter because it is inversely proportional to the rate 

constant of the half anodic reaction:  

𝑅𝑐𝑡 =


𝐼𝑐𝑡
=
𝐸𝑎𝑝𝑝𝑙 − 𝐸𝐹𝐵

𝑛𝐹𝑟𝑂2
                                       EQ 9.7 

where  = (Eappl − EFB) is the potential drop in the space-charge layer, Ict 

is the charge transfer current, n is the number of electrons involved in the 

half reaction, F is the Faraday constant, and rO
2
 the oxygen evolution rate. 

The linear interpolation of Rct vs. /rO
2
 of all investigated samples (Figure 

9.18) gives a slope of 2.55x10-6 mol‧C-1, i.e. very close to the expected 

(4F)-1 = 2.59x10-6 mol‧C-1, proving the validity of the attribution of the Rct 

parameter to the oxygen evolution reaction. Hence, a decrease of Rct 
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corresponds to an increase in Ict and, therefore, in rO
2
. In photocatalytic 

water oxidation, the charge transfer current is due to the reaction of 

surface adsorbed water, or hydroxyl groups, with photogenerated VB 

holes.  

 

Figure 9.18 Relation between the charge-transfer resistance (Rct) and the oxygen 

production rate (rO
2
) according to Ohm’s law: Rct =  / ict = (Eappl – EFB) / (nFrO

2
). 

Here, Eappl = 1.24 V vs. NHE, EFB are those calculated with the Mott-Schottky 

plot, n = 4 is the number of involved electrons in the water oxidation reaction 

(2H2O → O2 + 4H+ + 4e−) and F the Faraday constant. The slope of the straight 

line interpolating the experimental Rct vs. /rO
2
 values is very close to the expected 

(nF)-1= 2.591x10-6. * Inverted heterojunction. 

Table 9.4 shows that the two sputtered monolayer photoanodes 

have similar charge transfer resistance normalized per unit area, Rct,n, 

whereas the best performing 2L(3+1.7 Pa) possesses a ca. 30% lower Rct,n 
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in agreement with the 30% greater IPCE, rH
2
 and generated saturated 

photocurrent density. Indeed, a larger density of VB holes induces a more 

effective surface reaction with the electron donor species with the 

consequent increase of the Ict and the decrease of charge transfer 

resistance (EQ 9.7). This is confirmed by the significantly larger Rct of the 

2L(1.7+3 Pa) inverted heterojunction with respect to that of 2L(3+1.7 Pa) 

because this electronic configuration cannot benefit the enhanced electron 

transfer. Nevertheless, the 0.1 eV difference between the CB at the 

interface of the inverted heterojunction introduces only a modest energy 

barrier to the electron transfer and in fact this sample shows an Rct 

intermediate to those of the monolayer samples. 

Finally, the EIS investigation demonstrates that the greater 

photocatalytic performance of the sputtered double layer photoanode can 

be ascribed to a larger density of reactive VB holes, due to a better 

photopromoted electron transfer at the n–n heterojunction, as depicted in 

Figure 9.19. Indeed, a larger density of VB holes induces a more effective 

surface reaction with the electron donor species with the consequent 

increase of the Ict and the decrease of Rct (EQ 9.7). Interestingly, 1L_calc 

exhibits a considerably lower Rct,n. These results are in line with the pros 

and cons of compact to porous photoanodes: the compact photoanode 

possesses the higher intrinsic photocatalytic activity (i.e., the lower Rct,n). 

However, the overall photoactivity compared to the porous films is 

hindered by the much lower surface area. 
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Figure 9.19 Schematic representation of the enhanced photopromoted electron 

transfer at the sputtered WO3 bilayer interface due to the formation of the n–n 

heterojunction. 

9.3.4. Effect of methanol addition 

The photocurrent density profile measured during the 

photocatalytic water splitting tests (Figure 9.15b and 9.20b) showed an 

abrupt increase as the light was turned on, generating a photocurrent peak, 

particularly intense on the 2L(3+1.7 Pa) film, followed by a decrease up 

to a stationary photocurrent value which is almost common to all 

investigated photoanodes. By contrast, over the compact 1L_calc film the 

photocurrent density instantly reaches a stable value upon illumination. 

We ascribe the sharp photocurrent peak recorded with 2L(3+1.7 Pa) to 

the fast photopromoted electron transfer at the n–n heterojunction 

consequent to the shift towards higher energy of the CB of the outer layer 
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(Figure 9.19). Conversely, the holes are not as much promptly transferred 

as the electrons because the VB of the two layers lies at the same level.  

 

Figure 9.20 Photocurrent density response under full lamp irradiation (9.6 cm2 

irradiated area), at 1.0 V vs. SCE of used photoanodes in (a) 0.5 M Na2SO4 and 

(b) 0.5 M Na2SO4 + 1.2 M CH3OH. *Inverted heterojunction. 

Thus, the faster electron transfer at the beginning of irradiation 

leads to an increase of VB hole density, also due to a not equally fast hole 



Chapter 9: RF-DS-made bilayer WO3 films 

230 

 

re-filling by the reaction with the electron donor species. This causes, on 

one hand, a reduced Rct (i.e. a higher faradaic efficiency), and, on the other 

hand, a slight depletion of VB holes that cannot sustain the initial high 

photocurrent, and an increased probability of charge carrier 

recombination. Both phenomena are responsible for the subsequent 

photocurrent drop. After the initial photocurrent spike, water oxidation at 

the photoanode surface is the rate-determining step of the whole process. 

The absence of the sharp peak over both the monolayer and the inverted 

heterojunction samples further corroborates this interpretation. 

In order to further explore this phenomenon, an additional 

experiment was performed with all photoanodes upon addition of 1.2 M 

CH3OH to the Na2SO4 aqueous solution (Figure 9.14d–f and 9.20b). In 

fact, methanol is a more efficient hole scavenger than water. As a result, 

Figure 9.20b shows that no photocurrent peak appears at the beginning of 

irradiation, and stable and considerably higher photocurrent density 

values are attained with all photoelectrodes. According to previous 

studies on WO3 photoelectrodes (Table 9.6), a ca. 2-fold increase of 

photocurrent density is usually attained in the presence of methanol. 

Besides the better ability of methanol to fill VB holes, this photocurrent 

density enhancement is notoriously due to the so-called current doubling 

effect. It is interesting to note that our reference 1L_calc sample also 

exhibits a 2.4-fold increase of photocurrent density upon methanol 

addition. In contrast, 1L(3 Pa), 1L(1.7 Pa), and 2L(1.7+3 Pa) produce a 

similar photocurrent density around 3.9 mA‧cm−2, i.e. a 3.5 times 

improvement in the presence of methanol. The most performing 2L(3+1.7 

Pa) achieves a photocurrent density of 6.3 mA‧cm−2, which is ca. 4-fold 

the value attained in the absence of methanol.  
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Table 9.5 Effect of methanol addition on the photocurrent density in linear 

voltammetry at 1.0 V vs. SCE of the investigated samples in comparison to 

literature data. 

Sampleref Electrolyte 

Photocurrent density 

(mA‧cm-2) Photocurrent 

ratio Without 

methanol 

With 

methanol 

1L_calc 
0.5 M 

Na2SO4 
1.0 2.4 2.4 

1L(3Pa) 
0.5 M 

Na2SO4 
1.2 3.9 3.3 

1L(3+1.7 Pa) 
0.5 M 

Na2SO4 
1.6 6.3 3.9 

WO3/W 

anodization60 
1 M H2SO4 2.9 7.5 2.6 

WO3/FTO sol-

gel61 
1 M HClO4 2.4 4.6 1.9 

WO3/FTO 

colloidal62 

0.1 M 

H2SO4 
1.3 3.1 2.4 

WO3/FTO 

colloidal62 

0.1 M 

TBAHSO4 
2.2 3.0 1.4 

WO3/FTO 

sputtering63 

0.33 M 

H2SO4 
2.0 3.5 1.8 

WO3/FTOW 

hydrothermal64 

0.1 M 

H2SO4 
3.1 6.5 2.1 

This unprecedented photocurrent increase proves that, in the case 

of this WO3 n–n heterojunction-containing electrode, methanol not only 

has an efficient hole scavenging effect, but also boosts the effective 

charge carrier separation in the presence of current doubling. Moreover, 

the inverted heterojunction 2L(1.7+3 Pa) sample shows a deactivation 

along the irradiation time likely due to the lower stability of the coating, 

in line with our original multilayer deposition strategy, with a less dense 
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layer underneath a denser one, to relieve the stress and increase the 

coating adhesion. 

9.4. Conclusions 

This work demonstrates that the total pressure during WO3 

deposition by RF diode sputtering affects the position of the CB energy 

very likely due to the different extent of crystal structure distortion 

induced by oxygen vacancies. Lowering the pressure increases the 

oxygen vacancies and produces a shift of the CB towards higher energy. 

Thus, a WO3/W bilayer photoanode possessing an equivalent n–n 

heterojunction has been successfully prepared by growing the two WO3 

layers at two different pressures, followed by calcination at 600 °C. The 

built-in electric field generated at the interface between the two WO3 

layers implies an improved photopromoted electron transfer along a 

downhill pathway in the CB level from the outer toward the inner layer. 

This leads to a decreased surface charge transfer resistance, to a stable 

photocurrent up to 12 hours and a 30% improvement of the PEC 

performance with respect to the corresponding single layer photoanodes. 

Because water oxidation at the photoanode surface is the rate determining 

step, the effect of the enhanced electron transfer at the heterojunction can 

be fully exploited only in the presence of methanol, due to both more 

efficient hole scavenging and photocurrent doubling, up to an 

unprecedented stable 4-fold photocurrent increase. The bilayer formation 

strategy presented in this work might be extended to produce 

photoelectrodes based on any other semiconductor material with tuneable 

band gap energy, opening the way to a novel effective approach towards 

more efficient photoelectrochemical cells. 
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10. Chapter 10:    

 OPERATIONAL PARAMETERS FOR 

WO3 DEPOSITION BY MAGNETRON 

SPUTTERING 

10.1. Introduction 

Tungsten trioxide is considered an interesting material, not only as 

a suitable photocatalyst alternative to titanium dioxide, as discussed in 

Chapter 7, but also for its intriguing opto-electrical properties. Indeed, its 

electrochromic, photochromic, gas sensing and photocatalytic properties 

can be easily exploited when WO3 is present in thin film form.1–3 

Electrochromic devices find their application in smart windows and 

displays.4,5 They are usually applied to increase the energetic efficiency 

of the buildings where they are installed, since they provide curtailing 

effects (limiting the air conditioning usage). Being reversible, they can be 

easily controlled by varying the potential applied to the device.1  

The other main application of these films is gas sensing.6–8 This is 

a critical process in all human activities, from health monitoring to 

industrial processes and environmental protection. In this context, WO3 

already proved to be highly sensitive to pollutants such as NOx,6,8,9 H2S,10 

NH3
11 or O3.12 Crystallinity, high surface area and porosity are the main 

requirements in these field.1,13 Additionally, having a high-potential 

valence band, it has already demonstrated to be a good photocatalyst for 

oxidation reactions, stable under a wide range of pH and potentials. This 
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latter characteristic allows also to exploit WO3 for hydrogen production 

reactions.14 

Pulsed Direct Current Magnetron Sputtering (pDC-MS) is a well-

established technique for the deposition of thin films and coatings over a 

wide range of substrates, either flat regular surfaces or complex 

objects.15,16 This technique proved to be a suitable alternative to Radio 

Frequency Magnetron Sputtering (RF-MS) for the deposition of 

semiconductor oxides17–21 and also polymers.22–26 The optimisation of a 

magnetron sputtering deposition process requires the investigation of a 

long series of parameters, starting from the target nature through the gas 

pressure and composition to the sputtering power. The process control 

becomes even more challenging when dealing with dielectrics sputtering 

or reactive plasmas.26–31 Nevertheless, thanks to the typical voltage 

polarity reversal, pDC-MS became a standard in the deposition of uniform 

coatings under a reactive environment. Indeed, as already mentioned in 

Chapter 8, this operational characteristic prevents the formation of stable 

insulating layers over the sputtered target under reactive conditions. This 

avoids the generation of arching phenomena, caused by insulating layer 

breakings, resulting in more homogeneous films. 

Whereas for other materials, such as TiO2
26,31,32 or TiN16, several 

reports are present in the literature about the effect of those parameters 

over the physico-chemical properties of the sputtered films, for WO3, to 

the best of our knowledge, only few of them has been investigated in 

details so far. 

Following the research line opened with the work reported in 

Chapter 9, several tungsten trioxide thin films were sputtered on titanium 

foil in order to study the effect of the different deposition parameters over 
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the photoactivity of the material, to optimise the magnetron sputtering 

setup for future work. The effects were evaluated in terms of crystalline 

structure, band gap energy, incident photon to current efficiency and 

photocurrent generation. Among the two possible deposition sources, i.e. 

RF-MS and pDC-MS, the latter resulted to be the most promising one and 

thus the most investigated one. 

10.2. Film preparation 

10.2.1. Magnetron sputtering set-up 

The synthesis of the various films under different experimental 

conditions was performed with the newly purchased magnetron sputtering 

(MS) system at the SmartMatLab Centre of the Department of Chemistry, 

Università degli Studi di Milano. The MS machine adopts a bottom-up 

configuration; thus, the sample holder is placed above the two targets, 

fixed to the bottom of the main chamber on tiltable supports. The 

stainless-steel chamber (30 cm diameter, 60 cm height) is connected to a 

vacuum system composed of a rotary pump (or backing pump, Edwards 

RV8) and a turbomolecular pump (high-vacuum pump, Edwards 

nEXT400). The turbomolecular pump is connected through a gate valve, 

that can be regulated to adjust the pressure within the chamber by opening 

or closing the valve. The pressure is monitored by two different sensors: 

a Pirani gauge for pressure from 1 mbar (100 Pa) down to 10-4 mbar (0.01 

Pa) and a Penning gauge for ultra-high vacuum (10-7 mbar).  The sample 

holder is fixed to the lid of the chamber. Being connected to a rotor, it is 

able to rotate and it is equipped with a ceramic heater and a thermocouple 

to perform depositions at high temperature (up to 500 °C on the sample 

holder). The distance of the sample holder from the sources was adjusted 
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to 12 cm and the two cathodes were tilted to face the substrate. The 

cathodes hold a 2-inch target, that can be covered by a shutter to 

temporarily stop the deposition process, but by keeping the plasma 

ignited. The two cathodes can be switched on at the same time, but with 

two different discharge systems: Direct Current (DC, TRUMPF, 

TruPlasma DC 4001) or Radio Frequency (RF, bdiscom BDS HF300 

AFP). However, the type of system can be switched from a cathode to the 

other. Up to three gases can be flown within the chamber through three 

flowmeters (Bronkhorst EL-FLOW). A microbalance (Front Load Single 

Sensor, controlled by an INFICON SQC-310) was added to the system to 

monitor the deposition rate and, thus, to monitor in real-time the thickness 

over the sample, after proper calibration. The sensor holds a quartz 

monitor crystal covered by a thin gold layer. 

 

Figure 10.1 (a) Picture and (b) sketch of the employed magnetron sputtering set-

up. 1) Tiltable targets; 2) Deposition substrate; 3) Substrate holder; 4) Ceramic 

heater; 5) Microbalance; 6) Penning and Pirani gauges; 7) Source selector; 8) 

Control panel; 9) Gate valve. 
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The WO3 films were deposited over metal Ti foil (5x5 cm2) which 

were previously cleaned. Three consecutive sonication treatments, in 

acetone, water and iso-propanol, were firstly performed to remove Ti 

production leftovers; then, ozonisation was applied to remove organics, 

and finally sonication was carried out with a pickling solution (a 

commercial HF/H2O2/surfactant in water) to remove amorphous surface 

TiOx. One or four foils can be placed at once on the sample holder. Prior 

to any deposition, the chamber is evacuated to at least 10-6 mbar (base 

pressure); if the deposition is planned to occur on a heated substrate, the 

heater is switched on during this gas-evacuation step. To ensure 

uniformity of the deposited film, the sample holder is set to rotate at 5 

rpm. Once the high vacuum condition is reached, the gate is partially 

closed (87%) and the gases (Ar first, then O2, in an 80/20 ratio) are flown 

in the chamber. Next to the substrate, a small piece of Si foil (ca. 1 cm2) 

was placed during every deposition to measure the thickness of the 

sputtered film over a completely flat substrate. 

For the deposition of WO3 thin films, several experimental 

parameters were investigated one at a time, keeping the others unchanged. 

Firstly, the effect of the deposition source was investigated. Thus, two 

films were deposited either with pulsed DC or RF magnetron sputtering. 

After selecting the best deposition source, studies over the applied power, 

the total gas pressure within the chamber during the sputtering process, 

the pulse frequency, the duty time (or pulse-off time) were investigated. 

Additionally, the effects of substrate heating during deposition and of an 

annealing post-treatment of the synthesised films were explored. 
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10.2.2. Characterisation and photoelectrochemical tests 

XRD analyses of the synthesised samples were recorded by means 

of a Philips PW3020 diffractometer operating at 40 kV and 40 mA, 

employing the Cu Kα radiation (λ = 1.54056 Å). UV-Vis-NIR diffuse 

reflectance spectra were recorded with a Shimadzu UV3600 Plus 

spectrophotometer equipped with an ISR-603 Integrating Sphere in the 

220 – 2600nm range. The thickness of the samples was determined either 

from the interference fringes of the UV-Vis-NIR spectra (refraction 

index: 2.2) or from measurements over Si substrates, employing a Bruker 

DektakXT contact profilometer, in the SmartMat Lab Centre. 

Linear Sweep Voltammetry (LSV) electrochemical 

characterisation of the films was performed by using the two-

compartment three-electrode cell, described in Chapter 8, filled with a 

Na2SO4 aqueous solution (0.5 M). Samples were analysed in the 0 – 1.6 

V vs. SCE (Saturated Calomel Electrode) potential range, under dark 

conditions, under full irradiation (with and without AM1.5G solar 

simulation filter) and under chopped light conditions (the shutter was 

automatically opened and closed every 5 s). The results of LSV will be 

reported as chopped light analyses, except for the pressure investigation 

results that will be shown as continuous irradiation analyses, compared to 

a single measure performed in dark conditions.   Incident Photon to 

Current Efficiency (IPCE) analyses were measured using the set-up 

described in Chapter 8. Samples were biased at 1.0 V vs. SCE in the same 

electrolyte used for LSV measurements and measured in the 300 – 550 

nm range. 
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10.3. Results 

10.3.1. Microbalance calibration 

According to the microbalance calibration procedure, three main 

parameters, i.e. density, Z-ratio and Tooling factor, should be determined 

for accurate measurements. Z-ratio is defined as the parameter that 

corrects the frequency-change-to-thickness transfer function for the 

effects of acoustic-impedance mismatch between the crystal and the 

deposited material.33 This parameter and the density of WO3 were fixed 

at 1.0 and 7.16 g·cm-3, respectively. The tooling factor, instead, is the 

parameter used to correlate the thickness on the sensor with that on the 

sample holder, since the microbalance and the substrate are positioned 

differently within the chamber. The real tooling factor (TF) can be 

obtained from the following relationship: 

𝑇𝐹(%) = 𝑇𝐹𝑖 (
𝑇𝑚
𝑇𝑥
)                                      𝐸𝑄 10.1 

where TFi is the initial tooling factor, set at 100% at first, Tx is the 

thickness read on the microbalance and Tm is the real thickness on the 

substrate holder (measured with the profilometer). TF for single sample 

deposition resulted to be 123% and for quadruple sample holder was 99%. 

TF calibration was obtained by performing two different depositions with 

TFi = 100%; the thicknesses over the Si substrate were averaged and used 

to calculate the final tooling factor. A further deposition was subsequently 

performed to verify, and eventually correct, the so-obtained result. 

Microbalance calibration was finally confirmed by depositing a 

series of 3 samples with different total thickness. For instance, 250, 500 

and 1000 nm tungsten trioxide films were sputtered over Ti foils. 
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Deposition was interrupted by closing the shutter as soon as the sensor 

showed the desired thickness. A piece of Si wafer was placed next to the 

Ti foil to compare the results. Figure 10.2 reports the films of different 

thicknesses (b-d) compared to a pristine Ti foil (a). The layers were 

sputtered under the same conditions, i.e. pulsed DC source at 100 W, 100 

kHz, 3 µs-off time, 2 Pa total pressure (20% O2), substrate at 200 °C. 

 

Figure 10.2 Pictures of (a) the pristine Ti foil prior to deposition; (b) a 250 nm-

thick WO3 film; (c) a 500 nm-thick WO3 film and (d) a 1000 nm-thick WO3 film 

obtained by pDC reactive magnetron sputtering. Samples were sputtered using 

the quadruple sample holder. 

The different colouring is associated to the thickness of the films 

and depends on how the light is back-reflected by the material. 

Interference fringes of different amplitude can be easily observed in the 

UV-Vis-NIR spectra, reported in Figure 10.3, either in reflectance (Figure 

10.3a) or as Tauc plot of the Kubelka-Munk transform (Figure 10.3b). As 

confirmed by the thickness extrapolation from these spectra, a thinner 

film is associated to less frequent fringes in the spectra. 

 

 

a) b) c) d)
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Figure 10.3 UV-Vis-NIR spectra of three samples with different thicknesses (0.25, 

0.55 and 1 µm) reported as (a) reflectance and (b) Tauc plot of the Kubelka-Munk 

transform. 

Table 10.1 reports the thickness values obtained by extrapolation 

from the UV-Vis-NIR spectra compared to those measured with the 

profilometer. Profilometric measurements are in good agreement with the 

microbalance calibration, whereas extrapolation from UV-Vis-NIR 

spectra using a 2.2 refraction index resulted in slightly overestimated 

thickness values in the case of thinner films. 

Table 10.1 Comparison of different methods to measure the sample thickness. 

Calibration resulted to be accurate and in good agreement with profilometer 

measurements. 

Thickness (µm) 

Microbalance UV-Vis-NIR Profilometer 
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10.3.2. Influence of deposition source 

The different working principle, explained in Chapter 8, of Radio-

Frequency (RF) and pulsed Direct Current (pDC) sputtering systems 

resulted in films possessing different photoelectrochemical properties. 

The pDC- and RF-deposited samples were sputtered by applying 100 W 

to the cathode under a 20% O2/Ar plasma at 2 Pa. The substrate holder 

was heated to 200 °C. In the case of pDC deposition, a 100 kHz pulse 

frequency and 3 µs-off time were set. From the deposition profiles 

reported in Figure 10.4, one can observe that for both deposition sources, 

a stable rate is reached after ca. 20 min. 

 
Figure 10.4 (a) Deposition rate and (b) film thickness vs. the deposition time 

employing the pulsed DC (green lines) and the Radio-Frequency (orange lines) 

sources.   

The total thickness of 1 µm was reached in 92 min by pDC 

sputtering and in 108 min by the RF technique. The deposition rate 

attained with pulsed DC became closer to that of RF (ca. 1.6 Å·s-1) at the 

end of the process. Thus, both techniques appear competitive in terms of 

deposition rate. 
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The crystalline structure of both WO3 films is similar (Figure 

10.5a), compatible with a poorly crystalline W25O73 phase (COD ID: 

2106889). Thus, even under 20% O2 condition, the as-sputtered films are 

slightly oxygen deficient and deposition at 200 °C does not guarantee a 

fully crystalline film. The sharp and intense peaks in the XRD pattern at 

ca. 40° and 55° can be attributed to the Ti foil substrate. 

 

Figure 10.5 (a) XRD patterns and (b) IPCE results of the films sputtered from 

different deposition sources. For both techniques, the crystalline structure 

appears similar, but the light exploitation ability strongly differs. 

The film sputtered by pulsed DC system exhibited a ca. doubled 

IPCE value in the whole characterisation range (300 – 550 nm). Thus, the 

sample sputtered by pDC sputtering appeared to be more efficient in 

photon conversion. Both films showed the same light absorption onset at 

450 nm, corresponding to a 2.75 eV band gap. 

Interestingly, the two samples showed a completely different 

behaviour in the LSV characterisation test. Under full lamp irradiation 

(without AM1.5G solar simulation filter, Figure 10.6a) the sample 

sputtered by pulsed DC source exhibited a much higher saturation 
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photocurrent density (0.8 mA·cm-2 starting from ca. 1.0 V vs. SCE) with 

respect to the sample obtained by RF sputtering (0.25 mA·cm-2 at the 

same applied bias). Under these test conditions, both samples showed the 

same onset bias, ca. 0.4 V vs. SCE. Interestingly, under simulated solar 

light (Figure 10.6b) the activity of the pDC sputtered film decreased to 

0.3 mA·cm-2, whereas the other photoanode was not importantly affected 

by the lamp spectral change (0.2 mA·cm-2). 

 

Figure 10.6 LSV analyses on the two thin films (a) under full lamp and (b) under 

simulated solar light irradiation. 

The almost identical saturation photocurrents recorded with the 

RF-sputtered photoactive film could be attributed to poor charge transport 

properties and high electron-hole recombination rates. Indeed, the sample 

seems to be unable to effectively exploit a more energetic radiation. On 

the contrary, the pDC sample was not affected by the same problems, as 

the photocurrent density under full lamp irradiation was much larger than 

that observed under solar-simulated light. 

These results induced us to perform a deeper investigation of pDC 

sputtered photoanodes in order to avoid the above-observed limitations. 
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10.3.3. Influence of the source power 

Following the results described in paragraph 10.3.2, three different 

samples were sputtered by pulsed DC system by applying different power 

to the cathode, i.e. 100, 150 and 200 W. The other deposition conditions 

were the same for the three samples, i.e. 100 kHz pulse frequency, 70% 

duty time (3 µs-off time), 2 Pa total pressure, 20% O2/Ar plasma, substrate 

heated at 200 °C, total thickness of 1 µm. As expected, the deposition rate 

increased with the applied power. Indeed, 1.6 Å·s-1 was the deposition 

rate with 100 W power after the first 15-20 min stabilisation, 4.5 Å·s-1 

with 150 W power and 9.3 Å·s-1 with 200 W power.  

 

Figure 10.7 (a) Deposition rate and (b) film thickness vs. deposition time with a 

100 W (green lines), 150 W (red lines) and 200 W (blue lines) power. 

At 100 W the desired thickness was reached after 92 min, after 34 

min at 150 W and after 18 min only at 200 W. Thus, the deposition rate 

appears to be not linearly dependent on the applied power, but a more 

precise study is necessary in order to discern possible variations due to 

the initial deposition instability. 
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As already observed with the samples reported in the previous 

section, the XRD patterns of these samples showed broad bad-defined 

peaks, attributable to the same W25O73 sub-stoichiometric phase of 

tungsten trioxide. In Figure 10.8a the XRD patterns of the two samples 

sputtered at 100 W and 200 W are reported. 

 

Figure 10.8 (a) XRD patterns and (b) IPCE results of the films sputtered at 100 

W (green lines), 150 W (red line) and 200 W (blue lines). Power does not affect 

the crystalline structure, but strongly influences the IPCE. 

The power applied to the cathode strongly influences the Incident 

Photon to Current Efficiency (IPCE). As the power increases, the IPCE 

value decreases, from ca. 30% for the film sputtered at 100 W to 3% for 

that obtained at 200 W. Additionally, the two samples sputtered at lower 

power exhibited a slightly red-shifted absorption edge, i.e. 450 nm 

corresponding to an energy gap of 2.75 eV, whereas the film sputtered at 

200 W showed an absorption onset at 420 nm, equivalent to EBG = 2.95 

eV. 

Together with the already highlighted poor properties, the 

photoanode obtained by pDC sputtering at 200 W showed no saturation 
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photocurrent, with an increasing photocurrent density over the whole 

LSV range. This behaviour, as shown in Figure 10.9, is present both under 

full lamp and solar light irradiation conditions and it is typical of non-

porous materials. 

 

Figure 10.9 Linear voltammetry analyses, under both (a) full lamp and (b) 

simulated solar light conditions, of the three samples sputtered at different 

powers. 

Despite the much different IPCE values, the two samples sputtered 

at 100 W and 150 W exhibit similar photoactivity under both type of 

irradiations. The photoanode obtained at 150 W showed a slightly larger 

saturation photocurrent density with respect to that sputtered at 100 W. 

However, the latter had a better photoactivity at lower potentials. For this 

reason, as well as for the larger IPCE, 100 W applied power was chosen 

as the best sputtering power among those investigated in the present work. 

10.3.4. Influence of the total pressure 

In the case of reactive sputtering, pressure assumes an even more 
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0.0 0.4 0.8 1.2
0.0

0.2

0.4

0.6

0.8

1.0

C
u

rr
e

n
t 

d
e

n
s

it
y

 (
m

A
c

m
-2

)

Applied Bias (V vs. SCE)

0.0 0.4 0.8 1.2 1.6
0.0

0.2

0.4

0.6

0.8

1.0

 C
u

rr
e

n
t 

d
e

n
s

it
y

 (
m

A
c

m
-2

)

 100 W

 150 W

 200 W

 

With AM1.5G filterWithout AM1.5G filter

a) b)



Chapter 10: MS Parameter Effects on WO3 Films 

252 

 

the O2 partial pressure increases with the total pressure, the formation of 

an insulating layer over the target is favoured, leading to larger number of 

arching phenomena, especially in the case of non-pulsed DC sputtering, 

or to a decreased deposition rate. Thus, the study on the effect of total 

pressure was coupled with the investigation of the variation in the 

deposition rate as a function of pressure. Indeed, all deposition lasted 1 h 

and were performed in the 0.5 – 5 Pa range. Sputtering power was fixed 

at 100 W with 100 kHz frequency and 3 µs-off time. The O2 content in 

the gas was 20% for all depositions and the substrate holder was always 

set at 200 °C. 

The data reported in Table 10.2 show that that as the pressure 

inside the chamber increases, the total thickness of the deposited film 

decreases and so does the deposition rate. 

Table 10.2 Comparison between the film thickness, measured with profilometer, 

and the average deposition rate for the five samples sputtered at different 

pressures. 

Total pressure 

(Pa) 

Film thickness 

(µm) 
Deposition rate (Å·s-1) 

0.5 0.75 2.08 

1 0.60 1.67 

2 0.40 1.11 

3 0.25 0.70 

5 0.15 0.42 
 

Thus, larger oxygen amounts within the chamber are detrimental 

for the deposition rate, leading to thinner films. As expected from these 

results, the thicker films exhibited more intense peaks in the XRD 

patterns. Indeed, the sample sputtered at 0.5 Pa shows a more intense main 

broad peak around 25°, typical of the W25O73 phase, whereas in the case 
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of the sample sputtered at 5 Pa that peak is barely visible (Figure 10.10a). 

Even in the presence of a larger oxygen amount during the deposition 

process, a WO3 crystalline phase could not be reached. 

Looking at the IPCE results, reported in Figure 10.10b, a bell-

shaped trend of the maximum value vs. total pressure clearly appears. 

Indeed, the most efficient sample was that sputtered at 2 Pa. The film 

obtained at 0.5 Pa showed a very low efficiency (3% maximum at 300 

nm) together with a blue shifted onset (ca. 375 nm). Probably, this sample 

was very defective and this can explain such a large band gap. 

 

Figure 10.10 (a) XRD patterns and (b) IPCE results of the films sputtered at 

different chamber pressure (0.5 – 5 Pa range). The optimal sputtering pressure, 

in terms of IPCE value, is 2 Pa (almost 40% IPCE). 

The sample sputtered at 5 Pa also showed a slightly blue shifted 

absorption edge (425 nm) with respect to the other 3 samples (450 nm). 

The larger efficiency reflects also on the saturation photocurrent density 

(j). The sample sputtered at 2 Pa, as shown in Figure 10.11, exhibited the 

highest j at 1.0 V vs. SCE, both with and without the solar simulation filter 
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(0.2 and 0.75 mA·cm-2, respectively). The samples sputtered at 3 and 5 

Pa behaved similarly to that obtained at 2 Pa, but with lower photocurrent 

values. Conversely, the photoanode deposited at 1.0 Pa reached higher j 

values at bias greater than 1.2 V vs. SCE but no photocurrent saturation 

was obtained, probably due to poor film porosity. As expected, the sample 

sputtered at 0.5 Pa exhibited a poor photocurrent density over the whole 

bias range, with almost no activity under simulated solar light, which is 

compatible with the large bang gap highlighted by IPCE measurements. 

 

Figure 10.11 LSV analyses of the five thin films sputtered at different total 

pressures, (a) under full lamp and (b) under simulated solar light irradiation. 

10.3.5. Influence of the pulse frequency 

When dealing with pulsed DC magnetron sputtering, the pulse 

frequency, i.e. the frequency of the cathode polarity reversal, becomes 

one of the important parameters to optimise. In the case of reactive 

sputtering, the faster is the polarity switch and the lower is the probability 

of arching phenomena, since the reverse polarity breaks any insulating 

layer formed on the target. Two frequency were studied, i.e. 50 and 100 
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kHz. Thus, the pulse period is 20 µs in the former case and 10 µs in the 

latter. To be sure that in both scenarios no arching phenomena can occur, 

the off time was set to the maximum value allowed by the power supply 

at this frequency, i.e. at 5 µs and 3 µs, respectively. This means that the 

duty time, i.e. the effective sputtering time during the pulse period, is 15 

µs at 50 kHz (75%) and 7 µs at 100 kHz (70%). A general scheme of the 

two pulse conditions is reported in Figure 10.12, describing a 40 µs 

deposition. 

 

Figure 10.12 Scheme of the two different frequencies used over 40 µs. The 

continuous blue line corresponds to the 50 kHz frequency, with 15 µs duty time at 

Uset (the applied voltage) and 5 µs-off time at Urev (the reverse voltage typical of 

pDC technique). The dashed red line corresponds to the 100 kHz frequency (7+3 

µs of duty and-off time, respectively). 

The blue continuous line corresponds to the 50 kHz pulse and the 

red dashed line to the 100 kHz pulse. Both depositions were performed at 

the same applied power (100 W) and, thus, the voltage automatically set 
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by the power supply (Uset) was similar, around 600 V. Urev is the potential 

with reversed polarity applied during the pulse-off period; thus, Urev is 

positive and corresponds to the 15% of Uset (ca. 90 V). 

The samples were sputtered under 2 Pa total pressure (20% O2), at 

200 °C and by fixing the deposition time to 1 h, in order to observe 

differences in the sputtering rate as a consequence of frequency changes. 

The slightly larger duty time at 50 kHz led to a much thicker sample, i.e. 

0.9 vs. 0.4 µm for 50 and 100 kHz respectively. This effect was already 

observed by Kelly et al. and explained as due to the increased importance 

of the “dead time”, i.e. the time at the beginning of each pulse on cycle 

when there is a negligible sputtering of the target and, thus, negligible net 

deposition rate. The higher the frequency, the more important this “dead 

time” becomes with respect to the duty time.26 

Figure 10.13 (a) XRD patterns and (b) IPCE results of the films sputtered at 

different pulse frequencies (50 kHz, in blue, and 100 kHz, in red). 

The more intense peaks observed in the XRD patterns confirm the 

presence of a larger amount of tungsten oxide on the surface of the Ti foil 

in the case of the sample sputtered at lower frequency. In both cases, 
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peaks are broad, meaning poor crystallinity of the material, and probably 

corresponding to the sub-stoichiometric WO3 phase. Additionally, the 

film deposited at 50 kHz exhibited a better IPCE value over the 350 – 450 

nm range with respect to that obtained at higher sputtering frequency. The 

absorption onset of the two films is at ca. 450 nm (EG = 2.75 eV). 

The linear voltammetry analyses (Figure 10.14) revealed that the 

photoanode sputtered at lower frequency is probably more compact than 

the other one, since it did not show any saturation photocurrent over the 

analysis range. On the contrary, the sample obtained at 100 kHz exhibited 

a stable photocurrent density, under both full lamp and simulated solar 

light irradiation conditions, from 0.9 V vs. SCE, i.e. 0.65 mA·cm-2 and 

0.18 mA·cm-2, respectively. 

 

Figure 10.14 Linear voltammetry analyses of the photoanodes sputtered at 

different frequencies (50 kHz in blue and 100 kHz in red), (a) under full lamp and 

(b) under simulated solar light irradiation. 

Thus, as in the case of applied target power, high deposition rates 

seem to induce the formation of poorly porous films, which are less 

suitable for our purposes. 
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10.3.6. Influence of pulse-off time 

The other parameter connected to the pulse frequency is the pulse-

off time, i.e. the period when the target potential is positive (Urev). As 

already explained in the previous section, the sum of pulse-off time and 

duty time (the effective deposition time) gives the pulse period, the 

reciprocal of frequency. By keeping the pulse frequency fixed at 100 kHz, 

two pulse-off times were compared, i.e. 1 and 3 µs, corresponding to 90 

and 70% duty time, respectively.  

 

Figure 10.15 Scheme of the two pulse-off time used over 20 µs with a 100 kHz 

pulse frequency. The continuous green line corresponds to the 90% duty setting 

(1 µs-off time), the dashed red line corresponds to the 70% duty setting (3 µs-off 

time). 

Figure 10.15 describes the two different settings. The dashed red 

lines represent the 100 kHz frequency with 70% duty time (3 µs-off time), 

whereas the green line shows the same frequency but with 1 µs-off time 
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(90% duty) over a 20 µs period. As for the previous samples, these 

photoanodes were sputtered at nominal 100 W, 20% O2/Ar plasma at 2 Pa 

total pressure for 1 hour. As already reported26 and expected from the 

longer duty time, the sample sputtered with 1 µs-off time was thicker than 

that sputtered with 3 µs. The two thicknesses values were 0.6 and 0.4 µm, 

respectively. Both XRD patterns and IPCE results (reported in Figure 

10.16) did not evidence particular differences between the two samples, 

possessing similar poorly crystalline structure (W25O73) and analogous 

adsorption edges at 450 nm, corresponding to a band gap of 2.75 eV.  

 

Figure 10.16 (a) XRD patterns and (b) IPCE results of the films sputtered at 

different pulse-off times, 1 µs (green lines) and 3 µs (red lines), by keeping fixed 

the pulse frequency (100 kHz). 

Incident photon to current efficiency profiles are very similar, 

proving that different duty times do not affect significantly the light 

absorption capabilities of the sputtered materials. More important 

differences are instead visible looking at the LSV results reported in 

Figure 10.17. The sample sputtered with a longer duty time exhibited a 
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larger photocurrent with respect to that sputtered with 3 µs as off time, 

both with and without the AM1.5G solar simulation filter. However, the 

former photoanode did not show any saturation photocurrent in the 

analysis range, as the photocurrent density continuously increased 

without reaching a plateau. On the contrary, the film obtained by 

sputtering with a 70% duty time (3 µs-off time) reached a desired stable 

photocurrent density from 0.9 V vs. SCE and above under full irradiation 

and 0.2 V vs. SCE under simulated solar light. 

 

Figure 10.17 Linear voltammetry results, under (a) both full lamp and (b) 

simulated solar light conditions of the samples sputtered with 90% and 70% duty 

time (off time 1 and 3 µs, respectively). 

10.3.7. Temperature effects 

Up to this point, all depositions were performed by heating the 

substrate at 200 °C. The following step was aimed at verifying if active 

photoanodes can be obtained without heating the deposition substrate, 

which would allow to save energy. Coatings deposited by magnetron 

sputtering techniques usually possess an amorphous microstructure and 
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thus poor photocatalytic activity.32 Many examples of TiO2 coatings 

requiring heated substrate or annealing post-treatments are reported in 

literature.34–37 Crystalline titanium dioxide can be obtained without any 

thermal treatments by High Power Impulse Magnetron Sputtering 

(HiPIMS) thanks to the much higher energy involved in the process.26,34,38  

During the deposition process with the heater switched-off, a 

limited substrate heating occurred due to sputtering phenomena, raising 

the Ti foil temperature up to 50 – 60 °C. Except for substrate heating, the 

two samples were sputtered with the same settings, i.e. pulsed DC, 100 

W, 100 kHz (70% duty time), 2 Pa (20% O2). 

 

Figure 10.18 (a) XRD patterns and (b) IPCE results obtained with the films 

sputtered without (blue, RT) and with (red, 200 °C) substrate heating. The former 

sample is not crystalline and photocatalytically active. 

The XRD patters, reported in Figure 10.18a clearly shows that 

heating is absolutely necessary, as in the case of TiO2 deposition, to obtain 

at least partially crystallised WO3. Indeed, the blue pattern does not show 

any peak except for a very broad band around 2θ = 25°.  
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 The lack of crystal structure reflects over the IPCE values, which 

is close to zero over the 300 – 550 nm range for the sample sputtered at 

room temperature (RT), whereas the film deposited at 200 °C exhibited 

an IPCE value up to 30% in the UV range, together with a band gap of 

2.75 eV (onset at 450 nm). Consequently, also the photocurrent density, 

reported in Figure 10.19, shows no activity at all over the whole potential 

range under both full lamp irradiation and solar light conditions. On the 

contrary, the other photoanode reported a j up to 0.9 from 0.9 V vs. SCE 

without AM1.5G filter and 0.3 mA·cm-2 with the solar simulation filter. 

 

Figure 10.19 LSV analyses of the thin films sputtered with (red) and without 

(blue) substrate heating, under (a) full lamp and (b) simulated solar light 

irradiation. 

10.3.8. Post-synthesis annealing treatment 

To increase the crystallinity of the sputtered films, samples 

deposited at 200 °C underwent a calcination post-treatment. Two 

temperatures were selected: 450 °C and 600 °C. In both cases, the 
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ramp of 10 °C·min-1 and then kept at that value for 2 hours before starting 

a natural cooldown. 

The as-synthesised film shows the usual poorly crystalline sub-

stoichiometric W25O73 structure, with a broad peak centred over 2θ = 22°. 

Upon annealing at 450 °C in air, better defined peaks appeared around 22 

– 23°, which are easily attributable to the (002), (020) and (200) 

reflections of the WO3 orthorhombic phase. As already discussed in 

Chapter 9, these peaks can be attributed either to the monoclinic or to the 

orthorhombic phases; considering the annealing temperature, the latter is 

the expected phase. The three peaks are even better defined when the film 

was annealed at 600 °C. 

 
Figure 10.20 (a) XRD patterns and (b) IPCE results of the photoanodes as-

synthesised (AS, blue), after being annealed at 450 °C (red) and after calcination 

at 600 °C (green). The thermal treatment induces crystallisation of the oxide, 

leading to better IPCE values. 

As occurred with the samples reported in Chapter 9, the XRD 

pattern of the calcined photoanodes exhibited a preferential orientation of 

the crystal planes. With respect to the samples sputtered on W foils,14 

these films showed a preferred orientation along the [100] and [001] 
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directions rather than on the [010] direction.39 Thus, metal W and Ti foils 

induce different preferential orientation of the WO3 grown films. 

Panel b of Figure 10.20 highlights the beneficial effect of a more 

crystalline structure over the efficiency of a semiconductor. Indeed, after 

being annealed, the photoanodes exhibit ca. doubled IPCE values in the 

whole analysis range. The onset wavelength is, for both samples, at 460 

nm, corresponding to a band gap of 2.7 eV. 

 

Figure 10.21 Linear voltammetry analyses, under (a) full lamp and (b) simulated 

solar light conditions, of the as-synthesised (blue) and annealed (red, 450 °C; 

green, 600 °C) samples. 

The annealing treatment also strongly influences the 

photocatalytic behaviour of the material. The as-synthesised photoanode 

showed the typical saturation photocurrent density from 0.9 V vs. SCE 

under both types of irradiation.  

The film annealed at 450 °C exhibited an increase of j over the 

range of explored potentials, doubling the photocurrent at 1.6 V vs. SCE 

(under full lamp irradiation conditions), without reaching a stable value. 

Thus, the thermal treatment, even at lower temperature, caused a loss of 
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film porosity. The same effect was observed also with the sample 

annealed at 600 °C, but to a lower extent. Indeed, the sample was less 

active than that calcined at 450 °C and exhibited a behaviour comparable 

to that of the as-synthesised sample. This effect could be caused by the 

formation of a thin layer of TiO2 between the Ti substrate and the WO3 

sputtered films, analogous to the columnar basement grown between the 

W foil and the deposited WO3 films described in the previous chapter. 

This hypothesis could explain the lower photoactivity of the sample 

annealed at 600 °C since the wrong conduction band alignment between 

WO3 (outer side) and TiO2 (inner side) can hamper the electron transfer 

from tungsten oxide to the counter electrode. 

10.4. Conclusions 

Several magnetron sputtering experimental parameters were 

investigated individually to understand their effect over the crystalline 

structure, the IPCE and the photoactivity behaviour of WO3 

photoelectrodes obtained by magnetron sputtering deposition. Pulsed 

Direct current magnetron sputtering at 100 W, 100 kHz with 70% duty 

time (3 µs-off time) was found to be the most suitable for our purposes. 

Indeed, the deposition performed at 2 Pa with 20% of O2 and by heating 

the substrate at 200 °C led to stable photocurrent density up to 0.9 mA·cm-

2 from 0.9 V vs. SCE under full lamp irradiation and IPCE values greater 

than 30% in the UV range. In general, it was observed that the deposition 

settings that make the sputtered atoms more energetic, i.e. high cathode 

power, lower pressure or frequency, induce the formation of less porous 

films, with an analogous effect obtained by post-annealing treatments. 

Further optimisation of the deposition parameters can still be performed 
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by investigating the effect of lower powers, different O2/Ar gas mixtures, 

different deposition temperatures or different substrates, such as a W foil 

or a conductive glass. Furthermore, additional analyses, such as SEM, 

XPS, EIS analyses, are required on some selected samples in order to 

better understand the properties of the sputtered films. The here reported 

results aimed at finding a good balance between good photoresponse and 

photostability over a wide bias range, together with a good efficiency. 

Thus, hey could be, thus, exploited as starting point for the synthesis and 

development of more complex photoanodes, i.e. heterojunctions with 

other oxides, or gas sensors.  
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Final Remarks 

Regarding titanium dioxide-based materials (Chapters 3-6), this 

PhD project demonstrates that: i) it is possible to easily obtain highly 

active Cu and/or Pt modified TiO2 photocatalysts by employing 

industrially-available techniques such as flame pyrolysis and magnetron 

sputtering; ii) copper and platinum NP co-catalysts exhibit the same redox 

behaviour under analogous reaction conditions, i.e. in an anaerobic and in 

an aerobic environment; iii) heat has an important influence over the 

photocatalytic activity. 

Results reported in Chapter 3 show that Flame Spray Pyrolysis 

(FSP) is an efficient synthesis technique to obtain highly active single-

metal modified photocatalytic materials, better than their corresponding 

prepared by the more traditional wet techniques. Despite being present in 

an oxidised state, as proved in Chapter 5, the better and more 

homogeneous dispersion of metal nanoparticles (NPs) over the TiO2 

substrate leads to higher hydrogen production rates from the methanol 

photo-steam reforming reaction. Indeed, smaller nanoparticles, like those 

obtained by the FSP technique, lead to a larger number of active reduction 

sites, since NPs act as photopromoted electrons sinkholes. The Pt and Cu 

co-modified materials, instead, showed a lower photoactivity with respect 

to their analogous obtained by wet-techniques. Nevertheless, the TiO2-

based sample modified with 0.5 wt.% of Pt and 0.05 wt.% of Cu exhibited 

a good hydrogen production rate, almost comparable with that of 

photocatalysts synthesised by Cu-grafting and Pt NPs deposition, together 

with a low selectivity to the undesired carbon monoxide side-product. 
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As demonstrated in Chapter 4, pulsed-DC magnetron sputtering 

(pDC-MS) can be an additional alternative to the more typical 

modification techniques for pre-synthesised powders. pDC-MS is widely 

employed for industrial films and coatings deposition. Here we proved 

that it can potentially be applied for the modification of large amounts of 

powders with very small NPs or even sub-nanometric clusters without 

affecting at all the crystalline microstructure of the original photocatalyst. 

Despite the photocatalytic results obtained with the so-prepared 

photocatalytic materials are not as good as those obtained with FSP-made 

samples, an important improvement could be obtained after the 

optimisation of the pDC-MS deposition conditions. 

Chapter 5 reports on how Pt and Cu nanoparticles on TiO2 behave 

under in-situ reaction conditions. MEXAS analysis based on 

measurements at the Synchrotron Radiation Facility in Grenoble proved 

that the two metals are partially reduced under anaerobic methanol 

oxidation conditions, whereas they are both continuously oxidised and 

reduced, by oxygen and methanol respectively, under aerobic conditions. 

Such different behaviour can be explained only with a different 

interaction of the metal NPs with the oxidising agents, i.e. water and 

oxygen. Indeed, the oxidants are activated by different mechanisms. 

Water is partially oxidised to ·OH radicals by interaction with VB 

photogenerated holes, while O2 is activated after accepting 

photopromoted electrons from Cu or Pt nanoparticles. Thus, in the former 

case no interaction between metal NPs and water occurs, resulting in their 

reduction as a consequence of proton reduction to H2, whereas in the latter 

case O2 strongly interacts with Cu or Pt nanoparticles, oxidising their 

surface. 
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Finally, preliminary studies on the effect of temperature over the 

photocatalytic activity revealed that when methanol photo-steam 

reforming is performed at high temperature a larger hydrogen production 

rate is attained even in the absence of metal nanoparticles. In fact, at 350 

°C, rH
2
 attained with bare TiO2 was 7 times larger than that obtained at 40 

°C, with a negligible contribution of pure thermo-catalytic processes. The 

presence of Cu nanoparticles did not affect significantly the reaction, 

whereas Pt NPs boosted H2 production, up to a 15 times increase, due to 

an important thermal catalytic contribution. Interestingly, the presence of 

Pt nanoparticles strongly influences the side-products distribution over 

the temperature range, leading to syngas production at high temperature. 

The results discussed in the first parts of the thesis highlight how 

TiO2 photocatalytic activity is still worth with being investigated, because 

it can be still improved. The here reported results can provide interesting 

starting points for the development of TiO2-based solar reactors for H2 

production employing also the IR part of the solar spectrum to improve 

the total yield by rising the operational temperature. 

Coming to the investigation of tungsten trioxide-based materials 

(Chapters 9 and 10), it was firstly demonstrated that the crystalline and 

electronic properties of this semiconductor can be tuned by modifying 

single parameters during the sputtering synthetic process. Indeed, by 

lowering the total deposition pressure in Radio Frequency diode 

sputtering an upshifted CB was attained due to the introduction of oxygen 

vacancies. This phenomenon was exploited to synthesise double-layer 

WO3 photoactive films possessing a n-n heterojunction that enhances the 

photocatalytic response in the water splitting reaction when the 
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conduction bands of the two layers are rightly aligned with a consequent 

improvement of the photo-electron transfer to the counter-electrode. 

Considering such results, in Chapter 10 a systematic study is 

reported on the effect that several magnetron sputtering deposition 

parameters have over the crystalline structure and photocatalytic response 

of WO3 thin films in terms of IPCE and photocurrent density. The 

deposition source and applied power, the total pressure, the pulse 

frequency and the duty time were investigated one at once, in order to find 

the best setting for future applications. 

The very encouraging results obtained in the second part of the 

thesis provide evidence that the properties of a semiconductor can be 

tuned and that from a standard set of characterisation analyses a thorough 

structure-photoactivity correlation can be obtained. 

This opens a highway to further studies on single materials and 

heterojunctions with tailored structure, with an extended range of 

sensitivity to light and a better separation of the photoproduced charge 

carriers, to be employed for solar energy conversion and environmental 

remediation photocatalytic processes.   
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