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Abstract (English)

The possibility of exploiting solar energy for the direct production of fuels and chemicals
(e.g. hydrogen, hydrocarbons, alcohols) represents a future challenge to move towards a new
green economy, recently defined as “solar-driven chemistry”.

In this view, this PhD thesis focuses on the development of a new approach to convert solar
energy, through the synthesis of innovative photoactive materials/electrodes for the
production of solar fuels. By assembling these photo-electrodes in a photo-electrochemical
(PEC) cell, designed on purpose to mimic what nature does with the leaves, solar energy can
be captured and used to produce hydrogen from water (by water photo-electrolysis) or to
generate value-added carbon products (by reducing atmospheric CO;) in a one-step process,
like an “artificial leaf”. Thus, the main objective of the present PhD work was to develop
photocatalytic thin films able to work as photoanodes in efficient PEC devices, especially for
the production of hydrogen.

The PhD activities were carried out at the laboratory CASPE/INSTM (Laboratory of Catalysis
for Sustainable Production and Energy) of the University of Messina. During the three years of
activity, all the aspects concerning the performances of the photocatalysts and the related
PEC electrodes and cell, have been carefully evaluated.

Initially, the research activity focused on the preparation of titania (TiO2) nanotubes
synthesized by controlled anodic oxidation technique. The peculiarity of this method is the
possibility to “tailor” the morphology and the nanostructure of the catalyst by modulating
some parameters during the synthesis (such as the electrolyte composition, the pH, the
applied voltage, the anodization time). In general, the use of titanium dioxide as a
photocatalyst, despite many advantages (low cost, non-toxicity, resistance to photo-
corrosion, high quantum vyield), has two main drawbacks: i) the low absorption of light in the
visible region, due to the high band gap (in the range of 3.0-3.2 eV) and ii) the fast charge
recombination, which usually occurs at the grain boundaries of the particles. The latter can be
mitigated by the realization of nanostructures such as nanotubes or nanorods, which may

improve the vectorial transport of electrons to the collector layer.



Different characterization techniques (SEM-EDX, TEM, XRD, UV-vis Diffuse Reflectance
Spectroscopy) were used to investigate the properties of the as-prepared TiO; nanotube
arrays, as well as to evaluate their electrochemical behaviour (Cyclic voltammetry, Chrono-
amperometry). Part of the characterization by electron microscopy was carried out in
collaboration with the Department of Chemical Sciences of the University of Padua. The main
aim was to obtain a correlation between synthesis parameters, nanostructure properties and
photo-catalytic performances.

Moreover, particular attention was given to the evaluation of the efficiency of the PEC cell.
To pursue this aim, titania nanotubes of different lengths (from 0.5 to 6 um) were synthesized
by varying the anodization time from 30 min to 5 h. A monochromator and a
spectroradiometer were used to evaluate the light irradiance at different wavelengths directly
inside the PEC device. These measurements allowed for the calculation of different kinds of
efficiencies: i) the photoconversion efficiency, also called solar-to-hydrogen efficiency (STH),
which takes into account the amount of energy supplied in terms of light and the products
obtained (i.e. hydrogen); ii) the Faradaic efficiency (n), which relates the photo-generated
current to the produced hydrogen; iii) the quantum efficiency, expressed as IPCE (incident
photon to current efficiency) and APCE (absorbed photon to current efficiency). The most
important results (reported in detail in Chapter 3) showed that, for use in a PEC cell, the 45-
min-anodized nanotube arrays (tube length of about 1 um) provided the best performance,
with a Hz production of 22.4 umol h™* cm™ and a STH efficiency as high as 2.5%. These values
are among the best ever reported insofar as undoped TiO, photoanodes are used and in
absence of external bias or sacrificial agents. The final part of Chapter 3 was dedicated to the
preparation of 3D-type meso/macro porous structured photoanodes based on Ti mesh,
working as a hierarchical structure (consisting of Ti mesh macropores and TiO, nanotube
mesopores) to improve the mass and charge transport within the PEC cell.

In order to improve the light absorption in the visible region, it is necessary to dope the
nanostructured TiO, materials with heteroatoms or decorate their surface with metal
nanoparticles. In this direction, nanoparticles of gold (Au) were deposited on the surface of
TiO2 nanotubes by optimizing three different techniques (wet impregnation, photo-reduction

and electrodeposition) and their performances were studied by using a gas photo-reactor (GP)
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and a photo-electrochemical (PEC) cell, both homemade. Furthermore, with the aim of
exploiting earth-abundant and low-cost materials, photocatalysts based on Cu-doped TiO;
nanotubes were also synthesized and successfully tested in the PEC cell for Hz production in
water-photo-electrolysis and ethanol photo-reforming. This part of the work was carried out
in collaboration with the Institute of Chemistry in Araraquara (Brazil). The CuO nanoparticles
were deposited by adopting two different techniques, dip-coating and electrodeposition. The
results (reported in detail in Chapter 4) showed that the presence of small metal (Au and Cu)
nanoparticles strongly increased H; production rate in a gas photo-reactor, with a maximum
of about 190 umol in 5 h of light irradiation obtained for Au-doped TiO, nanotubes prepared
by electrodeposition. However, in the PEC cell (with oxidation/reduction half reactions
separated in two different chambers of the cell) it was observed that the presence of metal
nanoparticles on TiO; surface at the photo-anode can create a counter-circuited current,
diminishing the H, production at the cathode side. However, this phenomenon was
successfully minimized by preparing very small CuO nanoparticles (lower than 2 nm)
decorating the internal walls of the TiO, nanotubes by controlled dip-coating technique.
Finally, nanostructured tantalum oxynitride (Ta-oxy-N) electrodes were synthesized
through controlled anodic oxidation technique, by adapting the synthesis conditions
previously optimized for TiO;. The advantages of these tantalum-based materials refer to their
lower band-gap (1.9-2.5 eV) with respect to titania (3.0-3.2 eV), thus improving light
absorption in the visible region. After the anodization, a high temperature nitridation process
(600-900 °C) was needed to replace partially oxygen with nitrogen in the Ta;0s lattice. The
results (reported in detail in Chapter 5) allowed to obtain a clear correlation between the
parameters using during the synthesis (i.e. applied voltage, anodization time) and the Ta-oxy-
N nanostructures (nanotube diameter and length, wall thickness and grade of voids). The best
photocurrent response was obtained for the Ta-oxy-N sample anodized at 40 V for 1 min and
then thermally treated with ammonia at 800°C. However, further investigation is needed to

improve the mechanical resistance of these photo-catalysts.
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Abstract (Italian)

La possibilita di sfruttare I'energia solare per la produzione diretta di combustibili e prodotti
chimici (quali idrogeno, idrocarburi ed alcoli) rappresenta la sfida del prossimo futuro per
muoversi verso una nuova economia verde, recentemente definita come "solar-driven
chemistry".

In quest’ottica, la tesi di dottorato si concentra sullo sviluppo di un nuovo approccio per
convertire I'energia solare, attraverso la sintesi di materiali ed elettrodi innovativi fotoattivi
per la produzione di combustibili solari. Assemblando questi foto-elettrodi in una cella
fotoelettrochimica (PEC), progettata apposta per imitare cio che la natura fa con le foglie,
I'energia solare puo essere catturata e utilizzata per produrre idrogeno dall'acqua (mediante
foto-elettrolisi) o per generare composti a base di carbonio ad alto valore aggiunto (attraverso
la riduzione della CO; atmosferica) in un processo a singolo stadio del tutto simile ad una
"foglia artificiale". Pertanto, |'obiettivo principale del presente lavoro di dottorato & stato
quello di sviluppare film sottili fotocatalitici in grado di funzionare come fotoanodi in
dispositivi PEC, ed in particolare per la produzione di idrogeno.

Le attivita di dottorato sono state svolte presso il laboratorio CASPE/INSTM (Laboratory of
Catalysis for Sustainable Production and Energy) dell'Universita di Messina. Durante i tre anni
di attivita, sono stati attentamente valutati tutti gli aspetti riguardanti le prestazioni dei
fotocatalizzatori, dei relativi elettrodi nonché delle celle PEC.

Inizialmente, I'attivita di ricerca si € concentrata sulla preparazione di nanotubi di titanio
(TiO2) sintetizzati mediante la tecnica dell’ossidazione anodica controllata. La particolarita di
guesto metodo risiede nella possibilita di "personalizzare" la morfologia e la nanostruttura del
catalizzatore modulando alcuni parametri durante la sintesi (come la composizione
dell'elettrolita, il pH, la tensione applicata, il tempo di anodizzazione). In generale, 'uso del
biossido di titanio come fotocatalizzatore, nonostante i suoi numerosi vantaggi (basso costo,
non tossicita, resistenza alla foto-corrosione, elevata resa quantica) presenta due principali
inconvenienti: i) il basso assorbimento di luce nella regione visibile, a causa dell’elevato band-
gap (compreso tra 3.0 e 3.2 eV) e ii) 'elevata ricombinazione di carica, che di solito si verifica

ai bordi dei grani delle particelle. Quest'ultima puo essere mitigata con la realizzazione di
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nanostrutture come nanotubi o nanorod, che possono migliorare il trasporto vettoriale degli
elettroni verso lo strato collettore di Ti.

Diverse tecniche di caratterizzazione (SEM-EDX, TEM, XRD, Spettroscopia a Riflettanza
Diffusa UV-visibile) sono state utilizzate per studiare le proprieta dei nanotubi di TiO;
sintetizzati, mentre per valutare il loro comportamento elettrochimico sono state effettuate
delle misurazioni di voltammetria ciclica e crono-amperometria. Parte della caratterizzazione
mediante microscopia elettronica e stata effettuata in collaborazione con il Dipartimento di
Scienze Chimiche dell'Universita di Padova. L'obiettivo principale e stato quello di ottenere
una correlazione tra parametri di sintesi, proprieta della nanostruttura e prestazioni
fotocatalitiche.

Inoltre, & stata prestata particolare attenzione alla valutazione dell'efficienza della cella
PEC. Per raggiungere questo scopo, sono stati sintetizzati nanotubi di titania di diverse
lunghezze (da 0,5 a 6 um) variando il tempo di anodizzazione da 30 minuti a 5 ore. Un
monocromatore e uno spettroradiometro sono stati usati per valutare l'irradianza della luce
a diverse lunghezze d'onda direttamente all'interno del dispositivo PEC. Queste misurazioni
hanno consentito il calcolo di diversi tipi di efficienza: i) I'efficienza di fotoconversione, detta
anche efficienza solare a idrogeno (STH), che tiene conto della quantita di energia fornita in
termini di luce e prodotti ottenuti (cioe idrogeno); ii) I'efficienza Faradica (n), che collega la
corrente generata direttamente all'idrogeno prodotto; iii) I'efficienza quantica, espressa come
IPCE (incident photon to current efficiency) e APCE (absorbed photon to current efficiency). |
risultati pit importanti (riportati in dettaglio nel Capitolo 3) hanno mostrato che, per I'utilizzo
in una cella PEC, i nanotubi di TiO2 preparati con un tempo di anodizzazione di 45 min
(lunghezza del tubo di circa 1 um) forniscono le migliori prestazioni, con una produzione di H;
di 22,4 umol h'* cm2 e un’efficienza STH del 2,5%. Questi valori sono tra i migliori mai riportati
per una cella PEC in cui viene utilizzato TiO2 non drogato ed in assenza di potenziale esterno
e/o agenti sacrificali. La parte finale del capitolo 3 & stata dedicata alla preparazione di
fotoanodi meso/macro strutturati (3D-type) basati su reti di Ti, che funzionano come una
struttura gerarchica (costituita dai macropori della rete di Ti e dai mesopori dei nanotubi di

TiO3) per migliorare il trasporto di massa all'interno della cella PEC.



Per migliorare I'assorbimento della luce nella regione visibile, & necessario drogare i
materiali nanostrutturati di TiO2 con eteroatomi oppure decorare la loro superficie con
nanoparticelle metalliche. Con questo intento, sulla superficie dei nanotubi di TiO; sono state
depositate nanoparticelle d'oro (Au) ottimizzando tre diverse tecniche di deposizione
(impregnazione ad umido, foto-riduzione ed elettrodeposizione) e le loro prestazioni sono
state studiate utilizzando un reattore in fase gas (GP) e una cella fotoelettrochimica (PEC).
Inoltre, allo scopo di limitare al massimo l'utilizzo di metalli nobili, sono stati realizzati dei
fotocatalizzatori basati su nanotubi di TiO, drogati con Cu, testati poi con successo nella cella
PEC per la produzione di H; nei processi di foto-elettrolisi dell’acqua e foto-reforming
dell’etanolo. Questa parte del lavoro e stata svolta in collaborazione con ['Istituto di Chimica
di Araraquara (Brasile). Le nanoparticelle di CuO sono state depositate adottando due diverse
tecniche, il dip-coating e I'elettrodeposizione. | risultati (riportati in dettaglio nel capitolo 4)
hanno dimostrato come la presenza di nanoparticelle di metallo (Au e Cu) aumenti
notevolmente la velocita di produzione di H, nel foto-reattore in fase gas, con un massimo di
circa 190 umol in 5 ore di irradiazione per i campioni di TiO, drogati con Au preparati per
elettrodeposizione. Tuttavia, nella cella PEC (in cui le semi-reazioni di ossidazione e riduzione
avvengono in due ambienti separati) e stato osservato che la presenza di nanoparticelle
metalliche sulla superficie di TiO, diminuisce la produzione di idrogeno al catodo, poiché le
particelle metalliche agiscono da centri di riduzione direttamente nel comparto anodico con
conseguente corto-circuito della corrente elettrica. Tuttavia, si & cercato di risolvere tale
problematica preparando mediante la tecnica del dip-coating delle nanoparticelle di CuO
molto piccole (inferiori a 2 nm) localizzate preferenzialmente all’interno dei nanotubi di TiO,.

Infine, sono stati sintetizzati degli elettrodi nanostrutturati a base di ossido di tantalio (Ta-
oxy-N) mediante la tecnica di ossidazione anodica controllata, adattando le condizioni di
sintesi precedentemente ottimizzate per il TiO>. | vantaggi di questi materiali a base di tantalio
sono legati al loro band-gap (1,9-2,5 eV) inferiore rispetto alla titania (3,0-3,2 eV), migliorando
cosi I'assorbimento della luce nella regione visibile. Dopo I'anodizzazione, e stato necessario
un trattamento con ammoniaca ad alta temperatura (600-900 °C) per sostituire parzialmente
I'ossigeno con I'azoto nel reticolo del TaOs. | risultati (riportati in dettaglio nel capitolo 5)

hanno permesso di ricavare una chiara correlazione tra i parametri utilizzati durante la sintesi



(cioé voltaggio applicato e tempo di anodizzazione) e le nanostruttura di Ta-oxy-N (diametro
e lunghezza dei nanotubi, spessore della parete e grado di vuoto). La risposta migliore in
termini di fotocorrente e stata ottenuta per il campione di Ta-oxy-N anodizzato a 40 V per 1
minuto e successivamente trattato termicamente con ammoniaca a 800 °C. Tuttavia, sono

necessarie ulteriori indagini per migliorare la resistenza meccanica di questi catalizzatori.
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Introduction

1 Introduction

1.1 Energy consumption overview

In the last decade, the global primary energy consumption has grown at an average rate of
1.7% per year, despite the greatest world economic crisis since World War Il. Particularly,
primary energy consumption grew strongly in 2017 (by 2.2%), up from 1.2% last year and it is
the fastest growth since 2013. All fuels, except coal and hydroelectricity, grew at above-average
rates. Natural gas accounted for the largest increment in energy consumption at 83 million
tonnes of oil equivalent (Mtoe), followed by renewable energy (69 Mtoe), which grew fast
driven by robust growth in both wind and solar power, and finally oil (65 Mtoe) [1]. Oil and coal
continues to represent the first energy source (Figure. 1.1), the largest majority of which (ca.
80%) is used to power the world transportation system, the remainder being used for heat and
electricity, petrochemicals, asphalt and lubricants, in order of decreasing importance [1-2]. The
most relevant change in the world energy landscape is the rise of renewable energies, primarily
in the electricity sector. In 2014, for the first time, global carbon emissions associated with
energy production remained stable despite continued economic growth. This can be
attributable to the increasing penetration of renewable enhanced energy efficiency,
particularly in the affluent world. The key player in this changing scenario is China, which now
produces as much electricity from water, wind, and sunlight, as all France and Germany’s power
plants combined [3]. The almost 7-fold drop of the photo-voltaic (PV) module price in the last
decade has been the consequence of the 10-fold increase of the Chinese production; this has
made PV a truly game changer in the global energy market. The number of countries where PV
electricity is competitive with conventional technologies (e.g., coal or nuclear) is constantly
increasing and its contribute of electricity production in some industrialized countries has
become remarkable. In 2014, Italy produced almost 8% of its consumption by PV, now the
largest share in the world [4]. All the renewable energy sectors continue to grow, the estimated
renewable share of final energy consumption is about 19.3%, modern technologies and
traditional biomass being at 10.2 and 9.1% respectively. By far, the most important renewable

sector is electricity production, with 22.8% of the overall world’s generation. At the end of
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2016, hydroelectric global capacity exceeded 1 TW, wind was 370 GW, and PV almost 180 GW;
they covered 19.3, 3.1 and 0.9 %, respectively, of the world electricity demand. The above
selected data suggest that the energy transition from fossil fuels to renewables is already

ongoing [5].

14000

M Coal
M Renewables

B Hydroelectricity
% Nuclear energy
W Natural gas

m Oil

92 93 94 95 96 97 98 99 00 01 02 03 04 05 06 07 08 09 10 1 12 13 14 15 16 17 0

Figure 1.1: World energy consumption overview [BP Statistical Review of World Energy 2018].

1.2 Sunlight

Energy represents the most important resource for humanity and sunlight is our primary
energy source. Sunlight is abundant (90 PW received on the earth’s surface), inexhaustible (the
sun will last for more than 4 billion years), and fairly well distributed over the planet [6]. A very
small fraction of solar energy, about 0.1% is converted and stored in terrestrial biomass by
natural photosynthesis [7].

Solar energy, is not useful unless it is converted into heat, electricity, and fuels the final
usable energy forms for mankind. Conversion of solar energy into heat is clear, but conversion
of solar energy into electricity and fuels, the noblest energy forms, poses several problems [8].

First of all, conversion of sunlight into electricity and fuels can only be done by processes

that limit the conversion efficiency. Since the solar spectrum cannot be modified, materials
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capable of exploiting sunlight and converting efficiently photons in energy should be
developed.

Taking into account the average spectral distribution of solar energy, the most favourable
threshold is about 885 nm (1.4 eV), which in principle allows 33% energy conversion efficiency
[9]. The materials suitable to be used for solar energy conversion should be: 1) cheap; 2) earth
abundant, 3) low costly 4) with low environmental impact and 5) stable under prolonged
exposure to sunlight irradiation. Solar energy unfortunately suffers by intermittency and
intensity fluctuations due the atmospheric conditions and day/night cycles. For these reasons,
the use of solar energy into electricity requires storage components to be integrated in the
entire system. It is necessary to choose the best storage option to be compatible with the
amount of energy stored [8].

Sunlight is dilute: the average solar power lighting the earth’s surface annually is about 170
W m2. Only a small part of this power can be converted into fuel or electricity. Solar renewable
energies have average annual power densities ranging between 5-20 W m (photovoltaic
panels) and <1 W m (biomass). Power densities of final energy uses in modern societies range
between 10 and 70 W m™ for houses and low-energy intensity manufacturing buildings.
Supermarkets and office buildings use 20-100 W m, energy intensive industrial activities such
as steel mills and refineries require 300-900 W/m?, whereas high-rise buildings may need up
to a few thousands W m2[10]. By considering these values, it is certainly possible to power a
house with the amount of sunlight intercepted by its roof, but this will never be possible for an

oil refinery or a skyscraper.

1.3 Energy Return of Investment (EROI)

EROI (energy return on investment) is an important parameter to quantify energy costs. This
index takes in account the quantity of gained energy divided by the energy required to get that

energy (Equation 1.1) [11].

EROI= energy gained/energy required to get that energy = Eout/Ein (1.1)
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If the EROI is equal to or less than one, the energy is dissipated and its value as a primary
energy source becomes not convenient. The calculation of EROI is extremely complex, because
it involves the aggregation of different energy investments, which so far has made it difficult to
formulate a universally accepted calculation methodology, but it is a useful parameter to
compare the same energy sources [11].

In the case of oil, the EROI can be estimated from the ratio between the number of barrels
extracted divided by the number of barrels consumed to carry out the extraction process. The
EROI declined over time, as the availability of primary energy sources decreases with the
depletion of the reservoir.

On the contrary, in the case of renewable energy the EROI increases over time due to
technological improvements. For solar energy, EROI refers to the energy produced and invested
in the conversion device (photovoltaic modules) [12]. The EROI, as defined by equation (1) is a
good parameter for estimating the "energy balance point" of a fuel, for example, if there is a
net gain or energy loss at the farm gate to produce ethanol from corn.

The energy of human labour as well as the quality of energy obtained with reference to its
specific use and the energy needed to compensate for environmental impacts should be
included for a more precise assessment of an energy source [13]. As discussed above, the
average EROI of fossil fuels is decreasing due to the depletion of the deposits. For example, the
EROI for oil in the United States declined from about 20 in 1970 to about 11 in 2013. In the
same year, the EROI of oil production from ultra-deep areas was less than 10, while the EROI
for the shale oil was estimated around 1.5 [14].

A concept related to EROI is that of “net energy”, defined as the difference between the
energy acquired from a given source (gross energy, Eout) and the energy used to obtain and
supply that energy (Ein), measured during the entire life cycle (Equation 1.2). Equation 1.1

allows us to express the net energy as a function of EROI (Equation. 1.3).

net energy = Eout — Ein (1.2)

net energy = Eout (1-1/EROI) (1.3)

From Equation (3) it can be seen that the relationship between net delivered energy and

decreasing EROI is not linear. The net delivered energy, in the other hand, decrease as EROI
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decreases. For example, 1 L of a fuel with an EROI of 100 delivers 99% of that fuel to society,
whereas 1 L of a fuel with an EROI of 2 delivers only 50% [15].

EROI should be one of the most important factors in determining the quality of life of any
government. If the EROI declines, the net energy provided to society declines and, at some
point, the amount of net energy will be insufficient to meet the existing demand. The EROI that
provides just enough net energy to support all current energy needs represents the minimum

EROI for a sustainable society, a value that is different for different societies [13].

1.4 Solar Fuels

The possibility to produce fuels or chemicals from water and CO; by using solar energy
directly (by using a PEC device) or indirectly (with the electrical energy produced from
photovoltaic) represents the challenge of the new century [16].

Production of solar fuels includes in his concept all the renewable energy sources (RE), and
thus is not limited to the direct use of solar radiation. In the last decades, most studies have
focused on the production of H; by water splitting, but a growing interest concerns the
conversion of CO,. RE suffers the problem related to fluctuations in the production and long-
range transport of electrical energy, while the production of solar fuels, allowing the storage
and distribution of RE, may be the key element to switch from a centralized energy production
model to a new energy model based on distributed energy production and storage [17].

In nature, the classic example of solar fuels production is given by chlorophyll
photosynthesis, which converts light into chemical energy that can later be released as "fuel
for life activities". The time taken by plants to produce fuel is not sufficient to satisfy the
energetic demand of human activities, so the need arises to develop artificial systems (artificial
leaves, (see paragraph 1.7) that imitate the process of photosynthesis but at the same time
satisfy the chemical industry's requirements. An artificial leaf must guarantee a continuous
production (under sunlight) and possess a solid and resistant structure. In the next paragraphs

both natural and artificial photosynthesis will be described.
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1.5 Natural Photosynthesis

The photosynthesis is the process responsible for life on earth, using sunlight to convert CO;
and H,0 into carbohydrates (sugar). The process of photosynthesis is initiated by the capture
of sunlight by a network of light-absorbing molecules (chromophores), which are also
responsible for the subsequent funnelling of the excitation energy to the reaction centres.
Through evolution, genetic drift, and speciation, photosynthetic organisms have discovered
many solutions for light harvesting. There are a large variety of different types of light-
harvesting complexes found in nature [18]. Different light-harvesting complexes have evolved
to allow efficient absorption of the wavelengths of the solar spectrum that are available to
photosynthetic species in any particular ecological sector. Higher plants, that are exposed to
the full solar spectrum available at the surface of the earth, possess chlorophyll as the main
light-harvesting pigment. The structures of the different types of light-harvesting pigment
protein complexes reflect the necessary structural requirements to collect the different types
of wavelength. These polypeptides collocate perfectly the pigments with respect to the
distances between them and the relative orientation of the transitions dipole moments of the
pigments’ excited states that are involved in the energy transfer reactions [19]. The three
stages of photosynthesis take place in the presence of light: (1) light harvesting from sunlight;
(2) use of that energy for the production of ATP and reducing power, reduced ferredoxin, and
NADPH; and (3) capture and conversion of CO; into carbohydrates and other cell constituents
[20]. During the third stage, namely, the carbon reactions, long incorrectly designated as the
“light independent reactions”, the energy-rich products of the light reactions are used to
reduce CO;. The heart of the photosynthetic process is the splitting of water by sunlight into
oxygen and hydrogen. The oxygen is released into the atmosphere where it is available for living
beings to breathe and for burning fuels. The hydrogen is combined with carbon dioxide to make
sugars and other organic molecules of various types. When fuels burn (fossil, biomass and other
biofuels) the hydrogen stored in these organic molecules combines with oxygen, completing a
cycle started millions of years ago. From the energetic point of view, the synthesis of organic
molecules represents a way of storing hydrogen and therefore storing solar energy in the form

of chemical bonds (figure. 1.2) [21].
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Figure 1.2: Simplified photosynthesis cycle reproduced with permission from ref. [21].

Figure 1.3 shows a simplified Z-scheme of the light reactions of photosynthesis [22]. For
every electron extracted from water and transferred to CO;, the energy of two photons of light
is required. One is absorbed by Photosystem Il (PSIl), which generates a strong oxidising species
(P680+), able to drive the water splitting reaction and a reduction of pheophytin (Pheo) and
then plastoquinol (Q) to plastoquinol (QH2). The other, Photosystem | (PSl), generates a strong
reducing species, NADPH, which donates reducing equivalents to CO; to produce sugars and
other organic molecules, and a weak oxidant P700+. Electron and proton flow from QH2 to
P700+ is aided by the cytochrome b6f (Cyt b6f) complex and plastocyanin (PC) and results in
the release of energy to convert ADP to ATP. The ATP produced is required, along with NADPH,
to convert CO; to sugars. Since the production of O, requires the splitting of two water
molecules, the overall process involves the removal of two electrons per water and therefore
four photons per PSIl and PSI reaction centre. The reduction of oxidised nicotinamide adenine
dinucleotide phosphate (NADP+) by PSl is facilitated by membrane bound iron sulphur proteins
(Fx, FA and FB) and soluble ferredoxin (FD).

Quantum yield efficiency of the plants is very low (below 1%) and only some microalgae
achieve slightly better efficiencies [23]. Improving light harvesting and conversion processes,
and modifying the process to produce directly the target solar fuels, are the two main aspects
to move to the realization of the artificial leaves, but which need to be sufficient simple and

robust to be competitive with plants.
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1.6  Artificial Photosynthesis

The most important photochemical processes are the splitting of water to oxygen and
hydrogen. Photosynthesis produces the energy that sustains life on our planet by using solar
light to rearrange the bonds of water to oxygen and hydrogen; the hydrogen is fixed by its
combination with carbon dioxide to produce carbohydrate. Analysis of the energetics of the
solar fuels conversion process shows that it is water splitting and not carbohydrate production
that is at the heart of solar energy storage [21]. The possibility to achieve the production of
fuels by artificial photochemical reactions were first predicted by the Italian chemist Giacomo
Ciamician over one century ago [24]. The studies on artificial photosynthesis are currently
concentrated on using sunlight to reduce carbon dioxide in agueous solution to carbon
monoxide, ethanol, or methane (equation 1.4) [25] or to split water into molecular hydrogen
and molecular oxygen (equation 1.5). Since carbon dioxide reduction is more difficult than
water splitting from a kinetic point of view and can also be performed by a thermal reaction
with molecular hydrogen to yield methanol [26], the attention of most scientists is focused on

the water splitting (WS) reaction (equation 1.5):

€O, +2 Hy0 +8hv - CH, +20, AG® =8.30eV (1.4)

2H,0 + 4hv > 2 Hy + 0,2 AG® = 492 eV (1.5)

From the thermodynamic point of view, the most convenient water-splitting process

concerns the evolution of molecular oxygen and molecular hydrogen from liquid water

8
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(Equation 1.6), the low-energy thermodynamic barrier (1.23 eV) of which allows, in principle,
conversion of about 30% of the solar energy. Water splitting entails two multi-electron-transfer

reactions (Equations 1.7 and 1.8).

2 H,0 - 2H, + 0, AG® =123 eV (1.6)
2H,0 +2¢~ —> H,+20H" E° (pH 7) = —0.41V vs NHE (1.7)
2 Hy,0 - 0, + 4H* + 4e” E° (pH 7) = 4+0.82V vs NHE (1.8)

Given that in a photochemical process each photon can transfer only one electron, [27] in a
water-splitting system two catalysts must be present: one to collect electrons for the
production of molecular hydrogen, the other one to collect holes (positive charges) for the
generation of molecular oxygen [28]. The design of efficient, cost-effective artificial systems
requires to maintain the main elements in the leaf-like hierarchical structures of natural leaves,
but developing new functional elements inspired from the key steps of natural photosynthesis.
An artificial leaf should be composed of the following main elements:

a) an anode, exposed to sunlight carrying a photocatalyst able to oxidize water, and
supported on a conductive substrate which allows the fast collection of the electrons, but at
the same time is permeable to protons, in order to transport the electrons and protons to the
cathode side. An alternative approach is to prepare 2D photonic materials adsorbing in the
visible and use sensitizers for a two-photon transfer process of energy to the semiconductor

b) a membrane enabling fast transport of protons (possibly also electrons, but which
preferably have to be transported externally through a wire or through physically separated
elements of the membrane to avoid their recombination). Possibilities are carbon nanotubes
or TiO; connecting the two electrodes and ion-exchange resins, like Nafion® or other proton-
conducting polymeric membranes. The membrane should be tailored to provide the minimum
transfer resistance to protons and have also a minimum thickness (in principle some microns),
but also at the same time block oxygen permeation to preserve hydrogen synthesis activity at
the cathode. The membrane should be also in good contact with the anode and cathode sites

and it is necessary to minimize the resistances at the interface [29].
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c) a cathode, formed by a conductive substrate (in contact with the membrane and
permeable to protons) containing active centres for proton and electron recombination to H,.
Whit a different approach, a specific cathode can possess centres able to convert catalytically
the CO; to solar fuels [ 30-31]. Developing an artificial leaf that collects energy in the same way
as a natural one, is potentially the solution solving the problems of sustainability of energy. To
avoid intermittency of solar energyi, it is necessary to design systems which directly capture CO;
and convert it into liquid solar fuels which can be easy stored. H, production can be seen as a
necessary, but intermediate step, due to the storage difficulties of this gas. However, to be
advantageous over natural leaves, it is necessary that artificial leaves have a higher solar-to-
chemical conversion efficiency, provide directly the fuels which can be then used in power-

generating devices, and finally be robust and of easy construction [22].

1.7 The Artificial Leaf

As discussed above, the natural leaf converts the energy of sunlight into chemical energy
and splits water via the photosynthetic process to produce molecular oxygen and hydrogen,
which is in a form of separated protons and electrons.

To overcome the issues of natural photosynthesis, the realization of an artificial leaf
requires:

- the use of earth abundant materials,

- a good production rate,

- a good efficiency and robustness of the materials under prolonged UV-visible light.

Focusing on these statements, Nocera et al. reported the concept of “artificial leaf” by
realizing a triple junction, amorphous silicon photovoltaic with hydrogen- and oxygen-evolving
catalysts made from a ternary alloy (NiMoZn) and a cobalt phosphate cluster (Co-OEC) [32].
The first attempt made by Nocera involved the realization of a single junction Si cell (npp*), a
metal contact deposited in the n side and a ITO layer on the p side to protect the silicon from
the electrolyte corrosion. The Co-OEC (oxygen evolution catalyst) was electrodeposited on ITO

barrier to improve oxygen evolution (figure 1.4a).

10
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Figure 1.4b show the schematic composition of the triple-junction artificial leaf made by
Nocera et al.: Co-OEC and NiMoZn are interfaced with a triple junction amorphous Si (3jn-a-Si)
solar cell. The 3jn-a-Si produced 8 mA cm? of current at 1.8 V at an overall efficiency of 6.2%.
Like the single junction cell, the p-side of the cell was protected with an ITO layer. The NiMoZn
was used ad HEC (hydrogen evolution catalyst) and electrodeposited onto the stainless steel
support of the 3jn-a-Si cell. The NiMoZn HEC alloy may be deposited directly onto Si, to act as
protection layer. When the wireless CoPi|3jn-a-Si|NiMoZn wafer was immersed in an open
container of electrolyte and illuminated with sunlight, O, bubbles evolved from the anode at
the front face and bubbles of H; evolved from the cathode at the back of the wireless cell,

providing an efficiency of 2.5%.

e photoresist ITO OER catalyst-[ Co-OEC
front contact N '
P
Tonnel ['n
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Metal reflector
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HER catalyst { NiMoZn
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Figure 1.4: a) Schematic of a Co-OEC functionalized npp*-silicon single- junctionPECcel and b) scheme of triple

junction-a-Si solar cell made by Nocera. Reproduced with permission from ref. [32].

The cell exposed by Nocera has started numerous research activities in the field of photo-
electrochemical production of fuels. The different types of photo-electrochemical cell (PEC) will

be discussed in the next chapter.

11



[1]

[2]

3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

Introduction

1.8 References

BP Statistical Review of World Energy 2018, https://www.bp.com/, accessed 15
September (2018)

P.N.R. Vennestrgm, C.M. Osmundsen, C.H. Christensen, E. Taarning, Beyond
Petrochemicals: The Renewable Chemicals Industry, Angew. Chem. Int. Ed., 50, 10502—-
10509 (2011)

J. A. Mathews, Greening of Capitalism, How Asia Is Driving the Next Great Transformation,
Stanford University Press, Stanford (USA) (2015)

http.//www.enea.it/it/Ricerca_sviluppo/lenergia/fonti-rinnovabili, accessed 15
September (2018)

REN 21—Renewable Energy Policy Network for the 21st Century, Annual report 2017,
http://www.ren21.net/, accessed 15 September (2018)

D. Abbott, Keeping the Energy Debate Clean: How Do We Supply the World’s Energy
Needs? Proc. IEEE, 98, 42-66 (2010)

R.J. Cogdella, A.T. Gardinera, N. Yukihirab, H. Hashimotob, Solar fuels and inspiration from
photosynthesis, J. of Photochem. and Photobiol. A: Chem., 353, 645-653 (2018)

N. Armaroli, V. Balzani, Energy for a Sustainable World—From the Oil Age to a Sun
Powered Future, Wiley-VCH, Weinheim (Germany), (2011)

G. Porter, Criteria for Solar Energy Conversion, in Light, Chemical Change and Life, A
Source Book in Photochemistry, Open University Press, Milton Keynes (UK), 338—-345
(1982)

V. Smil, Energy Transitions: History, Requirements, Prospects, Praeger/ABC-CLIO, Santa
Barbara, CA (USA), (2010)

D.J. Murphy, C.A.S. Hall, Year in review—EROI or energy return on (energy) invested, Ann.
N. Y. Acad. Sci., 1185, 102-118, (2010)

F. Ferronia, A. Guekosb, R.J. Hopkirkc, Further considerations to: Energy Return on Energy
Invested (EROEI) for photovoltaic solar systems in regions of moderate insolation, Energy
Policy 107, 498-505 (2017)

J.G. Lambert, C.A.S. Hall, S. Balogh, A. Gupta, M. Arnold, Energy, EROI and quality of life,
Energy Policy 64 153-167(2014)

N. Armaroli, V. Balzani, Solar Electricity and Solar Fuels: Status and Perspectives in the
Context of the Energy Transition, Chem. an Eur. Jour., 22, 32-57 (2016)

DJ Murphy, The implications of the declining energy return on investment of oil
production, Phil. Trans. R. Soc. A 372 20120320 (2014)

M. Beller, G. Centi, L. Sun, Chemistry Future: Priorities and Opportunities from the
Sustainability Perspective, ChemSusChem, 10, 6—13 (2017)

12



[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

Introduction

P. Lanzafame, S. Abate, C. Ampelli, C. Genovese, R. Passalacqua, G. Centi, S. Perathoner,
Beyond Solar Fuels: Renewable Energy-Driven Chemistry, ChemSusChem, 10, 1-12 (2017)

T. Mirkovic, E.E. Ostroumov, J.M. Anna, R. van Grondelle, Govindjee, G.D. Scholes, Light
absorption and energy transfer in the antenna complexes of photosynthetic organisms,
Chem. Rev. 117, 249-293 (2017)

R.J. Cogdell, A. Gall, J. Kohler, The architecture and function of the light-harvesting
apparatus of purple bacteria: from single molecules to in vivo membranes, Q. Rev.
Biophys. 39, 227-324 (2006)

Govindjee; R. Govindjee, Primary Events in Photosynthesis, Sci. Am., 231 ,68-82 (1974)

J. Barber, Photosynthetic Energy Conversion: Natural and Artificial, Chem. Soc. Rev., 38,
185-196 (2009)

S. Bensaid G. Centi E. Garrone S. Perathoner G. Saracco Towards Artificial Leaves for Solar
Hydrogen and Fuels from Carbon Dioxide, ChemSusChem 5-3 500-521 (2012)

T.H.P. Brotosudarmo, M.N.U. Prihastyanti, A.T. Gardiner, A.M. Carey, R.J. Cogdell, The
Light Reactions of Photosynthesis as a Paradigm for Solar Fuel Production, Energy
Procedia 47 283-289 (2014)

G. Ciamician, The Photochemistry of the Future, Science, 36, 385—394 (1912)

C.D. Windle, R.N. Perutz, Advances in molecular photocatalytic and electrocatalytic CO
reduction, Coord. Chem. Rev., 256, 2562-2570 (2012)

G.A. Olah, Towards Oil Independence Through Renewable Methanol Chemistry, Angew
Chem. Int. Ed., 52, 104-107 (2013)

V. Balzani, P. Ceroni, G. Bergamini, Light: A Very Peculiar Reactant and Product, Angew.
Chem. Int. Ed, 54, 11320-11337, (2015)

A. Sartorel, M. Bonchio, S. Campagna, F. Scandola, Tetrametallic molecular catalysts for
photochemical water oxidation, Chem. Soc. Rev., 42, 2262-2280 (2013)

S. Bensaid, G. Saracco, Advanced membrane science and technology for sustainable
energy and environmental applications, Series in Energy No. 25, Woodhead Pub. Lmd,
Cambridge, UK, pp. 610-644 (2011)

G. Centi, S. Perathoner, R. Passalacqua, C. Ampelli, Carbon-Neutral Fuels and Energy
Carriers, CRC Press (Taylor & Francis Group), Boca Raton, FL (US), pp. 291-323 (2011)

G. Centi, R. Passalacqua, S. Perathoner, D. S. Su, G. Weinberg, R. Schloegl, Oxide thin films
based on ordered arrays of 1D nanostructure. A possible approach toward bridging
material gap in catalysis, Phys. Chem. Chem. Phys, 9, 4930-4938 (2007)

D.G. Nocera, The Artificial Leaf, 45, 5, 767—776 Acc. Chem. Res. (2012)

13



2 Materials & Reactors

2.1

Titanium Dioxide (TiO3): overview

Materials & Reactors

During the last decades, scientific studies on photocatalysis have been grown at enormous

rate, since the discover of photocatalytic water splitting on a semiconductor by Fujishima and

Honda [1].

Titanium dioxide (TiOz), which is one of the most basic materials in our daily life, has been

widely studied and numerous scientific papers can be found in literature [2]. Fujishima et al.

firstly demonstrated the possibility to conduct solar photo-electrolysis by using n-type TiO>

semiconductor electrode, which was connected through an electrical load to a platinum black

counter electrode and exposed to near-UV light (Figure 2.1) [2].
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Figure 2.1: Schematic representation of photoelectrochemical water electrolysis using an illuminated oxide

semiconductor electrode. Reproduced with permission from ref. [3].

When light of wavelengths in the UV region (shorter than ~415 nm) hit the surface of the

TiO; electrode, photocurrent flowed through the external circuit from the platinum counter

electrode to the TiO; electrode. The oxidation reaction (oxygen evolution) occurred at the TiO>

electrode and the reduction reaction (hydrogen evolution) at the Pt electrode. Fujishima et al.
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[3] demonstrated that water can be decomposed into oxygen and hydrogen, without the

application of an external voltage under UV-visible light, according to the following scheme:

TiO2 + 2hv - 2e™ + 2H* (2.2)
at the TiO2 electrode
H20+ 2h* - (1/2)02 + 2H* (2.2)
at the Pt electrode
2H*+2e" > Ha (2.3)
the overall reaction is
H20+ 2hv = (1/2)02 +H2 (2.4)

Thermodynamic equilibration takes place at the interface of the semiconductor electrode,
when this is in contact with an electrolyte solution. This may result in the formation of a space-
charge layer within a thin surface region of the semiconductor. In the cases of n- and p-type
semiconductors, the electronic energy bands are generally bent upwards or downwards,
respectively. When the electrode receives photons with energies greater than that of the
material’s band gap (BG), electron-hole pairs are generated and separated in the space charge
layer. For an n-type semiconductor, the electric field existing across the space charge layer
drives the photo-generated holes towards the interfacial region and the electrons towards the
interior the electrical connection to the external circuit, while for a p-type semiconductor the
reverse process takes place. [4-5] If the conduction band energy (CBE) is higher than the
hydrogen evolution potential, photo-generated electrons can flow through the electrical wire
to the counter electrode and reduce protons. Hydrogen gas evolution can be observed in the
cathode side without an applied potential.

Figure 2.2 shows the band gap energy of the mostly studied semiconductors for water
splitting. It is desirable that the band gap of the semiconductor is near that for optimum
utilization of solar energy. When the semiconductor electrodes are used as photoanodes or
photocathodes for water electrolysis, the bandgap should be at least 1.23 eV (under standard
conditions), particularly considering the existence of overpotential and polarization losses due

to, for example, oxygen evolution [6].
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Figure 2.2: Bandgap of the most common studied semiconductor. Reproduced with permission from ref. [6].

Even if TiO; has been the most studied semiconductor for water splitting, it mainly shows
two problems: 1) the wide energy band gap (3.0-3.2 eV) allowing it to capture light mainly in
the UV region; 2) the high charge recombination rate, not allowing to convert efficiently solar
energy into chemicals (i.e. Hz). Both these issues will be discussed in the next chapters through

the analysis of the experimental results.

2.2 Titanium Dioxide: anatase, rutile and brookite

In nature, there are three well-known crystal structure of TiO,: tetragonal rutile, tetragonal
anatase, and orthorhombic brookite, as shown in figure 2.4. All of them consist of TiOs
octahedrals, but differ in the distortion of the octahedron units and in the manners of sharing
edges and corners. Anatase crystalline is a distorted octahedral coordination, in which every
titanium atom is surrounded by six oxygen atoms in an elongated octahedral geometry,
adopting axial symmetry. In rutile, additional in-plane (equatorial) and out-of-plane (axial) bond
length and bond angle distortions exist, while in brookite, stronger distortions lead to a local
symmetry loss and formation of symmetric TiOs units. The difference in crystal structure
affecting their charge transfer characteristic and band energy levels [7]. For PEC applications
rutile and anatase phase are the most studied because the rutile is the most thermodynamically
stable form while anatase, whit higher charge mobility results more active for PEC application

[8].
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Figure 2.4: Crystal structures of TiO, reproduced with permission from ref. [7].

2.3 Titanium dioxide: structure engineering

TiO2 photocatalysts can be prepared in many different shapes, both at micro and nano-
scales, by using advanced technological synthetic procedures. This has opened the route to
many possibilities for materials engineering, which can produce the TiO> materials in the
appropriate nanostructure and morphology in order to obtain the best performances
depending on their application.

In general, there are many factors that can significantly influence photocatalytic
performances (size, specific surface area, pore volume, pore structure, crystalline phase and
exposed surface facets). One of the main aims in photocatalysis is to find the proper synthesis
conditions in order to “tailor” the structure of the semiconductor (TiO; in this case) and finally
relate these conditions to the photocatalytic activity.

According to their structure dimensionality and geometry, TiO, materials can be divided in
different categories, starting to classic spheres that are considered as zero dimensional (0D),
and moving to one dimensional rods and tubes (1D), two dimensional sheets (2D) and

interconnected three dimensional architectures (3D) (see Figure 2.3) [9].
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Figure 2.3: Schematic illustration of structural dimensionality of materials with expected properties, reproduced

with permission from ref. [9].

2.3.1  Zero dimensional (OD): spheres

Nano- or micro-structured TiO, spheres are the most widely studied and used in TiO;-
photocatalysis. TiO2 spheres usually possess a high specific surface area and a high pore volume
and pore size, with these properties increasing the size of the accessible surface area and the
rate of mass transfer for organic pollutant adsorption [10]. TiO2 nanoparticles are the common
element to realize nano films in dye-sensitized solar cells; Gratzel and co-workers have made
great contribution to dye-sensitized TiO; solar cells by studying the effects of nanoparticle size,
morphologies and film thickness [11]. These porous structures increase the light-harvesting
capabilities of TiO; because they enhance light use by allowing the light to access the interior
of the particle [12-13]. TiO, spheres are typically prepared from a titanium alkoxide such as
titanium tetraisopropoxide or titanium tetrabutoxide, in the presence of a polymer to provide
a porous structure and with or without the addition of an acid to accelerate the reaction [14].
Depending on the annealing temperature, TiO, spheres can have different structures.
Annealing at high temperatures usually decreases the specific surface area of the TiO; spheres,
which exhibit superior photocatalytic activities. For example, Zheng et al. prepared TiO;

spheres that were annealed at 400 °C, showing for this temperature the highest photocatalytic
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activity in the decomposition of organic molecules, because of their high specific surface area
and highly crystalline form [15]. Size control of the particle is another key element to enhance

the photocatalytic activity [16].

2.3.2  Onedimensional (1D): fibers & tubes

TiO2 materials with one-dimensional structures includes fibers and tubes, possess higher
surface-to-volume ratio enabling a strong reduction of the hole—electron recombination rate
and a high interfacial charge carrier transfer rate. With these unique properties, 1D TiO;
materials represent the perfect choice for photocatalytic reactions [17]. The one-dimensional
architecture allows to obtain self-standing membranes; nonwoven mats can be obtained only
from this kind of architecture, which opens to a wide range of applications. TiO; fibers have
already been used in an extensive range of applications, including photocatalysis, gas sensing
[18], dye-sensitized solar cells (DSSCs) [19] and batteries [20]. The common synthesis to
prepare TiO; fibers are the electrospinning of a mixture of titanium alkoxide and a polymer,
with a necessary calcination step to remove the residual polymer and crystallize the TiO; (see
Figure 2.5) [21].

By changing the synthesis parameters (such as the ratio polymer/titanium alcoxide, the
power of the electric field, and the feeding rate of the precursor in the electrospinning process),
the average diameter of the TiO; fibers can be controlled. TiO; fibers generally prepared by
electrospun generally possess a large surface area-to-volume ratios and provide efficient

photocatalytic performances [22].
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Figure 2.5: Schematic illustration of the setup for electrospinning. Reproduced with permission from ref. [9].

Nanotubes are of great interest due to their high surface-to-volume ratios and size
dependent properties: Compared to nanowires, TiO2 nanotubes have much been investigated
and various techniques have been developed for their synthesis. Titania nanotubes and
nanotube arrays have been produced by a variety of methods including deposition into a
nanoporous alumina template [23], sol-gel [24-25], and hydrothermal processes [26].
However, among these nanotube fabrication routes, anodization technique is the most
powerful tool for the fabrication of highly ordered TiO; nanotube arrays [27-28].

Anodization is typically conducted in an electrolyte containing a hydrogen fluoride (HF)-
based aqueous solution, using a two-electrode electrochemical cell with a platinum as counter
electrode (cathode) at a constant potential. Figure 2.6 reports a schematic diagram of the
electrochemical apparatus needed to carry out the anodization process. At the end of the
anodization process, TiO2 nanotube arrays are formed on the foil surface and have straight

channels against the Ti foil (which acts as electron collector layer in PEC systems). Fabrication
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of titania nanotube arrays via anodic oxidation of titanium foil in a fluoride-based solution was
first reported in 2001 by Grimes and co-workers [29] followed by further studies focused on
precise control and extension of the nanotube morphology: [30], length and pore size, and wall
thickness [31]. Every single parameters of the synthesis determine the morphologies of the
tubes. The electrolyte composition and pH determine the rate of nanotube array formation, as
well as the rate at which the resultant oxide is dissolved [32]. In all cases, a fluoride ion
containing electrolyte is needed for nanotube array formation. Ordered TiO; helical nanocoil
arrays can also be synthetized using 0.5 wt.% HF electrolyte [33].

Magnetic agitation is necessary during anodization experiments to reduces the thickness of
the double layer at the metal/electrolyte interface, and ensures uniform local current density

and temperature over the Ti electrode surface.

Stirring

Figure 2.6: lllustrative drawing of a two-electrode electrochemical cell in which the Ti samples are anodized.

The key processes for the anodic formation of titania nanotube are: (1) Oxide growth at the
surface of the metal occurs due to interaction of the metal with O, or OH ions. After the
formation of an initial oxide layer, these anions pass through the oxide layer and reach the
metal/oxide interface where they react with the metal. (2) Metal ion (Ti**) migrate from the
metal to the metal/oxide interface; Ti** cations are removed from the metal/oxide interface
under application of an electric field, moving towards the oxide/electrolyte interface. (3) Field
assisted dissolution of the oxide at the oxide/electrolyte interface. Due to the applied electric
field, the Ti—O bond undergoes polarization and is weakened promoting dissolution of the

metal cations. Ti** cations dissolve into the electrolyte, and the free O, anions migrate towards
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the metal/oxide interface - see process (1) - to interact with the metal. (4) Chemical dissolution
of the metal, or oxide, by the acidic electrolyte also takes place during anodization. Chemical
dissolution of titania in the HF electrolyte plays a key role in the formation of nanotubes rather
than a nanoporous structure. The overall reactions for anodic oxidation of titanium can be

represented as:

2H,0 2 02+ 4e + 4H* (2.5)

Ti + 02 > TiO2 (2.6)

In the initial stages of the anodization process, field-assisted dissolution dominates chemical
dissolution due to the relatively large electric field across the thin oxide layer. Small pits formed
due to the localized dissolution of the oxide, represented by the following reaction, act as pore

forming centers (Figure 2.7 a-b):

TiO2 + 6F + 4H* = TiFs® + 2H20 (2.7)

Then, these pits convert into bigger pores and their density increases. After that, the pores
spread uniformly over the surface. The pore growth occurs due to the inward movement of the
oxide layer at the pore bottom (Figure 2.7 c-d). The Ti** ions, migrating from the metal to the
oxide/electrolyte interface, dissolve in the HF electrolyte. The rate of oxide growth at the metal
/ oxide interface and the rate of oxide dissolution at the pore-bottom / electrolyte interface
ultimately become equal; thereafter the thickness of the barrier layer remains unchanged
although it moves further into the metal making the pore deeper (Figure 2.7c).

The anodization potential (as the concentration of electrolytes electrochemical) operates on
the etch rate: if the electrochemical etch proceeds faster than the chemical dissolution the
thickness of the barrier layer increases, which in turn reduces the electrochemical etching
process to the rate determined by chemical dissolution. The chemical dissolution rate is

determined by the F concentration and solution pH (reaction 2.7) [34].
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Figure 2.7: Schematic diagram of the evolution of a nanotube array at constant anodization voltage: (a) oxide layer
formation, (b) pit formation on the oxide layer, (c) growth of the pit into scallop shaped pores, (d) metallic part between
the pores undergoes oxidation and field assisted dissolution, and (e) fully developed nanotube array with a corresponding

top view. Reproduced with permission from ref. [34].

Chemical dissolution increases with increasing F and H* concentrations. Growth of
nanotube arrays can be achieved only in a certain F concentration range (from 0.05 to 0.3 mol/L

in acidic solution).

2.3.3  Two dimensional (2D): nanosheets

Like the above discussed 1D structures, the 2D structures possess the advantage of a direct
electron pathway but they have a higher specific surface area. A nanosheet is a flake-shaped
material with a flat surface and high aspect ratio. Nanosheets can be prepared whit very small
thickness of 1-10 nm and a lateral size can reach several tens of micrometers. This kind of shape
results in low turbidity, excellent adhesion to substrates, and high smoothness, suitable for
photocatalytic application. [35] Nanosheets present also superhydrophilicity under UV

irradiation, a characteristic needed for self-cleaning coating. [36]. TiO2 nanosheets are typically
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prepared according to an alkaline hydrothermal process using TiO, powder as a precursor,

followed by either a calcination process or hydro/solvothermal reactions [37].

2.3.4  Three dimensional (3D): interconnected architecture

The three-dimensional hierarchical structures of TiO, are important for practical
applications because possess an intricate pore structure and large surface to-volume ratios,
this provides a significant advantage in diffusion pathways for guest species, such as organic
pollutants opening the possibilities to conduct efficient purification, separation, and storage.
The interconnected structure is potentially superior not only for carrier mobility, but also from
a practical point of view. For example, Konishi et al. prepared macroporous TiO2 monoliths for
use in chromatographic applications (Figure 2.7) [38], while Saravanan et al prepared

mesoporous TiO> for Li storage [39].

Figure 2.7: SEM image of TiO; sponge. Reproduced with permission from ref. [38].

2.4 Titanium dioxide: strategies to improve performances

Various strategies can be adopted for improving the photocatalytic efficiency of TiO.. They
can be summarized as either morphological modifications, such as increasing surface area and
porosity, or as chemical modifications, by incorporation of additional components in the TiO;

structure: noble metal, non-noble metals, nitrogen, sulphur and carbon.
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2.4.1  Metal particle deposition

Modifications of TiO, with transition metals such as Cr, Co, V and Fe have extended the
spectral response of TiO, well into the visible region also improving photocatalytic activity [40]
[41] However, transition metals may also act as recombination sites for the photo induced
charge carriers thus, lowering the quantum efficiency. Transition metals have also been found
to cause thermal instability to the anatase phase of TiO,. Kang argued that despite a decrease
in band gap energy has been achieved by many groups through metal doping, photocatalytic
activity has not been remarkably enhanced because the metals introduced were not
incorporated into the TiO, framework. In addition, metals remaining on the TiO2 surface block
reaction sites [42].

TiO2 has been modified with many transition metals such as Fe, Cu, Co, Ni, Cr, V, Mn, Mo,
Nb, W, Ru, Pt and Au [43-44] The incorporation of transition metals in the titania crystal lattice
may result in the formation of new energy levels between valence band (VB) and conduction
band (CB), inducing a shift of light absorption towards the visible light region. Photocatalytic
activity usually depends on the nature and the amount of doping agent. Possible limitations are
photocorrosion and promoted charge recombination at metal sites [45]. Deposition of noble
metals like Ag, Au and Pd on the surface of TiO, enhances the photocatalytic efficiency under
visible light by acting as an electron trap, promoting interfacial charge transfer and therefore
delaying recombination of the electron—hole pair [46-47-48]. The visible light responsiveness
of TiO, was accredited to the localized surface plasmon resonance (LSPR) of few metals
nanoparticles such as Au, Ag and Cu (Figure 2.8). LSPR is an optical phenomenon that appears

when the wavelength of the incident light is higher than the metal NP size.
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Figure 2.8: Schematic illustration of LSPR reproduced from ref. [49].
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2.4.2 Metal free methods

In order to enhance the solar efficiency of TiO, under solar irradiation, it is necessary to
modify the nanomaterial to improve visible light absorption. Non-metal doping of TiO2 has
shown great promise in achieving visible light absorber photocatalysis, with nitrogen being the
most promising dopant because nitrogen can be easily introduced in the TiO2 structure. [50-
51]. Nitrogen has a comparable atomic size with oxygen, small ionization energy and high
stability. Asahi and co-workers explored for first time the visible light activity of N-doped TiO;
produced by sputter deposition of TiO, under a N2/Ar atmosphere, followed by annealing under
N [52]. There are many methods to introduce N in TiO, materials, either in the bulk or as a
surface dopant. For the efficient incorporation of nitrogen into TiO,, several methods have
been adopted: physical techniques such as sputtering [53] and ion implantation [54], gas phase
reaction methods [55], atomic layer deposition [56] and pulsed laser deposition [57].

Fluorine doping does not shift the TiO, band gap; however, it improves the surface acidity
and causes formation of reduced Ti** ions due to the charge compensation between F~ and Ti%*.
Thus, charge separation is promoted and the efficiency of photo-induced processes is improved
[58].

Adding carbon, phosphorous and sulphur as dopants improves the light activity of TiO,.
These dopants change the lattice parameters, and the presence of trap states within the
conduction and valence bands, gives rise to band gap narrowing. The effect is to improve visible
light absorption and increase the lifetime of photo-generated charge carriers. [59] Carbon
graphene oxide quantum dots (GOQD) were successfully added in-situ, during the anodization,
resulting in C doped TiO; with an increased conductivity and photocatalytic activity [60].

Insertion of sulphur into the TiO; lattice is more difficult to obtain, due to its larger ionic
radius. Insertion of cationic sulphur (S%*) is chemically favourable over the ionic form (S%)
lattice. Visible light-activated sulphur doped TiO; films were successfully synthesized using a
novel sol-gel method based on the self-assembly technique with a non-ionic surfactant to
control nanostructure and H,SO4 as an inorganic sulphur source [61]. S-doped TiO; obtained
with H2S showed better performances in the methylene blue photodegradation test compared

to pure TiO2 [62].
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2.4.3 Dye sensitation

Dye photosensitization has been reported by different groups as one of the most effective
ways to extend the photo-response of TiO, into the visible region. Indeed, these types of
reactions are exploited in the well-known dye sensitized solar cells [63]. The mechanism of the
dye sensitized photo-degradation of pollutants is based on the absorption of visible light for
exciting an electron from the highest occupied molecular orbital (HOMO) to the lowest
unoccupied molecular orbital (LUMO) of a dye. The excited dye molecule subsequently
transfers electrons into the conduction band of TiO;, while the dye itself is converted to its
cationic radical. The TiO; acts only as a mediator for transferring electrons from the sensitizer
to the substrate on the TiO; surface. In this process, the LUMO of the dye molecules should be
more negative than the conduction band of TiO;. The injected electrons hop over quickly to the
surface of titania where they are scavenged by molecular oxygen to form superoxide radical O
*— and hydrogen peroxide radical *OOH. These reactive species can also disproportionate to
give hydroxyl radical [64]. In addition to the mentioned species, singlet oxygen may also be
formed under certain experimental conditions. Oxygen has two singlet excited states above the
triplet ground ones. Such relatively long live oxygen species may be produced by quenching of
the excited state of the photosensitizer by oxygen. The subsequent radical chain reactions can
lead to the degradation of the dye. Knowledge of interfacial electron transfer between
semiconductor and molecular adsorbates is of fundamental interest and essential for

applications of these materials.

2.5 Tantalum-oxy-nitride (TaOxNy)

To overcome the above discussed limitation of TiO, photocatalyst, it is possible to explore
other semiconductors. TaOxNx photocatalysts are very attracting materials due to their band
low gap of about 2.1 eV and suitable band positions (see figure. 2.2). TasNs can utilize a large
portion of the solar spectrum (<600 nm), and it is considered to be one of the most promising
photoanodes for solar water splitting, as TasNs can reach a theoretical maximum of about 16%
light conversion under AM 1.5G irradiation [65]. A common path to synthesize TasNs is
nitridation of Ta>0s by a high temperature NH3 treatment. Previous reports on TasNs nanorod

fabrication use hydrothermal methods with Ta powders [66] or use porous anodic alumina
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(PAA) as a template for through mask anodization with a two-step anodization process, to grow
the Ta,O0s precursors [67].

It is possible to prepare Ta oxide nanotubes by using the above discussed anodization
method. Anodization of Ta in pure inorganic acids (sulphuric or phosphoric acid) or organic
acids (citric or oxalic acid) is a typical solution used to form ordered, porous oxide films on
metals such as Al and it has been found in the past to work better also for field-assisted growth

of compact Ta oxide films (Equation 2.8) [68].

2Ta + 5H,0/ Ta20s + 10H* + 10e (2.8)

Porous Ta oxide films are not formed in this case, as Ta20s has insufficient solubility in these
solutions and thus the oxide does not dissolve concurrently with compact oxide film formation.
It is widely accepted that competition between oxide growth and dissolution leads to the
continuous growth of porous oxide films. The first report of porous Ta;Os film formation [69]
involved Ta anodization in 1 M H,SOa4, but only when an aggressive ion (e.g. F) was added in
the form of HF (1-3 wt%). Fluoride ions are known to chemically attack Ta oxide, and, during
anodization, have been found to provide the required dissolution rate of the oxide film at
certain sites (Equation 2.9), thus creating a porous oxide film. The applied electrical field
ensures that the compact Ta;0s film continuously reforms (Equation 2.8) at the base of the

pores.

Ta20s + 10H* + 14F> 2[TaF7]* + 5H20 (2.9)

Generally, TasNs nanotubes (NTs) and nanorods (NRs) show a significantly higher photo
response compared to nanoparticles or compact film electrodes. A particularly promising
synthesis approach is nanotube formation by self-organizing anodization of tantalum, leading
to Ta20s tubes that then are converted into TasNs by ammonolysis. Such tubes are closed at
their bottom end, and several reports show that these bottom layers (the interface to the metal
underneath) often determine the resistivity of the entire nanostructured electrode [67]. The
interface between TasNs NTs and the underlying substrate is of crucial importance for an
efficient charge transfer in the photo-electrochemical circuit. The formation of subnitrides, and

thus the conductivity across this interface, can be drastically affected by the anodization
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treatment used to form the precursor oxide tubes. Schmuki and coworkers [70] introduce a
two-step anodization method to form the oxide tubes, which—after subsequent high-
temperature nitridation (1000 °C)—leads to better-ordered TasNs NTs with an increased
amount of beneficial subnitride species, which increase the interface conductivity, and a red-

shift of the visible-light absorption (figure 2.9).
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Figure 2.9: Schematic illustration of the synthesis process of Ta,0s and TasNs NTs. Reproduce with permission from

ref. [70].

Route (1) represents the conventional path to TasNs nanotubes. That is, tantalum metal is
anodized under self-organizing conditions in a H2SO4 + HF electrolyte

This results in Ta;Os nanotubes which can then be converted into TasNs by thermal
treatment in NH3 flow. The method introduced here removes the first anodic layer of Ta;Os
tubes and re-anodizes the material a second time (this follows an approach originally
introduced for porous alumina to obtain a higher degree of order in an aligned porous oxide
structure [71]. This second, more ordered nanotubular oxide layer is then converted to TasNs

NTs [72].
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2.6 Reactors

Not only the study and the development of electrode materials is necessary to move forward
to a new green economy but also the development of the reactors and cells plays a significant
role. The ability to develop both the electrodes and the cells (side by side) leads to better results
and performances.

Before starting to develop a new cell for the production of solar fuels, many aspects should
be taken in account, deriving mainly from the final use of the cell. These aspects must be
included at the initial stage, because they determine the choice of the materials:

= |t is necessary to conduct the oxidation and reduction reactions in two separate
zones of the cells, to avoid safety problems, reduce costs of separation and limit
guenching effects.

= |t is preferable to avoid liquid electrolytes for easiest product recovery and
protection of the electrodes/cell elements from corrosion.

= |tis recommended to have a compact design for easily scale-up.

= The device needs to operate in continuous under UC-visible light, with stable
performances above 50-60°C.

These aspects determine the cell design/engineering and in turn the characteristics

necessary in the cell element, such as electrodes and catalytic components [73].

2.6.1  Conventional reactors

The easiest and most studied reactor for photocatalytic reaction is the classic slurry in liquid
phase. Today is it possible to find several companies that supply commercial slurry
photoreactors in the classic configuration that have a UV lamp immersed in the solution
chamber. However, the photoreactor in slurry phase suffers from different issues mainly

related to the light scattering phenomena and the difficult product recovering.

2.6.2  Gas phase reactors (GP)

Gas-phase operation may introduce several advantages with respect to conventional photo-

reactors working under slurry conditions. Figure 2.10 shows the home made set-up made by
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Ampelli et al.; [74] it uses a thin film of the solid catalyst (avoiding the problems related to

separation, leaching, etc.) in contact with a gaseous organic stream.
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Figure2.10: Simplified scheme of the gas phase photo-reactor used by Ampelli et al. [74].

From the application perspective, it would also be interesting the possibility to perform the
photocatalytic dehydrogenation of ethanol to H; instead of the ethanol photoreforming. In this

way, it is possible to obtain acetaldehyde, which is considered as a valuable chemical product:

CH3CH20H = CH3CHO + H2 (photo-dehydrogenation) (2.10)

CH3CH20H + 3H20 = 2CO: + 6H: (photoreforming) (2.11)

The potential advantages of operating in gas phase with respect to the traditional slurry
photo-chemical reactors are the following: (1) minimization of scattering phenomena, (2) good
pattern of irradiation, (3) ability to transfer the power coming from sunlight to a conductive
substrate, (4) easier scale-up, (5) elimination of problems associated to metal-leaching and (6)

easier product recovery

2.6.3  Photo-electrochemical cell (PEC)
The possibility to perform the photosynthesis in an artificial device (that produces efficiently

solar fuels with the desired selective towards high value-added products) requires the
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development of advanced systems and technologies. The Photo-electrochemical (PEC)
approach represents a new challenge to move to a renewable energy economy [75]. Starting
from the same base concept of the natural photosynthesis, already discussed in Chapter 1, H»
equivalents (H*/e’) coming from the electrolysis of water can easily be converted to solar fuels
by feeding CO,[75].

Also known as artificial leaf, this type of device needs many elements to be competitive. First
of all, like every photocatalytic device, the anode must have: i) sites able to capture light in the
visible region and generate the charge separation; ii) a membrane that separates the two
reaction compartments and ii) a cathode able to reduce the protons into H; or solar fuels in the
presence of CO,. The materials that constitute the PEC cell must be: robust and resistant to
high temperatures, resistant to corrosion and photocorrosion, low costly and be selective
towards the desired reduction products.

Ampelli et al. distinguished two main classes of PEC cells (Figure 2.11) [73]: 1) conventional
PEC cells and 2) modified PEC cells. In a “conventional” PEC cell, water is oxidized and reduced
in the same liquid electrolyte (Figure 2.11a). The “modified” PEC cell proposed by Nocera et al.
[77-78] represents essentially the integration of a single unit of PV with an electrolysis device
(Figure 2.11b). The efficiency reported in water photo-electrolysis by Nocera was 6.2%, which
significantly decreased when the oxygen evolution catalyst (OEC) and hydrogen evolution
catalyst (HEC) were located in different compartments.

Amorphous silicon PV cells suffer from corrosion when immersed in the electrolyte and a
protective layer is needed, for example a photo-resistant layer and a film of ITO or TiO2 on both
the n and p sides. Another important aspect of PEC cell is the use of the membrane that is
necessary to have separate zones for H, and O, evolutions. The membrane guarantees the
separation of H; and O3 solving important issues related to: (1) safety, avoiding risk of explosion
and (2) costs, with an easiest recovery of the products.

The efficiency of PEC cells is based on two aspects: the first regarding the ability to convert
sunlight into photocurrent and the other one to convert the charge generated into the final
products. Regarding the first aspect (conversion of light into current), two important
parameters can be wused: 1) quantum efficiency, expressed as IPCE and APCE
(incident/absorbed photon to current efficiency) and 2) photoconversion efficiency, also called
as solar-to-hydrogen (STH) efficiency, useful for a complete evaluation of the whole process.

All these indicators will be discussed and investigated within the next chapters.
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Figure 2.11: (a) Conventional PEC solar cell (n-type oxide semiconductor layer) operating in a liquid electrolyte. (b)
PV cell (in the drawing a single junction cell, but can be a multijunction cell) integrated in a conventional PEC cell

operating in liquid electrolyte [73].

The types of cell schematically shown in Figure 2.11 are not suitable to operate over room
temperature, which can enhance hot electron transfer and significantly increase solar-to-
electric power conversion efficiencies. Developing of PEC solar cells operating at higher
temperatures, may allow coupling with solar concentrators (under these conditions,
temperatures can reach over 100°C), thus reducing further the cost of PEC solar devices and
increasing the reaction kinetics.

C. Ampelli et al. [73] introduce the concept of “electrolyte less (EL)” cell. EL defines a cell
based on the construction of membrane electrode assembly (MEA) consisting of two
nanostructured porous electrodes directly in contact with a membrane that is not immersed in
the electrolyte. The electrolyte is formally absent in EL configuration, although a liquid film is
necessary to improve ion conductivity and improve surface conductivity. The protons,
generated at the photoanode side, diffuse first through the porous anode, then through the
membrane and finally recombine with the electrons to generate H; or hydrogenate COa.
Electrons are instead collected at the anode and transported to the conductive cathode
through an external wire (see Figure 2.12a) It is possible to realize both n-type and p-type EL

PEC cells with this configuration.
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The use of EL design for PEC cells opens a wide range of possibilities to develop new
nanomaterials, and the present PhD thesis work focuses on the development of innovative

materials to be used as photoanodes in a n-type EL PEC cell [79].
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Figure 2.12: Electrolyte-less (EL) design for PEC solar cell based on (a) n-type and (b) p-type oxide semiconductor

layer as the photoactive element. Reproduced with permission from [73].
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3 TiO, nanotube arrays in water photo-electrolysis

3.1 State of the art

The efficient utilization of solar energy is one of the major goals of modern science and
engineering, with reference to the issues of global warming and fossil fuel depletion. In this
context, the photo-electrochemical (PEC) approach is an attractive technology to produce solar
hydrogen from water and sunlight.

Since the discovery of photocatalytic water splitting on TiO> by Fujishima and Honda in 1972
[1], the development of semiconductor photo-catalysts has grown for a wide range of
environmental and energy applications. However, TiO; is still the most studied material for its
well-known characteristics, as widely discussed in Chapter 2. Many review articles have
reported recent advances on TiO, photo-catalysts, [2-3] and specifically on the possibility to
create a nano-architecture in TiO2 (such as nanotubes, nanorods, nanopillars, nanocoils), which
improves their photo-catalytic proprieties by limiting charge recombination. Grimes and co-
workers [4] first reported the formation of uniform titania nanotube arrays via anodic oxidation
of titanium in a hydrofluoric (HF) electrolyte; since then many researchers have investigated in
detail the formation of TiO; nanotubes, focusing on the relationship between synthetic

parameters and structural properties [5-7].

3.2 The scope of the chapter

This thesis work focuses on the synthesis of highly ordered titania nanotube arrays to be
used as photoanodes in the photo-electrochemical production of H. Particularly, the main
purpose of this chapter is to describe the experimental synthesis of TiO2 nanotube arrays grown
on a Ti foil, as well as their full characterization and testing in a home-made photo-catalytic
reactor designed on purpose to separate photoanode and electrocathode [8-10].

A great attention has been given to the study of the influence of the thickness of these TiO;
nanotube arrays, as the fabrication of thin layers may contribute to limit charge recombination
phenomena. The thickness of TiO, nanotube arrays on Ti foil represents the length of the
nanotubes, which can be modulated by adjusting some synthesis parameters, especially the

time of anodization.

41



TiO2 nanotube arrays in water photo-electrolysis

Specifically, TiO2 nanotube (TNT) thin films were fabricated by controlled anodic oxidation
of Ti foils at different anodization times (from 30 min to 5 h), to generate different thicknesses
of photo-active layers, and then tested in a compact photo-electrocatalytic (PECa) device for
H, generation by water photo-electrolysis (as described in the experimental section). The
vertically aligned TNT films differ only for the film thickness, but they show: 1) similar nanotube
diameter, 2) uniform thickness and clean top surface and 3) same crystallinity degree in anatase
phase [11].

In order to understand better the performances of the whole set-up (TNTs + PECa), different
kinds of efficiency have been calculated: 1) the photoconversion efficiency, also called solar-to-
hydrogen efficiency (STH), which takes into account the amount of energy supplied in terms of
light and the products obtained (i.e. hydrogen); 2) Faradaic efficiency, which relates the photo-
generated current to the produced hydrogen; 3) the quantum efficiency, expressed as IPCE
(incident photon to current efficiency) and APCE (absorbed photon to current efficiency).

At the end of the chapter, a brief paragraph illustrates the results obtained through a
collaboration with the university of Lyon in the preparation of 3D architecture TiO; nanotubes
on Ti grid [12]. In these latter samples, the main aim was to create a hierarchical structure (i.e.
macropores of the Ti mesh and mesopores of TiO, nanotube arrays) to improve the mass and

charge transport within the electrochemical cell.

3.3 Experimental

3.3.1  Synthesis by controlled anodic oxidation

The nano-structured TiO; (TNT) thin films were prepared by anodic oxidation technique. The
method, as described in Chapter 2, consists of the controlled oxidation of a Ti layer under the
application of a constant voltage in a F-based electrolyte [13]. The substrate was a metallic
titanium disk (35 mm diameter Alfa Aesar) with a thickness of 0.025 mm and a purity of 99.96%.
Before performing the anodization, the titanium discs were ultrasonically cleaned with
isopropyl alcohol for 30 min at a temperature of 50 °C and subsequently dried in air. The Ti
discs were put in a home-made sample holder (Figure 3.1a) and immersed in the reaction bath

consisted of a solution of ethylene glycol with H,0 (2 wt%) and NaF (0.3 wt%). The set voltage
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was gradually reached by a programmed ramp at 3 V min™ using an Agilent E3612A DC Power
Supply and then kept constant for the whole anodization. This procedure was optimized to
obtain a robust TNT layer. The thickness and morphology of TNTs are strongly dependent on
the sweep rate of the first stage of the treatment, and normally the oxide is the thickest for
optimized sweep rates [14]. Figure 3.1b shows the entire set-up for anodization experiments

consisting of a power supply, a sample holder and a Teflon cell.

Figure 3.1: a) home-made support for holding Ti disk b) the entire set-up used for anodization of Ti with the

electrochemical cell connected to the power supply and amperometer for data recording.

After the preparation, the nanostructured amorphous substrates were annealed at 450 °C
in air for 3 hin order to induce crystallization into the anatase phase. The non-oxidized Ti layer,
remaining after the anodization, will act as an electron-collective layer once assembled in the
PEC cell. Table 3.1 shows the list of the different samples prepared: anodization time was

increased from 30 minto 5 h:

Sample name Anodization time Voltage Ramp
MR30 30 min 50 3V/min
MR45 45 min 50 3V/min
MR1 1lh 50 3V/min
MR3 3h 50 3V/min
MR5 5h 50 3V/min

Table 3.1: List of anodized Ti for different times.
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3.3.2 Characterization

Scanning Electron Microscopy (Phenom ProX Desktop) was used for structural and
morphological characterization of the TNT materials, operating at an accelerating voltage of 5
kV. The nanotube diameter and length were directly measured from SEM images.

After a strong sonication treatment to detach the oxide from the Ti layer, the TNTs were
analysed by N; adsorption/desorption (Brunauer-Emmett-Teller - BET) at 77 K using an ASAS
2020 Micromeritics system. To degas the samples, a pre-treatment was performed at 10 Pa
and 150 °Cfor 2 h.

Ultraviolet-visible diffuse reflectance measurements were performed by a Jasco V570
spectrometer equipped with an integrating sphere for solid samples, using BaSO4 as the
reference and in air.

A home-made set-up (Figure 3.2) was used for chrono-amperometry measurements. The
device consists of a three electrode photo-electrochemical cell, with a Pt wire as the counter-
electrode and a saturated KCI-Ag/AgCl as the reference electrode. All the tests were performed

at room temperature in 1 M KOH solution at 0.1 V using a 2049 AMEL potentiostat-galvanostat.

Figure 3.2: Experimental apparatus for chrono-amperometric measurements.

The phase composition and the degree of crystallinity were analysed by X-ray diffraction

(XRD) analysis with an ADP 2000 diffractometer using a Cu-Ka radiation. Data was collected at

44



TiO2 nanotube arrays in water photo-electrolysis

a scanning rate of 0.025 s in a 2 h range from 15° to 90°. Diffraction peak identification was

made on the basis of the JCPDS database of reference compounds.

3.3.3  Testing

Figure 3.3 shows the block diagram of experimental set-up used for water splitting tests.

A light source (Xe-arc lamp Lot Oriel, 300 W) irradiates the photo-device (PECa). The lamp is
equipped with a set of lenses for light collection and focusing, a water filter to eliminate the
infrared radiation and a set of filters to select the desired wavelength region for evaluating the
photo-response in ultraviolet or visible regions (figure 3.4). The current measurements were
performed by a potentiostat/galvanostat (AMEL 2049), while the gas products were quantified
by a chromatograph (Agilent 7890a).

The homemade PECa device is made of Plexiglas and equipped with a quartz window. It has
a two-electrode configuration with two separate compartments for the reduction/oxidation
half-reactions. 1 M NaOH aqueous solution was used as electrolyte in the anodic compartment,

while 0.5 M H,S04 aqueous solution was used in the cathodic side.

WATER SPLITTING PHOTO-REACTOR - Block diagram

POTENTIOSTAT
POWER SUPPLY GALVANOSTAT

(AMEL 2049)
GC
Agilent
7890
LIGHT SOLAR
ol ieo SIMULATING .
TCD

Figure3.3: Water splitting apparatus block diagram. Reproduced with permission from ref. [15].
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Filters for full spectrum solar simulator
LSZ185 Air mass O (outer space)

LSZ389 Air mass 1.5 global,
(direct and di&use) through atmosphere, 48°

Filters for UV solar simulator

LSZ176 Atmospheric edge filter, 290 - 4400 nm

LSZ177 VISR blocking filter, 290 - 400 nm, 650 - 800 nm
LSZ178 UVC blocking filter, 280 - 4400 nm

LSZ179 UVB/C blocking filter, 320 - 480 nm,
700 - 4400 nm

Figure3.4: List of light-cutting filters provided from Lot Oriel.

The core of the device is a MEA (membrane electrode assembly) consisting of three layers
assembled together by hot-pressing technique. The anode (the catalyst based on titanium
nanotubes) is the photo-active material responsible for light capture and for the generation of
the electron-hole pair. The non-anodized Ti layer plays a very important role as it is responsible
for the capture of the electrons that are generated on the surface of the tubes, strongly limiting
their charge recombination with holes.

In the cathode (i.e. a commercial carbon gas diffusion layer —GDL- with a loading of 0.5 mg
cm2 of platinum, GDE S10BC SIGRACET®), the protons arriving from the anode can recombine
with the electrons coming from an external contact (Pt wire) to produce hydrogen. A Pt ring is
also used to improve the conductivity of the carbon GDL.

In the middle between anode and cathode layers, a Nafion membrane was used as a

selective medium allowing only for the protons to reach the cathode.

46



TiO2 nanotube arrays in water photo-electrolysis

| €
|I
H* C‘/202+2H+
H,0
3 2 1

Figure 3.5: scheme of the membrane electrode assembly (MEA). Adapted from ref. [11].

Figure 3.5 shows the schematic cross section of the PECa cell. In brief, the working principle
is the following: light irradiation actives the TiO, nanotube arrays (1) with the generation of an
electron-hole pair; the holes oxidize the water to Oz; while the electrons are collected from the
metallic Ti layer (2) and flow to the external circuit; the protons migrate through the Nafion
membrane (3), reach the cathode (4) and recombine with the electrons (onto Pt active sites)
coming from the external circuit to produce Ha. To allow the migrations of protons through the
compact Ti layer, some small holes (with a diameter of about 0.1 mm) were created into

TNTs/Ti disk after the anodization.

3.3.4  Efficiency

Literature reports several approaches to calculate the overall photo-conversion efficiency
[16]. The main parameter that considers the entire process is the solar-to-hydrogen (STH)
efficiency. The STH efficiency is given by the ratio between the hydrogen (or oxygen) produced
and the energy supplied (total light irradiance Piot). For the experimental tests performed in the

PECa cell over the TNT electrodes, the STH efficiency was calculated by the formula:

Ry, * AG°
STH —— (3.1)
Ptot = A
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where Ruz is the rate of hydrogen production (mol s), AG? is the standard Gibbs energy at
standard conditions (2.372 10 J mol?), Pt is the light irradiance (W cm?) and A is the irradiated
area of the photocatalyst (cm?). If an external bias is applied between the two electrodes, the
photo-conversion efficiency can also be indicated as applied bias photon-to-current efficiency

(ABPE) and it can be calculated by using the following equation:

Ry, * (AG® — Vy;,. nF
ABPE H2 ( bias ) (3_2)
Ptot * A

where Vyias is the applied voltage, n is the number of moles of electrons used for generating
1 mol of Hy, and F is the Faradaic constant (96,485 C mol2). If Viias is 0, Eq. (3.2) equals Eq. (3.1)
and ABPE coincides with STH efficiency.

Another useful parameter is the Faradaic efficiency (n) that is the ratio between the real and

theoretical H, (or O2) produced (eq. 3.3 and 3.4):

meas
2

n(%) = Hztheor (3-3)
I+t

cheor — 3.4

5 — (3.4)

The theoretical H; production is defined by the photocurrent | generated during the time t
divided by the number n of electrons involved in water splitting, and F is the Faradaic constant.

To calculate the efficiency values of TNTSs, it is necessary to measure the light irradiance (i.e.
the amount of light reaching the photo-active materials) and quantify the percentage of
absorbed light with respect to the incident light. To obtain this information, it was necessary to
remove the layers of nanotubes of different thickness from the respective Ti metal supports.
With a short anodization (about 15 minutes) and a subsequent sonication treatment of a few
seconds, it was possible to separate the titanium oxide nanotube membrane from the metal
remained not-oxidized after the anodization. The layers thus obtained were subsequently
placed in a support specifically designed to fit with the PEC cell. In order to measure the light

irradiance, an optical fiber was placed behind the TNT layer and connected to a
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spectroradiometer (Lot Oriel, model ILT950), while a monochromator (MSH-150, Lot Oriel) was
used to select the individual wavelength coming from the lamp, with a wavelength
reproducibility of £0.05 nm. By setting the slit width at 2 mm, a bandwidth of 5.4 nm was
obtained. Figure 3.6 shows the set-up used for the determination of light irradiance. It should
be noted that these measurements were carried out under conditions very close to those used

for the experimental photo-catalytic tests for H, production.

Figure 3.6: a) Spectroradiometer measurements b) Current density measurements under single wavelength.

3.4 Result and discussion

3.4.1  Characteristic of titania nanotubes array (TNT)

Anodization technique allows the modulation of the nano-architecture of the TNT layer;
changing every single parameter results in a change in the morphology of the tubes. This
chapter focuses on the study of the length of the nanotubes, which depends mainly on the

anodization time. In the adopted experimental conditions, the length of the TiO, nanotube was
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investigated up to 5 h anodization time. For longer times, an equilibrium between the
dissolution of the oxide (from the top of the nanotubes) and further growth of the tubes (from
the bottom of the nanotubes near the metallic Ti layer) was reached, and the length remained
quite constant.

The nanotube formation process begins with the initial rapid increase of the current, due to
the initial ramp voltage, reaching a maximum value of 4.7 mA cm2 at 11 min (see Figure 3.7).
Referring to the above discussed mechanism of TNT formation (Chapter 2), in this step the
barrier oxide layer formation and the subsequently pore nucleation occur. As the oxide has a
higher electrical resistance with respect to the starting metallic layer, the growth of the
nanotubes results in a decrease of the anodization current (see the graph after 11 min).

Figure 3.8a shows the top view SEM images of TNTs produced at 50 V in 5 h. After the
preparation, the surface of the photoactive layer was covered by amorphous oxide, which
greatly limits the photo-response. The debris can be removed by a short etching (30 s) with
concentrated HCI (37%) in an ultrasonic bath (ElImasonic S30H, 80 W). Figure 3.8b shows the
clean TNT surface after the sonication treatment, which is of fundamental importance to

enhance light harvesting and photocatalytic activity.
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Figure 3.7: Anodization current and applied voltage as a function of time obtained during the synthesis of TNTs

at50Vin5h.
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Figure 3.8: SEM top images of (a) the as-prepared TiO, nanotube arrays anodized at 50 V and (b) the same nanotubes

after sonication treatment. The inset shows a magnification of the cleaned top surface.
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Figure 3.9: TNTs thickness vs. anodization time for TNTs samples anodized for different times.

The relationship between TNT thickness and anodization time is quite linear (Figure 3.9). The
nanotubes presented a mean diameter of 54 nm and a thickness of the walls of about 8-9 nm
(Figures 3.10e-f). Only the sample anodized for 30 min showed a tube length of about 0.8 um,
but the nanotubes were not properly developed due to the low anodization time. SEM images
(Figure 3.10) show an increase of the nanotube length from about 1 um for the sample

anodized for 45 min to about 6 um for the sample anodized for 5 h.
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The error bars in figure 3.9 indicate the standard deviation values, estimated by determining
the thickness (by SEM) at different points (>10) of the samples.

Moreover, the TNTs anodized for 5 h were completely removed from the Ti layer by strong
sonication and analysed by BET to evaluate the surface area, which resulted to be slightly higher

than the common standard TiO, Degussa P25 (68 vs. 48 m? g1).
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Figure 3.10: SEM images of the cross-section of TNTs/Ti samples produced at 50 Vin a) 45 min, b) 1 h,c)3handd)5

h; e) top view of TNTs produced in 5 h; f) magnification of image in e).

After the anodization, the TNTs are in amorphous form but they become crystalline after
the thermal annealing. Crystalline structure was investigated by XRD (Figure 3.11). Anatase
structure of titania is present for all the samples, and no rutile phase or other titania phases
were detected. To better evidence the peaks related to anatase (A) TiO, from those related to
the Ti substrate, the Ti XRD pattern has also been reported. The higher the anodization time,

the more the intensity of anatase phase is, as expected from the increase of the film thickness,
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but there is no change in the half-width broadening of the diffraction peaks, indicating that
there is no change in the crystallinity characteristics of the titania film by increasing the film
thickness. It is to notice that the attenuation length of the x-rays in the TNT structure
(considering a void percentage of 50% with respect to anatase bulk TiO2) can be estimated as
about 1600 um for a probe of 30 kV. This penetration length is considerably higher than the

highest thickness of our TNTs samples (5.8 um for TNTs anodized in 5 h).
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Figure 3.11: XRD patterns of i) TNTs/Ti samples (prepared at different anodization times) and ii) pure Ti disc (99.96%).

3.4.2  Light absorbance characteristics

The spectroradiometer was used to determine the light collection characteristics of the
TNTs. The optical fiber was placed inside the PECa cell, instead of the photoactive material, to
reproduce the reaction conditions as best as possible. The measured irradiation was 135 mW
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cm?, which represents the incident light energy that reaches the TNT-based electrode when
irradiated by the Xe lamp. As already described above (paragraph 3.3.4), by means of a double
anodization it was possible to detach the TNT layer from the metal support, and then the
resulting membrane was placed inside the PECa cell, in front of the probe, in order to evaluate
the actual light transmittance of the individual layers.

All the samples show the almost completely absorbance in the UV part of the irradiated light,
because the transmittance was less than 1.5% until 360 nm (Figure 12a). For wavelengths less
than 300 nm, all the curves increase, especially from 280 to 250 nm, while a difference was
observed in the visible part (>350 nm), where the fraction of light passing through the titania
film decreased by increasing the time of anodization (and the film thickness). For example, the
1.3 um TNTs film (obtained in 1 h) was able to absorb fully the light up with wavelength below
350 nm (UV component and where the titania band gap is located), but only about 70% of the
incident light (on average) for wavelength >350 nm (visible light). Table 3.2 reports the total
amount of energy absorbed Pit (not transmitted) by the different photoactive layers,
expressed in irradiance units (W cm2), evidencing the increase of total light absorption with
the TNT thickness. P:ot values were then used to calculate the STH efficiency, as reported below.
Figure 3.12a also indicates that an absorption in the visible region exists, although weaker than
that in the UV region, while in principle TiO, anatase should not have absorption in the visible
region. For this reason, the samples were also characterized by UV-visible diffuse reflectance
spectroscopy (Figure 3.12b). The spectrum of the commercial TiO, P25 Degussa has also been
reported for reference. All the spectra exhibit a strong absorption band centered at about 300-
350 nm related to the lowest energy charge transfer 0> = Ti** and associated to the TiO, band
gap (calculated as 2.9-3.0 eV) [17]. As the band gap of anatase TiO; is usually reported as 3.2
eV, these results suggest the presence of oxygen vacancies especially on the surface of TNTSs.
Except for TiO, P25 Degussa, all the spectra also evidence a broad absorption peak centered
around 580- 610 nm, with a broad tail on the low energy side extending to the whole visible
region. This absorption band is not present in films of TiO2 prepared by sol-gel or by depositing
commercial TiO2 nanoparticles (such as P25). Photonic crystals are periodic dielectric structures
that result in a Photonic Band Gap (PBG), which is the optical analogue to the electronic band
gap in semiconductors. It is a range of wavelengths that are prohibited from propagating in the
crystal because of the dielectric contrast. The existence and width of the photonic band gap

are dependent on the crystal structure, refractive index contrast, and filling fraction of the high
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index material. The high index material must also be non-absorbing in the wavelength region
of interest. Titania is one of the few high index materials that have low absorption in the visible
regime and it is suitable for creating photonic crystal [18]. TNT layers show a periodicity of the
crystal structure for wavelengths equal to 550-700 nm. The result is an improvement in terms
of visible light harvesting, although it should be noted that this strong visible-light absorption
(being related to light diffraction and scattering, rather than absorption with the generation of
charge separation) does not produce in principle an improved photocatalytic activity.

As observed in phononic materials such as Au-doped TiO2 [19], an absorption in the visible
region may generate ““hot” electrons with an increase in the photocurrent observed even with
light irradiation filtered from the UV component. Although phononic and photonic effects are
different, there is some photocurrent generated using only visible-light component in TNT
films, likely for an analogous mechanism of generation of “hot” electrons; however, this effect

is different from the enhanced visible absorption due to doping of titania [20].

Transmitted Irradiance Absorbed Irradiance Ptot
Sample
(Wecm?32) (Wcm?32)
Incident light 0.1350 0
TNT 45 min 0.0829 0.0521
TNT1h 0.0762 0.0588
TNT 3 h 0.0562 0.0788
TNT5h 0.0509 0.0841
Table 3.2:
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Fig.3.12: a) UV-visible light transmittance (obtained by using a spectroradiometer probe) of TNTs samples and b)

UV-visible diffuse reflectance spectra of TNTs/Ti samples (prepared at different anodization times).

3.4.3  Charge separation and electron transport

Chronoamperometry is a valid tool for the evaluation of the performance of TNTs on PECa
cell. The measurements were made in KOH (1 M) at 0.1 V (vs. Ag/AgCl) using an electrochemical
cell with a three-electrode configuration (Figure 3.13). Current density vs. time profiles referred

to the studied TNT samples were obtained both at open spectrum (no light-cutting filter) and
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using different filters to select the desired wavelength region (see light-cutting filters reported

in Figure 3.5).
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Figure 3.13: Chronoamperometric measurements for TNTs/Ti samples prepared at different anodization times (0.1 V

vs. Ag/AgCl, 1 M KOH).

All the samples showed a quick rise in photocurrent and fast recovery to the original value
through multiple ON/OFF cycles with a stable and reproducible photocurrent for all the tested
TNT samples. The sample with lower film thickness (i.e. anodized for 45 min) provided the
highest photocurrent response, while the photocurrent progressively decreased for higher
thicknesses. This phenomenon is exactly the opposite of that showed in the transmittance
behaviour and, even if a thicker film should absorb more light, the sample anodized for 45 min
was already able to absorb all the UV component of light. For the samples anodized for 1, 3 and
5 h, a higher probability of charge recombination exists, because the initial charge separation
(created at the top part of the layer) has a longer distance to cover before reaching the collector
layer of Ti. This result is in accordance to different proposed mechanisms of charge
recombination [21]. The percentage of photocurrent obtained using visible light with respect
to the current generated at open spectrum increased for longer tubes: from 16.0% for 45 min

TNT sample to 31.3% for 5 h TNT sample in case of using AM 1.5G filter (simulating standard
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terrestrial solar irradiance distribution). Due to their specific nanostructure, TNT films are able
to show some photo-generated current and photo-electrolysis activity under visible light. Being
light absorption in the visible region depending on the film thickness (see Figure 3.12a), there

is also a dependence of the photo-generated current on the film thickness.

3.4.4  H;production and STH efficiency

The H; formation in PECa experiments is reported in figure 3.14. All the samples show an
initial induction period of 10-15 min, due to the need to establish the equilibrium in the cell.
Later, the H; evolution increases linearly with a quite constant production rate. O, was detected
in the anode side and the H;:0; ratio was the expected for stoichiometric water photo-
electrolysis, while no hydrogen evolution was detected in the anode. Following the trend of the
photocurrent measurements, the maximum in H; productivity was observed for the 45-min-
anodized TNT sample, giving about 560 umol in 5 h of light irradiation, followed by the TNTs
with higher layer thickness. However, the sample prepared at 30 min of anodization was out of
this trends because, even if it has a lower film thickness (lower with respect to 45 min anodized
sample), the absence of the tubular nanostructure results in a higher charge recombination
rate, higher than the sample anodized for 5 h. The average H, production rates (umol h't) are

showed in the inset of figure 3.14.
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Figure 3.14: Hydrogen evolution vs. time for TNTs/Ti samples prepared at different anodization times. Inset, a table

time, min

showing the average H; production rates.
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It is not easy to make a comparison with literature data because of the different types of
cells and conditions used (e.g. the electrolyte, the use of a sacrificial agent and/or an external
bias between the two electrodes) [22]. Stoll et al. [23] reported recently a H; production rate
of about 2 nmol s (72 umol h) in a PEM-PEC cell based on 0.7 um-thick TNTs prepared in 1 h
anodization time, but with an applied extra bias of 1.23 V. Obviously the data reported in
literature for PEC cells without external bias or sacrificial agents are typically lower. Schmuki et
al. recently obtained a maximum H; generation rate of about 20 umol h, but they used Pt-
doped titania nanotubes [24]. Selli and coworkers reported a H; production rate of 0.153 mmol
h! using an irradiated area of about 10 cm? with no electrical bias or sacrificial agent employed
during the tests [25]. They obtained a H2 production rate per unit area of 15.3 pumol h* cm??,
but in the experiments obtained during this PhD research activity (see inset of Fig. 3.14), the
highest productivity in H> formation per unit area was 22.4 umol h™* cm2, that is about 1.5 times
higher than that obtained from Selli and coworkes’s work. It is reasonable to assume that the
best performances are to ascribe to the highly compact design of our PECa cell, which allowed
to minimize all the issues generally presented in conventional photo-reactors, as described in
Chapter 2.

Figure 3.15 shows the production of H, and the ABPE efficiency (calculated by equation 3.2)
in the case of applied voltage. The best performance in terms of ABPE was obtained at Vpias =0
(exactly when ABPE is the same of STH efficiency). When the energy supplied is higher than the

output energy obtained as H; evolution, ABPE becames negative (+1,5 V).
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Figure3.15: ABPE and H; evolved in 3 h vs. applied voltage.
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The onset of H; evolution starts at -0.5 V, reaching a maximum in the range 0/+1.0 V and
slightly diminishing at +1.5 V. The electron conductivity between the two electrodes is not the
rate-limiting step of the PECa process, but the formation/diffusion of protons within the cell
might cause the losses of overpotential. The STH efficiency values calculated by equation (3.1)
are reported in Table 3.2. The irradiance values (P:wt) used for the calculations are those
reported in Table 3.1. The higher STH efficiency value was obtained for the 45-min anodized
TNTs sample (2.5%). While the trend is inversely proportional to the anodization time due to

the decreasing of H, production by increasing the tube length.

Sample STH efficiency (%)
TNT 45 min 2.46

TNT1h 1.60

TNT3 h 1.04

TNT5h 0.72

Table 3.2: STH efficiency at Vpias = 0 for time-differently anodized TNT samples.

3.4.5  Faradaic efficiency, IPCE and APCE

As discussed in paragraph 3.3.4, a useful parameter for evaluating PECa performance is the
Faradaic efficiency. It is a measure of how much electrons are actually converted into chemical
energy (hydrogen or oxygen). The n values for the time-differently anodized TNTs samples are
reported in Table 3.3. The 45 min and 1 h anodized TNTs samples showed an efficiency higher
than 99%, this means that almost all of the photo-generated current was converted into H,.
The Faradaic efficiency diminished by increasing the TNTs thickness, confirming that for higher

nanotube length the charge recombination is the main issue.

Sample Faraidic efficiency (%)
TNT 45 min 99.3

TNT1h 99.2

TNT 3 h 85.1

TNT5h 75.0

Table 3.3: Faraidic efficiency for TNTs samples anodized from 45 minto 1 h.
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The incident photon to current conversion efficiency (IPCE) represents an important
parameter to determine PECa performance. IPCE is also called the external quantum efficiency
and is a measure of the capacity of converting the incident photons to the photocurrent flowing

between the working and counter electrodes. it can be calculated by the following equation:

I, (D)

3.5
Pre ()2 100 (3:3)

IPCE (%) = 1240

where Ip (A) is the photocurrent density (A m2) and Pinc (A) is the incident power density of
light (W m™) at wavelength A (hnm). The constant ““1240” has the unit W nm A1, When the IPCE
value reachs 100%, all the photons generated creates the electron-hole pairs, but due to the
losses corresponding to the reflection of incident photons, the imperfect absorption by the
semiconductor and recombination of charge carriers, the IPCE values are less than 100% [26].
The IPCE is usually calculated by measuring the current in the cell under the application of a
single wavelength (or a small group of wavelength). The IPCE (%) was calculated for the one-
hour-anodized sample and its profile (vs. wavelength) in the range 300-500 nm is showed in
Figure 3.16. The solar spectral irradiance (AM 1.5G) has also been reported in the same graph
as reference.

The graph in Figure 3.16 reports also the absorbed photon to current efficiency (APCE)
calculated for the same sample. APCE is also called the internal quantum efficiency and it is
defined as the number of electrons collected per absorbed photon and was calculated by the

following equation:

I (D)

—— %100 (3.6)
Pabs (/1) A

APCE (%) = 1240
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Figure 3.16: ABPE and H; evolved in 3 h vs. applied voltage.

The calculation of APCE is the same for that of IPCE except for the irradiance values P (A) in
which for APCE the irradiance value is referred to that absorbed from the TNT layer (Pabs). The
IPCE shows its maximum value of about 65% at 330 nm, while the value of APCE at the same
wavelength is almost 100%. In the visible light region (400-500 nm), IPCE has an average value
of 0.3-0.4%.

The APCE calculation does not take into account the losses in the incident photons like
reflection, scattering, etc., as it only refers to the absorbed light. Moreover, the APCE shows a
small peak in the visible light region centred at 410 nm (see the inset in figure 3.16), with a

value of about 1.3%, evidencing the photo-activity of the TNTs layer also in the visible region.

3.5 3D type titania nanotubes on Ti grid

Within a collaboration with the “Institut de Chimie de Lyon” of the CNRS-CPE Lyon, part of
the research was dedicated to the synthesis and characterization of 3D type titanium oxide
nanotubes. The idea derives from the necessity to make small holes in the Ti substrate to

connect the photo-anode to the cathode in a PECa cell, allowing the passage of protons. For
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this reason, the grids of Ti were anodized, very similar to the Ti discs, and their light absorbance
and mass transfer characteristics were examined.

Specifically, the 3D type TNT electrodes were synthetized by controlled anodic oxidation of
a macroporous Ti substrate. The starting metallic substrate (supplied by Alfa Aesar) consists of
Ti wires (0.13 mm diameter) regularly woven to form an 80 mesh (i.e. 0.177 mm) gauze with
an open geometric area of 36%. Like the Ti discs, the grids were also pre-treated by a strong
sonication for 30 min. The setup for anodization is the same used for the discs, but the voltage
was varied in the range of 40-70 V and time in the range of 1-7 h. The characterization and
testing equipment is the same used for Ti discs.

In the 3D type TNTs, two types of porosity exist: i) a macroporosity, due to the meshes of
the Ti gauze (80 mesh, i.e. 0.177 mm) and ii) a mesoporosity due to the TiO, nanotubes having
an inner diameter in the range 40-120 nm. Figure 3.17a-b shows respectively the Ti grid non
anodized and the grid after the anodization process. High magnification in figure 3.17 c-d

confirms the presence of the tubular structure.

Figure 3.17: SEM images of a) low magnification of Ti grid non anodized b) Ti grid anodized c) high magnification of

TNTs on grid and d) TNTs grown on single wire (the broken piece allows to see the tubular structure).
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The synthesis parameters influence the morphology of the tubes as in the case of the
anodization of the Ti discs. The increase in the length of the tubes is related to the time of
anodization, but while for the nanotubes on the disc the anodization time did not influence the
internal diameter, for the nanotubes, for the case of the grid an increase of the internal
diameter was observed by increasing the anodization time. Figure 3.18 shows the parameters
for the sample anodized at 50 V with time ranging from 20 m to 7 h. The percentage of voids

was quite constant until 5 h and strongly diminished at 7 h.
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Figure 3.18: Profiles of length, internal diameter and percentage of voids of 50 V-anodized TNTs-Ti mesh versus time

of anodization.

The 3D type TNT electrodes were fianlly tested in the PECa cell for H; production in the
process of water photo-electrolysis. Two main aspects influence the H; productivity tests
(Figure 3.19): if the increasing length of the nanotubes negatively influences the H, production
(like in the case of TNTs on discs), on the other side the increasing of diameter also increases
the H, production, and this resulting in a minimum at 3h of anodization. The value of H;
production at 7 h of anodization, instead, is out of the above explained trend, because of the
percentage of void that strongly diminished for higher time of anodization (as showed in Figure
3.18). This results to a higher number of contacts among the tubes that increase the charge

recombination effect, limiting the entire photo-electrolysis process.
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Figure 3.19: anodization time vs H, production for the 50V anodized samples

These 3D type titania nanotubes based electrodes, not only act as photoactive materials for
water splitting, but also operate as a membrane that allows the permeation of the electrolyte

to and from the Nafion® membrane with the improvement of the mass transport effect.

3.6 Conclusions

The aim of this chapter was to investigate the morphology of the titania nanotubes array
TNTs and improve the performances in a PECa cell for H, generation through the water splitting
reaction. The following results were obtained:

1) Synthesis of TNT films with different tube length was performed by the use of
anodization technique that allows to prepare highly order TNT arrays with tube length
from 1 to 5 um by increasing the anodization time from 30 min to 5 h. The as-prepared
TNTSs have similar nanotube diameter, show uniform thickness and clean top surface and
are characterized by the same crystallinity degree in anatase phase.

2) Tests in a compact PECa device for the water photo-electrolysis reaction were
conducted for the as prepared samples. Results showed that the increase of thickness,
despite the increase of light absorbance, negatively affects the photocurrent generation
and the relatively Hy, production. The sample anodized for 45 min providing the

maximum H; production of 22.4 umol h'' cm=.
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3) Efficiencies were determined in order to evaluate the entire system (TNTs + PECa). A
photoconversion efficiency (solar-to-hydrogen —STH- efficiency) of about 2.5% was
obtained. This value is among the best ever reported insofar as PECa cells use undoped
TiO> photoanodes and in absence of external bias or sacrificial agents. Quantum
efficiency (IPCE and APCE) were also measured confirming the presence of visible light
activity related to the nanostructure of TNTs.

4) Mass Transport phenomena were investigated and the realization of 3D type
interconnected structure was made in collaboration with the CNRS-CPE of Lyon. The
results showed that both length and inner diameter of the tubes affect the H, production
with an opposite trend with the samples anodized at 20 min and 5 h at the top and the

sample at 3h at the minimum.

Next chapter will be focused on solving the other main issue related to the use of titanium

dioxide as efficient photocatalyst, i.e. the visible light harvesting.
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4 Improving visible light activity

4.1 State of the art

One of the most important challenges in photocatalysis and photo-electrocatalysis is to
develop a catalytic material able to work efficiently in the conversion of solar energy into
chemicals and fuels. In general, an efficient photocatalyst should have the following
characteristics: i) light harvesting, especially under visible light to exploit the entire solar
spectrum; ii) electron-hole pair formation, with no fast charge recombination and iii) stability
and resistance to photo-corrosion [1]. Thin films based on ordered arrays of vertically aligned
TiO2 nanotubes have been successively developed to overcome most of the issues reported
above: they are stable and show a vectorial transport of electrons, minimizing the charge
recombination phenomena. Moreover, TiO, nanotube arrays behave as efficient photo-active
materials not only in the UV light region, but they also show some activity under visible light.
As discussed in Chapter 3, this can be ascribed to the structural resonance effect, due to the
presence of highly ordered nanotubes, even if in principle this could not be associated to an
increase of photocatalytic activity.

Thus, a great interest exists on the modification of titania-based photocatalysts with the
attempt of further improving their visible light absorption properties [2-3]. In this context, the
deposition of metal particles on TiO; has been widely investigated in literature, in order to
improve the photo-catalytic performances by heterojunction, co-catalysis, co-alloying or
plasmonic effects [4]. Noble metal (Au, Pt) nanoparticles have been used to modify TiO, surface
[5-6]. However, the use of non-critical raw materials should be preferable for both cost and
sustainability motivations. In this context, the use of CuO and Cu;0 as earth-abundant materials
has become of great interest due to their photoactive properties, good environmental
acceptability, low thermal emittance, non-toxicity and simple and low-cost production process
[7-8]. Recently, the modification of TiO, nanotubes with copper oxides (CuO and Cu;0) and

metallic copper has been studied in order to improve the photo-response of the system [9-10].
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4.2 The scope of the chapter

There are several strategies to improve the characteristics of TiO>—based photocatalysts.
Chapter 3 was dedicated to the synthesis of ordered arrays of vertically aligned TiO2 nanotubes,
in order to improve the electrical transport and minimize charge recombination phenomena,
particularly focusing on the optimization of the nanotube length. The aim of this chapter is
instead to improve the visible light absorption properties of the TiO, nanotube arrays, by
investigating different techniques for the modification of TiO,. In particular, the surface of
nanostructured TiO> was decorated with metal nanoparticles (NPs), acting as visible light
absorption centres and also as catalytic active sites for the combination of protons and
electrons to produce hydrogen.

Particularly, nanoparticles of gold (Au) (evidencing the typical plasmonic effect) were
deposited on the surface of the TiO, nanotubes by three different techniques (wet
impregnation, photo-reduction and electrodeposition) and their performances were studied
under different operating conditions by using a gas photo-reactor (GP) and a homemade photo-
electrochemical (PEC) cell. The photo-catalytic behaviour of Au-doped TNTs was evaluated in
the process of water photo-electrolysis, as well as in the photo-reforming of simulated organic
streams.

Then, the attention has moved towards Cu-doped TiOz nanotubes, with the aim of exploiting
earth-abundant and low-cost materials. Copper is an interesting element, evidencing a
behaviour of p-type semiconductor and also showing the plasmonic effect when present in the
form of nanoparticles. This makes copper-doped materials suitable to be used as efficient
visible light photo-catalysts. This part of the work was carried out in collaboration with the
Institute of Chemistry in Araraquara (Brazil). The Cu-based nanoparticles were deposited on
TNTs by adopting three different techniques, dip-coating, spray coating and electrodeposition.
Finally, they were tested for ethanol degradation in GP reactor and water splitting in the PEC

cell.

4.3 Experimental
The synthesis of titanium dioxide nanotubes through the anodization process has already

been described in Chapter 3 (paragraph 3.3.1). The experimental section of this chapter will
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focus on the techniques of deposition adopted for the decoration of TNT with gold (Au) and

copper (Cu) nanoparticles (NPs).

43.1

Deposition of Au nanoparticles (Au NP)

For the synthesis of TNTs with gold nanoparticles (Au NPs) three techniques were

performed: (1) wet impregnation, (2) photo-reduction and (3) electrodeposition:

1)

2)

3)

Wet impregnation a modified wet impregnation technique was used for the
deposition of gold on the TNT surface. After calcination, the TNT/Ti electrode was
located at the bottom of a beaker (having a diameter slightly larger than the round
3.5 cm TNT/Ti disc), which was filled with an aqueous solution of HAuCls and heated

to 60 °C under constant slow stirring until complete evaporation of the water.

The photo-reduction using the gas phase reactor described below (figure 4.1), Au NPs
were deposited on TNT/Ti film. The electrodes were first immersed in the aqueous
metal precursor solution (HAuCls) for the time necessary to fill the nanotubes by
capillary forces (30 min) and then they were exposed to the UV-visible lamp under a

low inert gas flow (N2) to reduce Au and form NPs.

Electrodeposition the Au/TNTs by electrodeposition was produced in a conventional
electrochemical cell with a three-electrode configuration using Ag/AgCl as the
reference electrode and a Pt rod as the counter-electrode. The working electrode
(TNT/Ti) was subjected to cyclic voltammetry in presence of the metal precursor
(HAuCla) in 1 M phosphate buffer solution (PBS). Seven cycles from 0to + 1.4 V were
performed at a scan rate of 20 mV st and at 50 °C. Later, the electrodes were washed

in deionized water under sonication to remove the excess of gold.

All the samples prepared by the described techniques, after the deposition procedure were

dried in air at 200 °C for 2 h at a heating rate of 2 °C min™.
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Deposition of Cu nanoparticles (Cu NP)

For the deposition of copper nanoparticles (Cu NPs) three main techniques were adopted 1)

electrodeposition; 2) deposition of preformed nanoparticles; 3) dip-coating:

1)

2)

3)

Electrodeposition for the electrodeposition of Cu NPs, a conventional
electrochemical cell with three electrodes was used: the TNT/Ti as the working
electrode, the Ag / AgCl as the reference electrode and a Pt wire as the counter-
electrode. The electrode was subjected to seven cycles of potential variations
ranging from 0V to -0.8 V in an aqueous solution of 0.5 mM CuSQO;, at a scanning rate
of 20 mV st and 50 °C of temperature. After the Cu electrodeposition, the sample

was dried in air at 200 °C for 2 hours with a heating rate of 2 ° C min.

Preformed (size-controlled) Cu nanoparticles the synthesis of Cu NPs was made by
using polyethylene glycol (PEG) as spacing agent and sodium borohydride as reducer
in a basic solution. Ascorbic acid was added to avoid the fast metal oxidation. An
aqueous solution containing 0.01 M of CuSQO4 5H,0, 0.02 M of PEG 2000 and 0.03 M
of l-ascorbic acid was prepared. A solution containing 0.1 M of NaBHs was added
dropwise to obtain the complete reduction in 2 h. Later, the preformed Cu NPs were
deposited on titania nanotube thin films by two methods: in situ reduction and spray
coating. Regarding the in-situ reduction, the TNT electrode was added into the mixed
solution before the NaBH4 addition. The copper loading in this case was low, around
0.15 wt%. By spray coating, the metal nanoparticles were filtered and re dispersed
in ethanol to be sprayed on the surface of the titania nanotube layer. In this case the

loading obtained was higher (around 1 wt%).

Dip coating technique was used to decorate TNTs with Cu NPs by using an adapted
methodology from Perazolli et al. [11]. The solution used for dip coating was
prepared with copper nitrate hydrate (8.4 x1073 mol L™ of metal) as copper oxide
precursor, citric acid and ethylene glycol in molar ratio of 1:4:16, respectively. The

electrode, after drying, was annealed at 450 °C for 3 h.
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4.3.3  Gas phase reactor

The photo-reactor used for the ethanol degradation is homemade and made of Pyrex, with
a quartz window to allow the irradiation of the photo-catalyst. The irradiated area is ca. 10 cm?.
Figure 4.1 shows the schematic drawing of the gas phase reactor (GP). The photocatalytic film
is suspended inside the reactor behind the quartz window. 20 ml of EtOH aqueous solution
(10% EtOH) is placed on bottom of the reactor and heated at 60°C. The entire set-up for the
experiments is the same used for the PECa cell: a Xe-arc lamp (ORIEL, 300W) is used as light

source and a gas chromatograph (Agilent 7090A) for products detection.
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Figure 4.1: Scheme of the reactor used for gas-phase photocatalytic tests.

4.3.4 Characterization

Part of the characterization by electron microscopy (especially for Au-doped TNTs) was
carried out in collaboration with the Department of Chemical Sciences of the University of
Padua, by using a field emission scanning electron microscopy (FE-SEM, Zeiss model Supra 35)
equipped with an energy dispersive X-ray (EDX) spectrometer. Copper-doped TNTs were
instead analysed by using a SEM Philips XL-30-FEG operated at an accelerating voltage of 5 kV.
High resolution transmission electron microscopy (TEM) images were recorded using a CM200
transmission electron microscope (TEM) (Philips/FEl, Netherlands) operated at 200 kV.

The total metal loading was evaluated by Atomic Absorption Spectroscopy (AAS) using an
AAnalyst 200 spectrometer by PerkinElmer. For the analysis, the Cuand Au TNTs samples were

sonicated in concentrated HF aqueous solution (48 wt%) to dissolve Cu/Au and the resulting
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solution was analysed after proper dilution. The calibration curve was obtained by means of
three standard solutions in the range 1-5 ppm by diluting Copper and Gold Standard for AAS
(1000 mg L™t in nitric acid) supplied by Sigma Aldrich.

X-ray Diffraction (XRD) patterns were recorded on a Bruker Model D2 Phaser. X-ray
Photoemission (XPS) spectra were collected using PHI VersaProbe Il analyzer. Cuyp, binding
energies (BE) were recorded using AlKa (1486.6 eV) as the excitation source and a pass energy
of 23.5 eV. The XPS spectra were recorded with setting of 100 p100W20kv_HP. Position of XPS
peaks of the corresponding element is referred to the Cis peak of carbonaceous contamination,
whose energy is taken equal to 284.80 eV.

An UV/Vis spectrometer (Jasco V-570PerkinElmer Lambda 1050) was used for diffuse
reflectance measurements in order to obtain the optical band gap. Chrono-amperometry
measurements were performed by the use of a three-electrode cell (already described in
Chapter 3), with a Pt wire as counter-electrode and a saturated KCI-Ag/AgCl reference
electrode. All the tests were performed at room temperature in 1 M KOH or 1 M Na;SO3

solutions at 0.1 V using a potentiostat—galvanostat (2049 AMEL).

4.4 Result and discussion

4.4.1  TNTs/Au NP characterization

Chapter 3 has shown that the length of the nanotubes has much influence on performance
of a PECa cell. The transport of electrons occurs from the top of the nanotubes, where light
harvesting is the greatest, to the bottom of the nanotubes and towards the collector layer
(which is the metallic Ti remained non-oxidized after the anodization). Light absorption could
be maximized by increasing the quantity of the photo-catalytic materials, for example obtaining
longer TNTs by increasing the time of anodization. However, the results reported in Chapter 3
have demonstrated that, in PECa cells, the longer TiO, nanotubes are the more charge

recombination phenomena occur; thus, a thin nanotube layer is preferable.
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Figure 4.2: SEM top images of Au-modified TNT arrays with Au deposited by (a) wet impregnation, (b) photo-
reduction, (c) electrodeposition. In (d) a magnification of (c) image is reported showing 3-5 nm Au NPs. EDX analysis is

also reported.

Figure 4.2 shows the morphologies of the prepared vertically aligned Au-modified TNTs
arrays. By the wet impregnation method, the samples showed aggregation of not well-
dispersed Au NPs, deposited mainly on the top of the TNTs (figure 4.2a). Smaller and quite
dispersed Au NPs (8—15 nm) were obtained by photo-reduction method (figure 4.2b). Some
debris was present on the TiO; surface, which are residuals from the evaporation of the
aqueous solution containing the precursor salt. Figure 4.2c shows the particles obtained with
the electrodeposition method, resulting to be the best method for decorating homogeneously
the surface of the TNTs. The electrodeposition technique allows to obtain a uniform dispersion
of small particles (3-5 nm). The onset of figure 4.2d shows the EDX analysis, confirming the
presence of gold on the TNT surface. A few bigger Au NPs (with size similar to the opening of
the tubes) blocked up the holes of some tubes. Due to the resistance encountered by the
aqueous Au precursor solution to fill completely the tubes by capillarity, the major part of Au

NPs was deposited on the top of TNTSs.
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Figure 4.3: UV-visible diffuse reflectance spectra of Au-modified TNT arrays prepared by different Au deposition

methods.

UV-visible diffuse reflectance spectra of the Au-modified TNT arrays prepared with the
three different technique of Au deposition were reported in figure 4.3, together with the
spectra of the bare TNTs arrays (non-modified) and commercial TiO; P25 Degussa. All the
spectra exhibit a strong absorption band centred at about 350-400 nm related to the lowest
energy charge transfer O, - Ti* and thus associated to the TiO2, band gap consistent with
expectations for a mixture of anatase and rutile TiO, polymorphs. The band-gap modification

by the different deposition of gold are reported table 4.1.

Sample Band gap (eV)
TNT 3.26
TNT-Au wet impregnation 3.16
TNT-Au photo-reduction 3.13
TNT-Au electrodeposition 3.08
TiO2 P25 Degussa 3.04

Table 4.1: Bandgap modification of the three different TNT-Au samples.
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All the spectra evidence a broad absorption peak centred around 550 nm (except for TiO3
P25 Degussa) with a broad tail on the low energy side extending to the whole visible region.
Also non-modified TNTs sample shows a broad absorption band in the visible region, although
with a maximum centred around 650-700 nm This kind of absorption band is not present in
films of TiO, prepared by sol—-gel or by depositing commercial TiO2 nanoparticles. It is related
to light diffraction in 2D-type photonic materials. Au-modified TNT arrays prepared by
electrodeposition presents a series of interference fringes in the range 600-1200 nm); this is
probably related to the difference in distribution of Au NPs with respect to the other two
methods of preparation. Likely, very small Au NPs on the top of the TNTs induce a localized
surface resonance coupling with the resonances deriving from the Au NPs localized in other
positions of the TNTs, where they are more influenced from the electromagnetic field
generated by the photonic crystal.

BET surface area analysis showed a little increment of the surface area of TNT arrays in
respect to that of Degussa P25 (68.1 vs. 48 m? g) and no significant changes were observed
after Au deposition. TNTs arrays were completely removed by a strong sonication treatment in
order to discern the peaks of Ti to that of TNTs during the XRD analysis (figure 4.4). After
annealing the TNT reached the crystallization, and only the anatase phase was present.

Diffraction Au peaks were also observed, even if barely discernible from the background,
due to the low Au concentration on TNTs and to the small size of Au NPs obtained by
electrodeposition technique, as confirmed by SEM analysis. To evaluate the effective Au metal
loading in TNT, the as-prepared Au-modified TNT arrays were sonicated in concentrated HF
aqueous solution (48 wt%) to dissolve Au and the resulting solutions, after proper dilution,
were analysed by AAS. Calibration curves were obtained by means of three standard solutions
in the range 1-5 ppm by diluting gold atomic spectroscopy standard concentrate (1.00 g L)
supplied by Sigma Aldrich. The analytical results showed about 1.5 wt% Au loading for the
sample prepared by electrodeposition; a similar value was detected for the Au-modified TNTs
sample prepared by photo-reduction, while the Au loading for the sample prepared by wet

impregnation was higher (2.4 wt%).
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Figure 4.4: XRD patterns of (1) Au-modified TNT arrays on Ti with Au deposited by electrodeposition, (2) TNT arrays
detached from the Ti layer and (3) pure Ti disc (99.96%).

The samples were also characterized by chrono-amperometric measurements, using
different filters to select the desired wavelength region. Figure 4.5a shows the typical
photocurrent vs. time profiles referred to non-modified TNTs arrays, obtained in a three-
electrode cell using an aqueous solution of 1 M KOH at 0.1 V (Ag/AgCl reference electrode, Pt
counter-electrode). The ON/OFF illumination at open spectrum displayed a quick rise in
photocurrent and fast recovery to the original value through multiple ON/OFF cycles (four
cycles). There is a stable and reproducible photocurrent for all the tested samples. By using the

AM 1.5 G filter (simulating standard terrestrial solar irradiance distribution) the ON/OFF
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increment was ~18% with respect to the value at open spectrum (no filter). Considering that
the percentage of UV light in solar spectrum is only 4%, this result obtained by AM 1.5 G filter
evidences the improved performance of TNT arrays in the visible region with respect to
standard TiO,.

Figure 4.5b shows the comparison between the all Au-modified TNT arrays prepared by the
three different deposition techniques. Electrodeposition method allowed enhancing the
photocurrent response, being 1.6 times higher than the photocurrent of the non-modified TNTs
arrays, which becomes 1.8 times higher when the AM 1.5 G filter was used. The other
deposition methods (wet impregnation and photo-reduction) did not give any improvements
and photocurrent values even diminished with respect to the non-modified sample due to the

charge recombination effect that affects mainly bigger Au particles.
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Figure 4.5: Chronoamperometric measurements for (a) non-modified and (b) Au- modified TNT arrays (0.1V, 1 M

KOH).
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4.4.2  TNTs/Au NP testing
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Figure 4.6: Hydrogen evolution as a function of time in gas-phase photo-catalytic experiments of ethanol photo-

dehydrogenation over Au-modified TNT arrays.

H, productivity in gas-phase photo-reforming experiments (GP) of the different Au-modified
TNT arrays was reported in figure 4.6. The maximum productivity of hydrogen was observed
for the photo-catalyst prepared by electrodeposition, giving about 190 umol H; in 5 h of light
irradiation, followed by the sample prepared by photo-reduction technique with a 19% lower
production. This difference can be related to the larger particles obtained by photoreduction
with respect to electrodeposition technique, as confirmed by SEM analysis. A decrease of the
performance with respect to the bare TNTs sample was observed for the Au modified TNT
prepared by wet-impregnation. The bigger particles, acting as charge recombination centers
and partially covering the surface area, played a negative effect on the H, production. Even if
the process that occurs in the GP reactor is manly photocatalytic, the reaction occuring in the
single modified tube can be considered as a short circuit type electrochemical cell. The figure
4.7 schematizes this concept: TNT arrays work as the anode for the oxidation reaction and the

Au NPs work the cathode for the proton reduction. The holes, created in TNTs during light
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irradiation, oxidize ethanol to acetaldehyde (and/or water to O;), while the electrons are

attracted by Au NPs combining with protons coming from the ethanol deprotonation.

CH,CH,OH CH,CHO +2H*
or
TNT VB H,0 %0, + 2H*

Figure 4.7: Schematic mechanism of water photo-electrolysis and/or ethanol photo- dehydrogenation over Au-modified

TNT arrays with both redox reactions occurring in the same environment.

Selectivity of the reaction to acetaldehyde is above 98% and thus this reaction, which may
likely be extended to other types of alcohols or possible other types of substrates, can be a
good example of solar-driven chemistry.

For the tests in the PECa cell, the Au-modified TNTs by electrodeposition were chosen and
tested for both water splitting (WE) and ethanol photo-dehydrogenation (DE); a comparison
was made with the non-modified TNTs arrays. The results, reported in Figure 4.8, showed that
about 195 umol of hydrogen were measured in the cathode side after five-hour time of
irradiation for the non-modified TNT, while no H, was detected in the anode part. This value is
almost twice of that obtained in GPR reactor for ethanol dehydrogenation (about 92 umol).
The addition of ethanol to the photo-anode increasing the H, productivity even to about 355
umol (four times higher). These results evidencing the importance of using a PECa design. The
presence of Au NPs on TNTs surface decreased the quantity of H; at the cathode to about 93
umol, but hydrogen was also formed at the photo-anode. This phenomenon is because the Au
NPs can also act as reduction centers in the anode side in a process quite similar to that of GP

reactor (figure 4.7). This was confirmed by the detection of H; in the anode side.
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Figure 4.8: Hydrogen evolution as a function of time from the cathode of a PECa cell in water splitting (WS) and ethanol

dehydrogenation (ED).

The tests conducted by using the filter AM 1.5 G to simulate the solar spectrum (figure 4.9)
showed a similar behaviour of that conducted at open spectrum (figure 4.8). Some
considerations should be done about the ratio of AM1.5 G/open spectrum values for the
different photo-catalysts. This ratio is about 16% for the non-modified TNT arrays by water
photo-electrolysis and increases to about 18% in presence of Au NPs, as gold improves light
absorption in the visible region. The percentages increase in presence of ethanol, becoming
~21% and ~25% for the non- and Au-modified TNT arrays, respectively. Differently from the
gas phase reactor, in the PECa approach, in the anode side the electrons and protons were
generated and later transported to the cathode side (through a Nafion membrane for protons
and through an external wire for electrons) when the reduction reaction occurs. The
reduction/oxidation products of WS and/or ED are thus produced separately in the two

reaction chambers.
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Figure 4.9: Hydrogen evolution as a function of time from the cathode of a PECa cell in water splitting (WS)

and ethanol dehydrogenation (ED). AM 1.5 G filter was used to filter the incident light.

Figure 4.10 shows a schematic mechanism of water splitting (or ethanol photo-reforming)
over Au-modified TNT arrays as photo-anode in a PECa. The presence of vertically aligned TNT
arrays is necessary, in addition to the plasmonic—photonic synergetic effects discussed before,
to improve the transport of electrons and protons (produced from water photo-oxidation) from
the top of the tubes to the bottom part to be collected from the Ti porous layer (to be
transferred through the external circuit to the cathode side) or to be transferred to the cathode
side via the H* conductive membrane (Nafion-type) to the electrocathode. It is clear that the
main advantage of this cell is to have a separate zone for oxidation and reduction thus

improving the collection of the products and limiting the recombination of charge.
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Figure 4.10: Schematic mechanism of water photo-electrolysis and/or ethanol photo-dehydrogenation over Au-modified

TNT arrays as photo-anode in a PECa cell with separation of oxidation and reduction zones.

4.4.3  TNTs/Au NP efficiency

The main aspects to be considered for the evaluation of PECa cell efficiency are: i) the
absorption of photons having sufficient energy to equal or exceed the band gap of the
semiconductor; ii) the conversion of absorbed photons into separated charges and iii) the
utilization of these charges for water splitting and/or ethanol photo-reforming.

The evaluation of these three main aspects can be included in a single parameter: the solar-
to-hydrogen efficiency (STH), which has already introduced in chapter 3. The values of STH
efficiency, obtained by testing Au-doped TNT electrodes in both WS and DE processes, are
reported in table 4.2. In absence of sacrificial reagents (water photo-electrolysis), the maximum
value of STH efficiency was obtained for the non- modified TNT sample (in this case the TNTs
were prepared in 5 h of anodization). It is difficult to make comparison with other results
reported in literature, because the reported photo-devices are very different in terms of
materials, configuration, and operating conditions, as well as different expressions are

generally used for efficiency calculation.
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Process Sample STH (%) Filter
Water photoelectrolysis TNT arrays 0.83 Open spectrum
TNT arrays 0.23 AM15G
Au-TNT arrays 0.39 Open spectrum
AuU-TNT arrays 0.11 AM1.5G
Ethanol photo-dehydrogenation TNT arrays 1.43 Open spectrum
TNT arrays 0.24 AM15G
AuU-TNT arrays 0.93 Open spectrum
AuU-TNT arrays 0.20 AM1.5G

Table 4.2: Solar-to-hydrogen (STH) efficiency for non- and Au-modified TNT arrays in PECa cell.

The results obtained in the PECa system (with separation of oxidation/reduction zones)
showed a different behaviour with respect to the experiments performed in gas phase (GPR).
In these latter tests, in fact, H, production was higher in presence of Au NPs, while in PECa cell
experiment the performances of the non-modified TNT sample, in terms of both H;, production
and STH efficiency, are higher. This phenomenon can be explained by the fact that the photo-
generated current was partially short-circuited towards the Au NPs, which are deposited on the
TNT electrode surface in the anodic side. For this reason, a good amount of the electric current
was not collected and transferred to the cathode side, but it was lost in the anode in form of
H> that can be easily recombine with O,. This hypothesis is confirmed by the detection of
hydrogen also in the anode side of the PECa cell. It is to be noticed that the amount of H;

produced from the anode side has not been taken into account for the STH efficiency

calculation.
Sample n (%) Filter
TNT arrays 61 Open spectrum
TNT arrays 50 AM15G
AU-TNT arrays 91 Open spectrum
AuU-TNT arrays 56 AM15G

Table 4.3: Faradaic efficiency (n) for non- and Au-modified TNT arrays in PECa cell by

water photo-electrolysis.
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The Faradaic efficiency (equation 3.3) were reported in table 4.3 and shows the values for
the Au-modified TNT arrays prepared by electrodeposition in comparison with the non-
modified TNT sample for the process of water photo-electrolysis. All these values closed within
5% of error determination. Notwithstanding STH efficiency is higher for the non-modified TNT
arrays, due to less H; production rate for Au-modified TNT samples at the cathode side,
Faradaic efficiency is higher when gold is present, especially for tests performed at open
spectrum. This is to ascribe to the reduced charge recombination phenomena (in TNT lattice)
when Au NPs are present on the top surface of the tubes. This effect is more evident at open
spectrum, as the charge recombination between electrons and holes mainly refers to the
conduction and valence bands of titania, working better if irradiated in the ultraviolet region.
These results well evidenced how PECa performance and efficiency depend not only on the
properties of the photo-active materials, but also on the design of the PECa device in which the

catalysts are tested.

4.4.4 TNTs/Cu NP characterization

After the study of the influence of gold nanoparticles deposited onto titania nanotubes, the
attention was shifted to the possibility to use a non-noble metal: copper (Cu). For the
deposition of Cu nanoparticles (Cu NPs) three techniques were investigated: 1)

electrodeposition, 2) preformed (size-controlled) Cu nanoparticles and 3) dip coating.

1) Electrodeposition: SEM images of the TNT-array thin film prepared by electrodeposition
are reported in figure 4.11. After 1 cycle of deposition (figure 4.11a) big particles appear on the
surface of the TNT with an average 60-100 nm diameter. After seven cycles (figure 4.12b),
cubic-shaped copper nanoparticles (average size of 200 nm) cover the entire surface, forming
in some cases also larger agglomerates. Using the electrodeposition method, even at the
beginning of the process, nanoparticles larger than the TiO; nanotube size form and thus
remaining deposited on the external surface of the TNT electrode. For more extended
electrodeposition, the copper nanoparticles grow forming well cubic-shaped particles, which

totally cover the surface of the titania nanostructure.
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Figure 4.11: SEM images (top view) of copper deposed over TNT-array thin film by electrodeposition: (a) after 1 cycle,

and (b) after 7 cycles.

2) Preformed Cu0 nanoparticles: Figure 4.12 shows the TEM images of the Cu NPs prepared
by reduction of sodium borohydride in a basic solution in the presence of PEG. The images well
evidence the presence of are very small particles (2—4 nm range), with uniform size and with a
narrow distribution. SEM images of the deposited Cu NPs into the titania nanotubes evidence
a completely different situation with respect to electrodeposition. Copper particles are evident
on the surface of the TNT-array thin film but the EDX mapping (figure 4.13b) evidence their
presence and well uniform distribution. The confirmation of the presence of small Cu
nanoparticles was made by analysing this sample by TEM with high-magnification. Figure 4.14
shows the presence of small Cu NPs (average size 3 nm) homogenously distributed on the
titania nanotubes. The Cu NPs retain the very narrow size distribution of the initial separate
preparation. Changes in the loading of the particles into TNT was observed by preparing two
TNT-array thin films at different time of anodization (1h and 3 h), with increasing thickness (1.3
and 2.9 um for 1 and 3 h anodization, respectively): the average particles diameter remains the
same, but the copper loading increasing from 0.15% for 1 h-anodized TNT to 0.37 wt%, for TNT
anodized for 3 h. There is a good homogeneous distribution in both cases of the Cu NPs, without
evidences of preferential surface deposition at the top surface of the nanotubes in the TNT-
array thin film. By performing the spray coating technique, it was possible to increase the

copper loading to 1 wt% maintaining a high copper dispersion.
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Figure 4.12: TEM images at different magnifications of copper nanoparticles prepared by reduction with sodium

borohydride in a basic solution in the presence of PEG
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Figure 4.13: (a) SEM images (top view) of Cu NPs deposited on a TNT-array thin film (obtained by 3 h anodization).
(b) EDX analysis of Cu NPs supported on TNT-array thin film anodized for 3 h.

Figure 4.14: TEM images (A-D different magnifications) of Cu NPs supported on TNT-array thin film anodized for 3 h.

In red in Fig. 4B and C the copper nanoparticles are evidenced.
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UV-visible diffuse reflectance spectra of the Cu NP TNT samples are reported in figure 4.15.
The base TNT-array thin film (spectrum 2) and a TiO; sample (P25 Degussa, about 80% anatase
form and 20% rutile form) have also been reported as references. The TiO; P25 shows the
classical spectrum of titania, with almost no absorption above 400 nm but a strong absorption
below 400 nm (band gap around 3.1 eV) resulting from electron transitions from the valence
band to the conduction band (02 to Ti**). TNT-array thin film, as already seen in Chapter 3,
shows an intense and broad absorption in the visible region centered around 600 nm. The
deposition of Cu NPs on the TNT-array thin film does not change significantly the spectrum, but
in the case of Cu NPs, differently from Cu ED, the absorption intensity in the 400-500 nm range
increases, proportionally to the copper loading. Cu2O hollow nanoparticles show a relatively
strong band around 434 nm attributed to the intrinsic band gap absorption (optical band gap
energy of 2.22 eV). The increasing absorption in the 400-500 nm region could be thus
attributed to the presence of very small Cu nanoparticles. This can be due to the slow oxidation
of Cu® NP to Cuy0 and later to CuO, when the samples are exposed to air. The oxidation is
enhanced upon calcination, which is required to eliminate also the organic complexing agent

necessary to maintain well-dispersed copper nanoparticles.

2,0
] 1 TiO, P25 Degussa
2 TNT-array thin film 1h
i — Cu ED / TNT-array
1,51 “— Cu NP /TNT-array 1h
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Figure 4.15: UV-vis diffuse reflectance spectra of (1) reference TiO, P25 Degussa and 2) TNT array 1h, 3) CUED/TNT,
3) CuNP/TNT 1h and 3) CuNP/TNT 3h.
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Figure 4.16 reports the UV-visible reflectance spectra of Cu NPs/TNTs deposited by in-situ
reduction, in comparison with that prepared by spray-coating (SC) of the preformed Cu NPs.
The sample deposited by spray coating shows a slight shift of the broad maximum from 600 nm
to 630 nm, making in this case more visible the presence of a shoulder (red arrow) centered to
460 nm. This tiny peak can be attributed to the presence of Cu,O nanoparticles. The slight shift
in the maximum of the broad absorption is due to the preferential deposition of Cu NPs at the
top part of the TNT film (with formation of a multilayer), with a consequent slight change in the
PGB (photonic band gap), which is very sensitive to TiO2 NT inner diameter, wall thickness, and
distance between the pores, as indicated before. After the calcination (450°C) there is a
significant change in the spectrum (spectrum 3) with the broad band in the visible region
shifting to 900950 nm, due to the better crystallization of TiO,, which slightly changes the
titania wall thickness. Although a slight tail (centred around 420 nm) on the titania band gap
edge could be observed, there is a clear decrease of the intensity of the band related to Cu.O
nanoparticles. This is reasonably due to the partial oxidation of these nanoparticles to CuO,
evidencing the weakness of the optical band gap of Cu>0. CuO nanoparticles, in fact, in the
visible region show only the presence of weak d-d bands related to Cu?* ions, centred at around
800 nm, but covered from the stronger PGB band of TNT-array. The presence of CuO
nanoparticles, in the sample calcined at 450 °C, with a size in the range 10-20 nm was

confirmed by TEM and XRD.
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Figure 4.16: UV-vis diffuse reflectance spectra of (1) Cu NPs deposited by in-situ reduction on TNT-array thin film (1h

anodization).

Figure 4.17 reports the photocurrent measurements for as prepared Cu/TNT-array thin
films. The irradiance at open spectrum is around 0.1 mW cm= nm=2. All the samples show a
fast response to the light with a fast recovery of the initial value and a good reproducibility of
the results in consecutive on-off cycles. The irradiance spectra of the all cut-off filters used are
reported in figure 4.18 while the total irradiance value is reported in table 4.4. By using the UVC
blocking filter (green curve), all the light below 300 nm is blocked, this results in a slight
decreasing of the photocurrent response while by using the UVC/B the decreasing of the
photocurrent response is quite higher because this filter blocks the light below 400 nm and a
portion of the visible region between 500 and 700 nm. Obviously the amount of energy

provided, in terms of W cm is different as shows in table 4.4.
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Figure 4.17: Chronoamperometry measurements (raw data) for different Cu/TNT-array thin films and application of
different filters to solar simulator light.
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Figure 4.18: Irradiance spectra of solar simulator light with different applied filters

Filter Light irradiance W cm™
Open spectrum 0.135
AM15G 0.088
UVC blocking filter 0.126
UVB/C blocking filter 0.018

Table 4.4: total light irradiance of the different filters
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Normalization of the chrono-amperometry measurements to the total irradiance of the solar
simulator light upon application of different filters, gives the results reported in figure 4.19.
Due to the cut of blue components below 350 nm and 300 nm for the AM 1.5 G filter and the
UVC blocking filter, respectively, the normalized current density results lower with respect to
the open spectrum case. However, the UV B/C blocking filter, which cuts below 350 nm, but
also above 500 nm (from green to red component) shows an enhanced normalized current
density with respect to the open spectrum. This indicates that differently from what usually
considered, i.e. that titania is active only with UV light below 300 nm, the light fraction in the
350-500 nm range is effective in producing photocurrent.

In all the cases, the TNT-array thin film results about 80% on the average more effective in
photocurrent generation than an equivalent TiO2 P25 thin film produced by spin coating. The
effect of the presence of Cu NPs depends on both the method of deposition and the calcination
treatment, which in turn influences the partial transformation of Cu,O to CuO nanoparticles,
as commented before. When large cubic-type copper-based nanoparticles (Cu ED/TNT-array
1h) or small Cu NPs, but mainly CuO-type due to calcination treatment (Cu NP (SC)/TNT-array
1h 450 °C), the behaviour is well comparable (or slightly worsen) than that of the reference
TiO2 P25 thin film, but less effective with respect to support (TNT-array 1h) without copper
deposition. When Cu NPs are present mainly as Cu,0, deposited either by in-situ reduction or
by spray coating, the result is a quite comparable behaviour, or even slightly better, than that
of the support (TNT-array 1h) without copper deposition, but definitively better than the
reference TiO; P25 thin film.
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Figure 4.19: Normalized (to 100 mW) chronoamperometry measurements for different Cu/ TNT-array thin films and

application of different filters to solar simulator light.

3) Dip coating: Figure 4.20 shows the FE-SEM images of TNT and CuO-TNT samples. It can
be observed that there is an increment in the wall thickness that ranges from 27 to 36 nm after
Cu deposition. The top view of un-modified TNT is showed in figure 4.20a indicating the
presence of well-ordered TiO; nanotubes with wall thickness ranging from 20 to 27 nm and
internal nanotube size in the 40-55 nm range. Through the use of the dip-coating technique
the copper oxide was deposited around the TiO, nanotube wall (figure 4.20b). Cu nanoparticles
are present mainly disposed around the tube wall (figure 4.20d). Some Cu nanoparticles with
size between 18—-33 nm are present on top of the TiO; nanotubes as evidenced by figure 4.20c.
The effective Cu loading was obtained by AAS, with a procedure similar to that used for Au, and
resulting to be about 9 wt.%. The presence of small Cu nanoparticles was confirmed by high
resolution TEM image (figure 4.21a), which reports the presence of a TiO2 nanotube with small
CuO nanoparticles of about 2 nm decorating the internal walls of the nanotube (yellow arrow
in figure 4.21a). Figure 4.21b also shows the presence of titania nanosheets with distance of
3.63 A plane (101) as expected, as well as the presence of CuO from the lattice spacing of plane

(111) measured as 2.43 A.
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Figure 4.20: FE-SEM image of TiO, nanotubes without modification (a) and TiO, nanotubes decorated with CuO
nanoparticles at 50000 (b), 100000 (c) and 200000 times (d) of magnification.

UV-visible diffuse reflectance spectra (with the calculation of the band gap energy for the
materials) are reported in figures 4.22a and b respectively. Tauc’s graphic was obtained by

using the Kubelka-Munk function, according to the equation 4.1:

a=(1-R)1/y/2R (4.1)

where a is the material absorptivity and R being the reflectance. The y was assumed as two
(indirect electronic transition allowed) once this is the electronic transition more suitably
indicated for both the TiO; and CuO. The band gap for TiO2 nanotubes (3.2 eV) corresponds to
that typically reported for anatase TiO». A shift in the band gap energy to around 2.8 eV was
observed for CuO-TNT. However, the clear tail in the absorption edge of band gap is an
indication of the presence of Cu,0 nanoparticles, evidencing an additional band gap energy of

about 2.0 eV, in accordance with what reported in literature for Cu,0 [12].
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Figure 4.21: TEM images of CuO-TNT sample showing: a) a TiO, nanotube decorated in the internal walls with CuO

nanoparticles (one evidenced by an arrow) and b) the lattice planes of TiO, and CuO.
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Figure 4.22: a) Diffuse reflectance spectrum in the UV-vis region of TNT (black line) and CuO-TNT (red line) and b)
band gap energy calculated by Kubelka-Munk for TNT (black line) and CuOTNT (red line). The dashed red line indicates an

additional band gap edge related to Cu,0.

XRD results for CuO-TNT sample were reported in figure 4.23a. The XRD pattern confirming
the presence of crystalline anatase TiO, phase and CuO crystallites, in addition to the
background signal of Ti relative to the metallic titanium substrate of the electrode. With respect
to relative intensities of reflections in TiO, anatase, the reflections corresponding to (002) plane
are slightly intensified with respect to the more intense (101) reflection. This corresponds to
TiO2 crystals slightly elongated along this crystalline plane and exposing preferentially {001}
facets. The XRD of CuO phase corresponds instead to that expected for CuO nanoparticles with
monoclinic structure. The presence of Ti, Cu and O were further confirmed from the EDX
analysis (figure 4.23b). The XPS spectrum reported in figure 4.23 evidenced the Cu 2p3/2 and
Cu 2p1/2 peaks at 933.5 eV and 952.4 eV, respectively, which are related to the presence of
CuO. No signals of Cu;O were detected, probably because only a small amount of Cu,O

nanoparticles are present and they are under the detection limit of the instrument.
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Figure 4.23: CuO-TNT: a) XRD pattern where A represents anatase phases of TiO,, T represents the metallic titanium

used as substrate and C represents the CuO peaks and b) EDX spectrum.
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Figure 4.24: X-ray photoemission spectrum of CuO-TNT sample, showing Cu 2p3/2 and Cu 2p1/ 2 peaks related to
CuO.
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The chronoamperometric measurements were performed by using a three-electrode cell

with 1.0 mol L™ Na,SOs as the electrolyte and an open and close light incidence system with

and without the application of the solar filter AM 1.5 G (simulating standard terrestrial solar

irradiance distribution).
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The results have been normalized for 0.1 W cm~2 incident light irradiance. Figure 4.25a
shows the ON/OFF cycles of the CuO/TNT sample, like the other TNT based electrodes, there is
a stable and reproducible behaviour in several consecutive chronoamperometric cycles. Figure
4.25b shows an expansion of one of the chronoamperometric cycles, at open spectrum, to
evidence better the differences between TNT and CuO-TNT samples. CuO-TNT samples show
about 27% increase in normalized current density with respect to TNT with open spectrum and
about 42% increase with AM 1.5G filtered light, even if the normalized current density in the
latter case is about 23% of that of open spectrum. As reference, figure 4.25c reports the
irradiance spectra for open spectrum and AM 1.5 G filtered light from solar simulator. The AM
1.5 G cuts essentially the light component before 350 nm; this means that about 75% of the
photocurrent density derives from the UV light component and this is related to the band gap
of TiO2. The decoration of TNT with CuO leads to an enhancement of the normalized
photocurrent density both with open spectrum and AM 1.5G filtered light, more intense in the

latter case (42% increase with respect to 27% enhancement).
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Fig. 4.25: a) Chronoamperometric measurements for TNT and CuO-TNT samples using open spectrum and AM 1.5G
filtered light of a solar simulator. The data were normalized for 0.1 W cm~2 incident light irradiance. b) Expansion of one of

chronoamperometric cycles. c) Irradiance for open spectrum and AM 1.5 G filtered light from solar simulator.

In the case of CuO-TNT, the current density reaches quickly about 85% of the maximum
value, and then slowly further increases in the next 30—40s up to reach a constant value. The
effect is well reproducible in consecutive cycles. When light is switched-off, there is instead a
tail in reaching the background value in the case of CuO-TNT. The effect is not present in the

case of AM 1.5G filtered light. The effect can be interpreted as a trapping of part of the
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electrons with sufficient energy in heterojunctions created at the CuO-TNT interface, which
leads to a partial delay in reaching steady current density. These trapped electrons are then

released during switching off the light and are responsible for the tail.

4.4,5  TNTs/Cu NP testing

Like the study carried out for titania nanotubes modified with gold nanoparticles (TNT/Au
NP), also the Cu NPs/TNTs electrodes were tested in two different reactions: ethanol

dehydrogenation in gas phase reactor (GP) and water splitting into PECa cell (WS).

Gas phase experiments (GP): Figure 4.26 reports the results for the test performed in gas
phase experiments (GP) for the samples 1) TiO; P25 thin film, 2) TNT-array 1h and 3) CuNP
(SC)/TNT-array 450 °C. In the latter a calcination at 450 °C was necessary to have stable
photocatalytic performances. The data shows a linear evolution of H; during the entire
exposure to the light, with no deactivation within the 5 h of the experiments. No H; was
detected at 0 time this means that the catalytic dark activity is zero under these experimental
conditions. The best performance was obtained by the CuNP (SC)/TNT followed by the support
alone (TNT) and the reference thin layer of P25 Degussa. Table 4.5 reports the rate constants
of H, formation determined for these three photocatalysts and the photocurrent densities

measured for the same samples.
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Figure 4.26: H, productivity as a function of reaction time in gas-phase reactor photocatalytic tests.
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Rate constant Photocurrent density
min?t mA cm?
TiO2 P25 thin film 0.135 0.64
TNT array 1h 0.152 1.21
CuNP(SC)/TNT 450°C 0.192 0.51

Table 4.5: Rates constant of H, production in gas-phase reactor photocatalytic tests and photocurrent densities.

The increase in the photocurrent generation of the TNT arrays with respect to reference TiO;
P25 thin film was lower than 87%, while the increase in H; production rate is just the 19%. Cu
NP (SC)/TNT-array 450 °C shows a 20% decrease in the photocurrent with a 42% increase in the
rate constant of H, photo-generation. This absence of relationship could be ascribed of a direct
co-catalytic role by the CuO nanoparticles in the photogeneration of H,. The introduction of
CuO nanoparticles creates a short-circuit-type electrochemical cell, with the TNT arrays being
the anode for the oxidation reaction and the Cu NPs the cathode for the proton reduction, with
a behaviour very similar to that already observed for the case of gold. The holes created in TNTs
during light irradiation, oxidize ethanol (mainly to acetaldehyde), while electrons are moved to
CuO NPs (due to lower conduction band energy with respect to that in TiO3, although strongly
depending on nanoparticle size and TiO2 nanostructure) combining with protons coming from
the ethanol deprotonation. The difference of performance in the case of CuNP (SC) TNT
between photocurrent generation and H, production can be addicted to a distance effect: while
for the photocatalytic experiment a short-distance effect exists, the case of photocurrent
generation requires also the longer distance transport of the electrons to the collector
substrate (Ti). During this transport, they may recombine with holes and decrease photocurrent

density.

Photoelectrochemical water splitting (WS): the sample CuO/TNT prepared through dip
coating was tested in the photo-electrochemical water splitting, following the procedure and
using the PECa cell already described for the case of Au NPs/TNTs. In accordance with what
observed in chronoamperometry results (figure 4.25), a stable current density was observed in
these tests (figure 4.27a), with the current density higher for the case of CuO-TNT with respect

to TNT. The small spikes observed in the current density are related to H, or O, bubbles
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formation. The initial change in current density during about the first 10—15 min is related to

the establishment of equilibrium in the PEC solar cell upon the start of the illumination.
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Figure 4.27: a) Current density generated applying open spectrum solar simulator light to TNT and CuO-TNT
photoanodes in the compact PEC solar cell; b) Cumulative hydrogen formation as a function of time from the cathode of
the PEC cell using TNT or CuO-TNT as photoanodes in tests with not-filtered light (open spectrum from the lamp) of a solar

simulator.

Figure 4.27b reports the cumulative H; formation as a function of time in the compact PEC
solar cell using TNT or CuO-TNT as photoanodes in tests with not-filtered light of a solar
simulator (open spectrum). As commented for chronoamperometry tests, the data were
normalized for 0.1 W c¢cm™2 incident light irradiance. The initial apparent induction time is
related to the establishment of the equilibrium in the PEC solar cell, as commented above. It is
to be noticed that H; evolves at the cathode (on the commercial Pt/GDL electrode), but the
modification in the photoanode (TNT, CuO-TNT) determines a different rate of
photogeneration of H*/e™. There is a stable continuous production of H? for both TNT and CuO-
TNT photoanodes within the investigated time period (about 4 h), indicating no deactivation. A
parallel O, evolution from the other cell compartment, according to stoichiometry, was
observed. Whereas an apparent increase in the rate of H, production from the first period (30—
90 min) to the period from 90 to 250 min was detected, but this is related to establishment of
equilibrium in the PEC cell. After about 90 min the rate of H, production (normalized for 0.1 W
cm~2 incident light irradiance) is stable and equal to 11.32 and 13.64 umol H2 cm™2 h™! for TNT
and CuO-TNT, respectively. The rate is about 20% higher for CuO-TNT photoanode, which well
corresponds to the increase in photogenerated current density determined either in-situ or in

the separated chronoamperometry tests (figure 4.25).
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Both the electrodes were tested under the application of the solar simulator filter (AM 1.5
G) (figure 4.28). The lower amount of photogenerated H, prolonged the initial apparent
induction time. The normalized rates of generation of H, (after the initial time of about 90 min)
are 1.56 and 3.43 pumolHz cm™ h™! for TNT and CuO-TNT, respectively (normalized for 0.1 W
cm~2 incident light irradiance). The increase in H, production in this case is about 120% with
respect to TNT. This is more than twice the increment observed in current density (about 50%)
observed during these tests and in chronoamperometric experiments (figure 4.26). However,
the normalized H, production rate for CuO-TNT using AM 1.5G filtered light is about 25% of
that measured for open spectrum, in well agreement with the observed relation between

photocurrent and H producition (already discussed in Chapter 3).
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Figure 4.28: Cumulative hydrogen formation as a function of time from the cathode of the PEC cell using TNT or

CuO-TNT as photoanodes in tests with AM 1.5G filtered light of a solar simulator.

4.4.6  TNTs/Cu NP Efficiency

By using a monocromator to select the single wavelength, it was possible to evaluate the
quantum efficiency for CuO/TNT. Figure 4.29 shows the comparison between TNT and
CuO/TNT for the external quantum efficiency (IPCE). Solar spectrum is also reported as
reference (details about the equation used for IPCE calculation can be found in Chapter 3). Both

TNT samples show a big peak in the UV region due to the well-known characteristics of TiOy;
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the presence of CuO nanoparticles onto TiO; nanotubes slightly increases IPCE in the 350— 390

nm spectral region, while it has essentially no effect at higher wavelengths.
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Figure 4.29: Incident photon to current conversion efficiency (IPCE) spectra of TNT and CuO TNT photoanodes tested

in the PEC cell. The solar simulating spectral irradiance vs. wavelength is also reported.

It was also possible to calculate the solar-to-hydrogen (STH) efficiency, as discussed in
Chapter 3, and the results have been reported in table 4.6. The STH efficiency of TNT is 1.68%,
which increases to over 2% for CuO-TNT sample (about 20% increase) using not-filtered light
(open spectrum) from the solar simulator. Using AM 1.5G filtered light the STH efficiency is
lower, and increases from 0.24% to 0.53% moving from TNT to CuO-TNT.

H2 production rate

Sample Incident light STH efficiency (%)
umol ht
TNT Open spectrum 85.5 1.68
TNT AM1.5G 7.8 0.24
CuO-TNT Open spectrum 104.3 2.04
CuO-TNT AM1.5G 17.4 0.53

Table 4.6: H2 production rate and solar-to-hydrogen (STH) efficiency for PEC cell using TNT and CuO-TNT

photoanodes.
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Conclusion

In this chapter, different strategies to improve the visible light absorbance characteristics of

TiO2 nanotubes have been studied, by depositing both noble (Au) and non-noble (Cu) metals

nanoparticles on titania surface. The main achievements are summarized as follows:

1) Au nanoparticles: the deposition of gold nanoparticles was performed by three

2)

different techniques: 1) wet impregnation; 2) photoreduction and 3)
electrodeposition. Characterization data of Au-modified TNT arrays prepared by
electrodeposition evidenced small Au NPs (3—5 nm) well dispersed on top surface of
highly ordered TNT arrays, providing a broad peak in the visible region due to both
structural and surface plasmon resonance (SPR) effects. Au- modified TNTs prepared
by electrodeposition also showed a slight shift of band gap towards the visible light
region with respect to non-modified TNT arrays and the presence of interference
fringes in UV—visible spectrum. The synergic effect between nanotubular structures
of TiO2 and uniformly dispersed Au NPs, as well as the synergy between plasmonic—
photonic effects allowed to obtain good performance in terms of photo-generated
current and H; production. Particularly, the deposition of Au nanoparticles by
electrodeposition allowed to:

= enhance the photocurrent response, being 1.6 times higher than the

photocurrent obtained by the non-modified TNT arrays;
= increase the hydrogen production rate in the gas-phase tests of ethanol

photo-reforming (~60% higher than bare nanotubes).

Cu nanoparticles: in order to move to a cheaper economy and to the reduction of
use of noble metals, Cu-based nanoparticles were deposited onto TNTs. Also in this
case, three methods were performed: 1) electrodeposition, 2) spray coating of
preformed NPs and 3) dip coating. Copper-based nanoparticles (Cu NPs) with
average size of 3 nm, well dispersed over a TNT-array thin film were prepared by in-
situ reduction with sodium borohydride in a basic solution using polyethylene glycol
as spacing agent, or by preforming the Cu NPs with the same methodology, and then
depositing these particles by spray coating over the TNT-array thin film. The presence

of Cu® NPs allowed to:
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= improve the H, photogeneration behaviour in gas-phase photoreactor
experiments, even when their presence decreases the photocurrent
generation.
The deposition of CuO nanoparticles in TNT thin films led to:
= photoanodes with improved photocurrent behaviour;
= increase H; generation by water splitting in a full PEC device;

= improve the solar-to-hydrogen (STH) efficiency.

The increase in STH efficiency was of about 20% with respect to the bare TNT
photoanode using open spectrum light from a solar simulator and about 50%

increase using standard solar irradiation (AM 1.5G filtered light).
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5 Tantalum Oxynitride nanotube arrays

5.1 State of the art

Many semiconductors show a band gap suitable to be used as photocatalysts in water photo-
electrolysis. Theoretically, the band gap should be higher than 1.23 eV, as this is the energy (in
standard conditions) needed for the reduction/oxidation half reactions for the production of
H, and 0., respectively. However, most of the semiconductors have a bang gap too high (e.g.
TiO,, band gap 3.0-3.2 eV) to exploit the visible part of the solar spectrum. Thus, the
development of novel materials with improved properties in terms of visible light harvesting is
needed.

In this context, tantalum oxynitride (Ta-oxy-N) based materials have recently received much
attention as a class of attractive light absorbers to construct high-efficiency bias-free
photoanodes for photo-electrochemical (PEC) water oxidation [1-2]. The relatively wide band
gap of about 4.4 eV hinders Ta,0s to be utilized as a visible light absorber, but Ta;0s can easily
be converted to TasNs, providing a band gap of about 2.1 eV and a theoretical maximum solar
energy conversion efficiency of about 15.9% [3].

Tantalum-oxide-based materials have been fabricated by various methods, such as
hydrothermal [4], vapour phase hydrothermal [5], sol—gel [6] and electrochemical anodization
[7-9]. The properties of Ta-oxy-N catalysts can strongly be enhanced by adopting morphology
control and nano-structuring methodologies. This makes the electrochemical anodization as
the most suitable technique to prepare controlled nanostructured Ta-oxy-N [10-12]. 1-D
nanostructures, in fact, show many advantages for PEC water photo-electrolysis (large surface
area, high aspect ratio, direct electron transport with minor probability of charge
recombination). The main advantage of these tantalum-oxy-nitride materials refers to their
lower band-gap (in the range 1.9-2.5 eV depending on N loading) with respect to titania (3.0-

3.2 eV), thus improving light absorption in the visible region [13-15].
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5.2 Scope of the chapter

This chapter focuses on the development of photo-active materials different than TiOy, in
order to improve the absorption of visible light in PEC cells. In particular, highly ordered Ta-oxy-
N nanotube arrays were synthesized by controlled anodic oxidation of Ta foils followed by
nitridation with ammonia.

The anodization method can be described as a reconstruction of a thin Ta;Os oxide layer
(formed initially by oxidation of a Ta sheet), which occurs under the application of a constant
voltage in the presence of fluoride-based electrolytes. The samples were anodized in a two-
electrode electrochemical cell under the application of a constant bias (in the range 20-60 V)
and in two oxidation steps. The synthetic procedure was optimized in order to obtain a stable
and robust photo-catalytic layer. After the anodization, the Ta oxide nanotubes were treated
at high temperature (600-900 °C) with ammonia to replace partially oxygen with nitrogen in
the Ta,0s lattice. The presence of nitrogen allows reducing the band gap of these electrodic
materials, enhancing their visible light absorption properties, as well as limiting charge
recombination phenomena.

The anodized samples were fully characterized by SEM-EDX, UV-visible Diffuse Reflectance
Spectroscopy and Chrono-amperometry, to determine the structural and morphological
properties of these photocatalysts, as well as their light absorption properties.

The main scope of the chapter is to find a correlation between the parameters using during
the synthesis (applied voltage, anodization time) and the Ta-oxy-N nanostructures (nanotube

diameter and length, wall thickness and grade of voids).

5.3 Experimental

5.3.1 Synthesis of Ta,Os nanotube arrays
Table 5.1 shows the as made Ta-oxy-N nanotube arrays prepared by varying: 1) electrolyte
concentration; 2) anodization time (from 1 min to 1 h); 3) anodization voltage (from 20 to 60

V); 4) pre and post-treatment; 5) annealing time and temperature.
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Anodization of Ta discs (35 mm diameter, 0.125 mm thickness, supplied by Sigma Aldrich)
was performed in a two-electrode cell with the Ta disc as the anode and a Pt rod as the counter-
electrode. Before the anodization, the samples were pre-treated with 400 grit abrasive paper
and later sonicated in isopropyl alcohol for 30 min. The electrolyte was mainly composed of
H,SO4 with different concentrations of HF and H,O, except for a few samples that were
prepared in ethylene glycol (EG) as the main component (see Table 5.1). The set voltage was
reached by using an Agilent E3612A DC Power Supply, while the resulting current was saved by
a Keithley 2000 Multimeter. After the anodization, the samples were sonicated in H,O to
remove the oxide and reused for a second anodization. In general, the growth of Ta;Os
nanotube arrays is faster than TiO;, and 1-2 um long nanotubes were obtained in few minutes
(no more than 2 min). The experimental apparatus used for the anodization of Ta was the same

of the system used for the preparation of TiO; nanotubes showed in Chapter 3 (paragraph 3.2).

5.3.2  Nitridation of Ta;Os nanotube arrays

Tantalum oxide has a band gap higher than TiO; (about 4.4 eV for Ta;Os vs. about 3.2
eV for TiOy); this limits the absorbance of Ta oxide only in the UV light region. In order to shift
the band gap of Ta;0s to the visible region, it is necessary to convert Ta;Os to Ta nitride (TazNs)
or sub-nitride (TaOxNx), which have a band gap of about 1.9-2.5 eV (this value strongly depends
on the grade of N substitution in the lattice). For that conversion, the as-anodized samples were
annealed in a tubular quartz furnace under an ammonia flow. The set temperature (see table
5.1) was reached by a 25 C° min-1 ramp and then kept constant for the entire nitridation
treatment. An inert gas was flown for 30 min to remove the oxygen from the tube and then 20
mL min-1 of ammonia flow was sent into the reactor. A tank containing 10 vol.% NHs in He was

used as the ammonia source. The inert gas was used again for cooling the quartz tube.
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SAMPLE ANODIC OXDIDATION ANNEALING
V' RAMP ELECTROLYTE TIME  TaTHICKNESS

TA1 15 HF/H2S04 1:9 85%vol H20 30m  Ta0.0025 mm 450°C/3h
TA2 15 HF/H2S04 1:9 75%vol H20 30m  Ta0.0025 mm 450°C/3h
TA3 20 HF/H2S04 1:9 85%vol H20 30m  Ta0.0025 mm 450°C/3h
TA4 10 HF/H2S04 1:9 85%vol H20 30m  Ta0.0025 mm 450°C/3h
TAS 15 HF/H2S04 2:8 85%vol H20 30m  Ta0.0025 mm 450°C/3h
TA6 25 EG/H20 2:1 0,5% NH4F 60m  Ta0.0025 mm 450°C/3h
TA7 15 HF 0,4m_/ H2S04 11,6 mL / H20 68 mL 30m  Ta0.0025 mm 450°C/3h
TA8 15 HF 0,4mL / H2S04 11,6 mL / H20 68 mL 30m  Ta0.0025 mm 450°C/3h
TA9 15 HF 0,4/ H2504 11,6 mL / H20 68 mL 20m  Ta0.0025 mm 450°C/3h
TA10 15 HF 0,8mL/ H2804 11,6 mL/ H20 68 mL 20m  Ta0.0025 mm 450°C/3h
TA11 60 H2804 98% / 0,8%wt NH4F / 13,6% vol H20 5+20m Ta0.0025 mm 450°C/3h
TA12 60 H2S04 98% / 0,8%wt NH4F / 13,6% vol H20 5+20m  Ta0.0025 mm 450°C/3h
TA13 60 H2S04 98% / 1% vol HF / 4% vol H20 20m Ta 0.0025 mm 450°C/3h
TA14 60 H2804 98% / 1% vol HF / 4% vol H20 5+15m Ta0.0025 mm 450°C/3h
TA15 60 H2S04 98% / 1% vol HF / 4% vol H20 5+15m Ta0.0025 mm
TA16 60 H2S04 98% / 1% vol HF / 4% vol H20 5+15m Ta0.0025 mm
TA17 60 H2S04 98% / 1% vol HF / 4% vol H20 5+15m Ta0.0025 mm
TA18 60 H2S04 98% / 1% vol HF / 4% vol H20 5+15m Ta0.0025 mm 450°C/3h
TA19 60 H2S04 98% / 1% vol HF / 4% vol H20 10+10 Ta0.0025 mm
TA20 60 H2S04 98% / 1% vol HF / 4% vol H20 10+20 Ta0.0025 mm
TA21 60 H2S04 98% / 1% vol HF / 4% vol H20 20m Ta 0.0025 mm
TA22 60 H2S04 98% / 1% vol HF / 4% vol H20 20m Ta 0.0025 mm
TA23 60 H2S04 98% / 1% vol HF / 4% vol H20 10+10  Ta 0.0025 mm
TA24 60 H2S04 98% / 1% vol HF / 4% vol H20 20m Ta 0.0025 mm
TA25 60 H2S04 98% / 1% vol HF / 4% vol H20 5+15 Ta 0.0025 mm
TA26 60 H2S04 98% / 1% vol HF / 4% vol H20 10+15  Ta0.0025mm | 450°C3h - 500°C3hNH3 - 700°C3hNH3
TA27 60 H2S04 98% / 1% vol HF / 4% vol H20 1+15 Ta 0.0025 mm
TA28 60740 H2S04 98% / 1% vol HF / 4% vol H20 10+15  Ta 0.0025 mm 700°C NH3- 30m
TA29 60 H2S04 98% / 1% vol HF / 4% vol H20 10+15+5  Ta 0.0025 mm
TA30 60 H2S04 98% / 1% vol HF / 4% vol H20 10+15  Ta 0.0025 mm 450°C3h - 600°C3hNH3
TA31 60 H2S04 98% / 1% vol HF / 4% vol H20 10+10  Ta 0.0025 mm
TA32 60 H2S04 98% / 1% vol HF / 4% vol H20 10+10  Ta 0.0025 mm 500°C NH3
TA33 60 H2S04 98% / 1% vol HF / 4% vol H20 7+10 Ta 0.0025 mm
TA34 60 H2S04 98% / 1% vol HF / 4% vol H20 7+5 Ta 0.0025 mm
TA35 60 H2S04 98% / 1% vol HF / 4% vol H20 10+5 Ta 0.0025 mm 600°C /700 °C NH3 3h
TA36 60 H2S04 98% / 1% vol HF / 4% vol H20 10+1 Ta 0.0025 mm 600°C /700 °C NH3 3h
TA37 60/rampa H2S04 98% / 1% vol HF / 4% vol H20 10+10  Ta 0.0025 mm
TA38 10 H2S04 98% / 1% vol HF / 4% vol H20 10+30  Ta0.0025 mm 650°C NH3 3h
TA39 EG / 1% NH4F / 4% vol H20 Ta 0.0025 mm
TA40 EG / 1% vol HF / 4% vol H20 Ta 0.0025 mm
TA41 60 H2S04 98% / 1% vol HF / 4% vol H20 10+5 Ta 0.0025 mm 700°C NH3 3h
TA42 20 H2S04 98% / 1% vol HF / 4% vol H20 10+40  Ta 0.0025 mm
TA43 30 H2S04 98% / 1% vol HF / 4% vol H20 10+20  Ta 0.0025 mm
TA44 20 H2S04 98% / 1% vol HF / 4% vol H20 10+40+15 Ta 0.0025 mm
TA45 20 H2S04 98% / 1% vol HF / 4% vol H20 10+30+30 Ta 0.0025 mm
TA46 20 H2S04 98% / 1% vol HF / 4% vol H20 30+ Ta 0.0025 mm 600°C air
TA47 20 H2S04 98% / 1% vol HF / 4% vol H20 Ta 0.0025 mm
TA48 20 H2S04 98% / 1% vol HF / 4% vol H20 15+pochi m Ta 0.0025 mm 450°C NH3 3h
TA49 20 H2S04 98% / 1% vol HF / 4% vol H20 15+20  Ta 0.0025 mm
TAS0 20 H2S04 98% / 1% vol HF / 4% vol H20 15+45 Ta 1mm 700°C 3h NH3
TA51 20 H2S04 98% / 1% vol HF / 4% vol H20 40 Ta 0.125 thick 700°C 3nh NH3
TA52 30 H2S04 98% / 1% vol HF / 4% vol H20 20 Ta 0.125 thick
TA53 60 H2804 98% / 1% vol HF / 4% vol H20 10+10  Ta0.125 thick 700°C 3h NH3
TAS54 60/20 H2S04 98% / 1% vol HF / 4% vol H20 10+10  Ta 0.125 thick
TAS5 60/30 H2S04 98% / 1% vol HF / 4% vol H20 10+10  Ta 0.125thick
TAS6 40 H2S04 98% / 1% vol HF / 4% vol H20 10+10  Ta 0.125 thick
TAS57 40 H2S04 98% / 1% vol HF / 4% vol H20 10+10  Ta 0.125 thick 700°C 3nh NH3
TAS8 40 H2S04 98% / 1% vol HF / 4% vol H20 10+10  Ta 0.125 thick
TAS9 40 H2S04 98% / 1% vol HF / 4% vol H20 10+10  Ta 0.125thick
TAG0 40 H2S04 98% / 1% vol HF / 4% vol H20 10+10  Ta 0.125 thick
TA61 40 H2S04 98% / 1% vol HF / 4% vol H20 10+10  Ta 0.125 thick
TA62 40 H2S04 98% / 1% vol HF / 4% vol H20 10+1 Ta 0.125 thick 700°C 3h NH3
TA63 40 H2S04 98% / 1% vol HF / 4% vol H20 10+1 Ta 0.125 thick 700°C 3h NH3
TAG4 40 H2S04 98% / 1% vol HF / 4% vol H20 10+1 Ta 0.125 thick 700°C 3n NH3
TA65 40 H2S04 98% / 1% vol HF / 4% vol H20 10+1 Ta 0.125 thick 700°C 3nh NH3
TAG6 40 H2804 98% / 1% vol HF / 4% vol H20 10 Ta 0.125 thick
TA67 40 H2S04 98% / 1% vol HF / 4% vol H20 10 Ta 0.125 thick
TA68 40 H2804 98% / 1% vol HF / 4% vol H20 10+1 Ta 0.125 thick
TA69 40 H2S04 98% / 1% vol HF / 4% vol H20 10+1 Ta 0.125 thick
TA70 40 H2S04 98% / 1% vol HF / 4% vol H20 10+1 Ta 0.125 thick
TA71 40 H2S04 98% / 1% vol HF / 4% vol H20 10+1 Ta 0.125 thick 900°C 3h NH3
TA72 40 H2S04 98% / 1% vol HF / 4% vol H20 10+1 Ta 0.125 thick 800°C 3h NH3
TA73 40 H2S04 98% / 1% vol HF / 4% vol H20 10+1 Ta 0.125 thick 800°C 3nh NH3
TA74 40 H2S04 98% / 1% vol HF / 4% vol H20 10+5 Ta 0.125 thick 800°C 3h NH3
TA75 40 H2S04 98% / 1% vol HF / 4% vol H20 10 Ta 0.125 thick 800°C 3nh NH3
TA76 40 H2S04 98% / 1% vol HF / 4% vol H20 10+5 Ta 0.125 thick 800°C 3nh NH3
TA77 40 H2S04 98% / 1% vol HF / 4% vol H20 10+5 Ta 0.125 thick 800°C 3nh NH3
TA78 40 H2S04 98% / 1% vol HF / 4% vol H20 10+5 Ta 0.125 thick 450°C AIR
TA79 40 H2804 98% / 1% vol HF / 4% vol H20 10+5 Ta 0.125 thick 800°C 3h NH3
TA80 40 H2S04 98% / 1% vol HF / 4% vol H20 10+6 Ta 0.125 thick 800°C 3h NH3

Table 5.1: Ta-oxy-N samples prepared at different voltage, time and with different electrolyte composition.
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5.3.3 Characterization

UV-visible Diffuse Reflectance Spectroscopy measurements were performed by aJasco V570
spectrometer equipped with an integrating sphere for solid samples, using BaSOs as the
reference and in air. Scanning Electron Microscopy (Phenom ProX Desktop) was used for
structural and morphological characterization of the TNT materials operated at an accelerating
voltage of 5 kV. The nanotube diameter and length were directly measured by SEM images.

A homemade set-up (already described in paragraph 3.2 and shown in figure 3.2) was used
for chrono-amperometry measurements. The device consists of a three-electrode photo-
electrochemical cell, with a Pt wire as the counter-electrode and a 3M KCI-Ag/AgCl as the
reference electrode. All the tests were performed at room temperature in 1 M Na,SOs3 solution

at 0.3 V using a 2049 AMEL potentiostat-galvanostat.

5.4 Results and discussion

5.4.1  Morphological study

Tantalum oxy-nitrides (Ta-oxy-N) nanotube arrays were synthesised by controlled anodic
oxidation technique followed by ammonia treatment at high temperature, as described in the
experimental section. The aim of preparing these kinds of electrodes derives from the issues
evidenced by TiO; nanotube arrays, especially for what concerning the low response in visible
light absorption.

The lower band gap of Ta-oxy-N seems very suitable to reduce/oxidize water and absorb
light in the visible region. However, the use of Ta;Os and its sub-nitrides gives some other
issues, mainly related to their mechanical stability and photo-corrosion, as it will be described
later. In this PhD work, many efforts have been made to overcome those limitations, through
the optimization of the synthesis procedure acting on both the double step anodization and
nitridation conditions.

First, the electrolyte mixing composition was investigated. Figure 5.1a shows a SEM image
of Ta oxide prepared by one step of anodization in ethylene glycol with NH4F as fluorine source

and 4% vol. of H,0 (TA 39), while figure 5.1b shows a SEM image of a sample prepared with HF
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as direct fluorine source (TA 40). In both the images, the presence of an irregular porous oxide
structure (with pores ranging from 40 to 100 nm) can be observed and there is no evidence of

a tubular structure. However, the sample prepared with HF has a more homogeneous surface.

Figure 5.1: SEM images of Ta oxide anodized in EG-based electrolyte, a) TA39 and b) TA 40.

Better results were obtained by using H.SO4 as the electrolyte, as shown in figure 5.2.
Specifically, the SEM images refer to the sample prepared at 60 V for 10 min (figure 5.2a, b)
(TA23) and 15 min (figure 5.2c,d) (TA25). The samples were rather inhomogeneous and their
surface was not completely covered by Ta oxide nanopores (figure 5.2a), with some debris
covering the tubes (figure 5.2c). The cross section image (reported in figure 2.5b) has confirmed
the presence of a nano-tubular structure, but without the highly ordered arrays that usually
characterize TiO2 nanotubes. Particularly, the presence of nano-islands with flower-like tube
organization can be observed in figure 5.2c. The 1-D vertical alignment at a nanoscale level is
of fundamental importance to obtain a vectorial transport of electrons in the PEC cell, thus
improving photo-catalytic performances.

After these preliminary experiments, the best conditions of synthesis in terms of electrolyte

nature and concentration were set as follows: H.SO4 98% vol / HF 1% vol / H.0 1% vol.
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Figure 5.2: a) SEM image of Ta,0s nanotubes, b) cross section image, c) high magnification of Ta,0s nanotubes

and d) flower-type island nanotubes.

In order to obtain a more robust and homogeneous photo-active layer, a double step of
anodization was performed. After the first step of anodization, the nanostructured oxide layer
was rinsed with deionized water and then removed by an ultrasonic treatment for 30 min in
water. The remaining Ta substrate was then anodized shortly in a second step of anodization.
The diagram in figure 5.3 shows a depiction of the Ta/Ta>0s nanostructured electrode, with the
support of SEM images showing the different steps of the nanotube formation. Specifically,
figure 5.3a shows the top view of the Ta;Os nanotube arrays, evidencing a homogeneous
structure with a honeycomb aspect. Figure 5.3b shows the resulting oxide layer after the
detachment of the membrane, revealing the template used for the second anodization step.
Figure 3.5c shows the upside down view of the nanotube oxide membrane. Figure 3.5d shows
the cross section image of the membrane, revealing the high 1-D nano-order needed for

improving the electron transport.
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Figure 5.3: Schematic representation and SEM images of the different layers of Ta/Ta,0s nanotube arrays. SEM
images: a) top view, b) reaming template after sonication, c) upside down view of the membrane and d) cross section

image.

Figure 5.4 shows the SEM images of Ta oxide nanotube arrays obtained by double-step
anodization technique at 40 V (10 min each step) (TA56). The nanotube arrays appear quite
compact and homogenous; the pores at the top surface are the opening of the nanotubes,

while no interstitial spaces are present among the nanotubes.

Figure 5.4: SEM images of a) low magnification of Ta,Os nantoubes, b) high magnification and c) cross section

obtained from a detached piece of nanostructured Ta oxide.
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In order to find a correlation between synthesis conditions and Ta oxide morphology/nano-
architecture, the modulation of two parameters was investigated: i) anodization time (from 1
to 15 min) and ii) the applied potential (from 20 to 60 V). Figure 5.5a shows the profiles of tube
length (green circles) and inner diameter (blue squares) versus the anodization time. As it can
be observed, the higher the anodization time, the longer the nanotubes are (and the thicker
the photo-catalytic layer is), while the tube diameter is quite constant. This trend is very similar
with respect to TiO, even if the anodization times are quite shorter for Ta,Os nanotube
formation. Figure 5.5b, instead, shows the profile of the internal diameter of the tubes versus
the applied potential for two cases: 1) blue triangles: first step set at 60 V; 2) red circles: the
same voltage for both the steps. Results showed that the diameter of the nanotubes is mainly

controlled by the first step of anodization.
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Figure 5.5: Relationship between voltage and time on tube morphology for a) single step anodization and b) double

step anodization.

5.4.2  Influence of nitridation process

As discussed above, in order to convert the as-anodized Ta;0s nanotubes to Ta-oxy-N, the
layers were annealed at high temperature (ranging from 500 to 900°C) for different times (form
2 to 6 h) under ammonia flow. This high temperature post-treatment was needed to replace
partially the O atoms with N in the Ta,0s lattice. The decrease of the band gap should be directly
proportional to the N loading. However, Ta-oxy-N nanotube arrays showed some mechanical
issues, as they did not have a strong adhesion to the underlying Ta substrate and suffered from
serious cracking and peeling-off of the nanotubes from the substrate. Figure 5.6 shows
schematically what occurred after the nitridation process with the support of SEM images and
EDX analysis. The Ta-oxy-N nanotubes, reported in orange, have a highly ordered tubular
architecture, as expected, with about 28% of nitrogen provided by EDX analysis. Under the

nanotubes, a further oxide layer can be observed (reported in yellow), with a partial
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replacement of about 9% of nitrogen. Furthermore, another Ta oxide amorphous layer was
detected (reported in dark green) over the metallic Ta remained non-oxidized, evidencing a
nitrogen concentration of about 19%. This latter amorphous layer is responsible of the

detachment of Ta-oxy-N nanotube membrane from the metallic Ta substrate.
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Figure 5.6: Schematic illustration of different layers of Ta-oxy-N electrodes after the nitridation process.

3
©
&
Q
c
©
<
8 —— Ta0, polvere
‘% 0.4 —— Ta-oxy-N 500C° NH,
—— Ta-oxy-N 600C° NH,
0.2 4 Ta-oxy-N 700C° NH,
—— Ta,0.450°Car
0.0 4
200 400 600 800 1000 1200

wavelenght, nm

Figure 5.7: UV-visible spectra of Ta-oxy-N nanotube arrays treated at different nitridation temperature. Ta,0s

nanotubes and commercial Ta oxide powder are reported as reference.
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Figure 5.7 shows the UV-visible spectra of the Ta-oxy-N nanotube arrays annealed in NH3 at
different temperatures. Commercial Ta;0s and the Ta,Os nanotubes (without N) are also
reported as reference. In all the spectra, the characteristic high absorbance in the UV region of
the bare Ta oxide can be observed. However, Ta-oxy-N nanotubes show a wide absorption in
the visible region, with a well-defined peak for Ta-oxy-N samples annealed at 600 and 700°C
(maximum at 390 and 540, respectively).

EDX results (reported in figure. 5.8) showed clearly that by increasing the temperature of
nitridation the quantity of N increased: from 2.7% at 500°C to 15% at 800°C. Figure. 5.8 also
shows the presence of S at 500°C, probably coming from the electrolyte bath, not present at

higher temperatures.

500°C 3h NHs 600°C 3h NH3
Atomic percentage Certainty Atomic percentage Certainty
¢} 73.6% 0.98 o) 60.0 % 0.96
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Atomic percentage Certaint Atomic percentage Certainty
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N 13.5% 0.93 N 15.0% 0.93

Figure 5.8: EDX atomic percentages for different temperatures of nitridation. Certainty refers to the probability of

element identification (1.00 means absolute certainty)

5.4.3  Photo-electrochemical response

Figure 5.9 shows the photocurrent measurements under the application of the AM 1.5G
filter, simulating the standard terrestrial solar distribution, for samples prepared at different
applied voltages and nitridation temperatures. The sample anodized at 40 V (see figure 5.9a)
provided the highest photocurrent response (with respect to the sample prepared at 20 and 60
V). It is to remark that the sample prepared at 40 V has a tube diameter of about 65-70 nm (see
figure 5.5b) and a tube length less than 2 um. This behaviour was similar to that already

discussed in Chapter 3 for TiO; nanotubes about the length of the tubes. Figure 5.9b, instead,
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shows the differences in photocurrent between two samples anodized at 40 V but treated with
ammonia at different temperatures. As it can be observed, the nitridation temperature has a
positive effect in terms of photocurrent; this is related to the higher substitution of N into the

Ta,0s lattice.
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Figure 5.9: a) Photocurrent signals under AM 1.5G illumination of Ta-oxy-N nanotube arrays prepared at different

voltages; b) photocurrent signals for 40 V anodized sample with different nitridation temperatures.

A photocatalytic test was conducted for the degradation of ethanol in gas phase (using the
GP reactor, see Chapter 4, paragraph 4.3.3). Figure 5.10 shows the H;, production rate (umol
min) obtained for: i) commercial Ta20s powder (supplied by Sigma Aldrich -SA) annealed
under ammonia flow at 900°C in 3 h, ii) Ta20s nanotube arrays (detached from Ta by strong
sonication) and the commercial non-treated SA powder as reference. The results show the
higher production of H; from Ta;0s nanotubes in respect to the commercial SA powder,
confirming the positive effects due to the presence of the nanostructure.

Ta0s (SA) treated with ammonia at 900°C provided the highest H; productivity, due to the
higher absorbance in the visible region. Ta-oxy-nitrides cannot be tested due to their scarce
robustness. However, these results are very promising and further studies are needed to
improve the mechanical resistance of these Ta-oxy-N nanotube arrays to be used as efficient

photoanodes for H, production in water photo-electrolysis.
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Figure 5.10: H; evolution during photoreforming experiments of Ta,0s nanotubes and Sigma Aldrich (SA) powder as

reference.

5.5 Conclusions

The synthesis of highly ordered Ta;0s nanotube arrays through electrochemical anodization
was performed. As in the case of TiO, nanotubes, the parameters of the anodization process
influenced the morphology of the tantalum-based nanotube arrays and thus their
electrochemical performances. Particularly in this chapter, the influence of voltage,
anodization time and electrolyte concentration was investigated. A nitridation treatment at
high temperature was necessary to convert Ta;Os into Ta oxy-(sub)nitrides. The photo-

electrochemical measurements showed:

= The sample anodized at 40 V provided the higher photocurrent response with
respect to that anodized at 20V and 60 V.

= Higher nitridation temperatures led to higher substitution of N into the Ta,Os lattice,
increasing from 2.7% for the sample treated at 500°C to about 15% for the sample
prepared at 800°C.

= |ncreasing the temperature of nitridation (with the subsequent higher amount of N)

results in an increase of the photocurrent response.

Further studies are needed to improve the Ta-oxy-N nanotube performances and stability

but surely they represent a good candidate as photoanode to be used in PEC cells for water
splitting reaction.
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6 Conclusions

This PhD thesis focused on the development of nanostructured TiO;-based photocatalysts
for water photo-electrolysis.

Specifically, TiO2 nanotube arrays were synthesised by anodic oxidation technique starting
from metal titanium foils. An accurate control of the morphology/nanostructure of TiO, was
made by modulating the parameters during the anodization, such as the electrolyte
composition, the applied voltage and the anodization time. The anodization technique was
perfectly suitable for the synthesis of thin catalytic films to be used as photo-anodes in
advanced photo-electrochemical (PEC) cells, designed on purpose to improve performances in
water photo-electrolysis. The presence of a controlled highly-ordered nanoarchitecture in TiO;
allowed improving the vectorial transport of electrons, thus limiting charge recombination
phenomena. In order to enhance light harvesting (especially in the visible region), metal (Au
and Cu) nanoparticles were also deposited by different techniques on TiO; surface. The effects
of these nanoparticles were widely investigated by different characterization techniques (SEM-
EDX, TEM, XRD, UV-vis Diffuse Reflectance Spectroscopy, Cyclic Voltammetry, Chrono-
amperometry) and by testing the modified TiO: electrodes for H, production in water photo-
electrolysis, as well as in ethanol photo-reforming (simulating the processing of waste organic
streams coming from biorefineries). Moreover, nanostructured tantalum oxynitride (Ta-oxy-N)
electrodes were synthesized through controlled anodic oxidation, by adapting the operating
conditions previously optimized for TiO,, followed by ammonia treatment at high temperature
to replace partially O with N atoms. The advantages of using these tantalum-based materials
refer to their lower band-gap with respect to titania, thus improving light absorption in the
visible region.

The general conclusion of the present PhD work was that, in order to develop a system able
to convert efficiently solar energy into fuels/chemicals, two aspects should be taken into
account: i) the synthesis of the photo-active materials, suitable to perform the
reduction/oxidation reactions and ii) the engineering design of the cell and related electrodes,
optimized to attain the maximum benefit from the irradiation pattern and minimize

overpotential phenomena. However, the results have shown that these two aspects cannot be
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tackled separately, but they are strictly connected each other as the same catalyst can provide
large differences in terms of photocatalytic activity depending on the system used for testing.

Table 6.1 reports a summary of the most active samples prepared during the three years of
PhD activity. The table reports the main conditions of synthesis (anodization time -AT, metal
deposition technique -DP) and the structural parameters (nanotube length -TL and metal
particle size -PS), as well as the performances of testing in water splitting (WS) and photo-
reforming (i.e. ethanol dehydrogenation, ED), expressed as H, production rate (HP, umol h1)

and photoconversion efficiency (solar-to-hydrogen efficiency, STH).

Sample AT, TL, PS, HP STH, SHTuis,
name h m bp um nm R Tc umol ht % %
TNT45 m 0.75 1,0 WS PEC 127.4 2.5
TNT1h 1 1,3 WS PEC 86.5 1.6
TNT1h 1 1,3 ED GP 9.1 1.6
TNT3 h 3 2,9 WS PEC 68.7 1.1
TNT5h 5 5,8 WS PEC 51.1 0.7 0.23
TNT5h 5 5,8 ED GP 25.2 0.7 0.23
TNT/Au WI 5 Au Wi 5,8 <100 ED GP 16.8
TNT/Au PD 5 Au PD 5,8 8-15 ED GP 32.3
TNT/Au ED 5 Au  ELD 5,8 3-5 WS PEC 9.6 0.4 0.11
TNT/Au ED 5 Au  ELD 5,8 3-5 ED GP 39.7 0.4 0.11
TNT/Cu ED 1 Cu ELD 1,3 ~150
TNT/Cu PF 1 Cu SP 1,3 3-5 ED GP 11.7
TNT/Cu DC 1 Cu DC 1,3 1-2 WS PEC 104.3 2.0 0.53
Table 6.1: Summary of the most active tested TiO,-based sample
TNT | Titania nanotube arrays TL Tube length
AT Anodization time PS Metal particle size
M Metal deposited on TNT R Reaction
DP Metal deposition technique WS Water photo-electrolysis
Wi Wet-Impregnation ED Ethanol photo-reforming
PD Photo-deposition TC Testing/reactor conditions
ELD | Electro-deposition HP Hydrogen production rate
SP Spray coating STH Solar-to-hydrogen efficiency
DC Dip-coating STHuis | Solar-to-hydrogen efficiency under AM1.5G

It can be observed that the photocatalytic performances were very different depending on
testing conditions: i) a gas phase (GP) photo-reactor or ii) the PEC cell with separation of the

two half-reactions.
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Conclusions

In the GP system, the TiO,-based photocatalyst was suspended inside the head space of the
reactor in contact with the gas/vapour phase rich in ethanol, which partially condensed on the
surface of TiO,. By adopting this configuration, the more active samples were the substrates
with higher amount of catalyst, corresponding to the TiO> nanotube arrays with longer
nanotubes/higher thickness of the layer.

In GP-reactor tests, the presence of metal nanoparticles increased H; productivity, because:
i) they increased the absorbance in the visible light region and ii) they acted as reduction
centers for protons/electrons recombination. Particularly, the Au-doped TiO, nanotube arrays
prepared by electrodeposition provided the highest H, production rate (14.4 % higher than the
bare TiO2 nanotube arrays). This result can be ascribed to the lower size of Au nanoparticles
(about 3-5 nm) obtained by electrodeposition with respect to the bigger particles deposited by
other techniques (e.g. by wet-impregnation). Copper nanoparticles had a positive effect on the
production of hydrogen; particularly, Cu-TNT PF (pre-formed copper nanoparticles) sample
provided a H; production rate 2.6% higher than the bare TiO, nanotubes having the same
nanotube length.

In the PEC cell (with oxidation/reduction half reactions separated in two different chambers
of the cell), the best performances were instead obtained with the 45-min-anodized TiO;
nanotube arrays (tube length of about 1 um), with a H, production of 127.4 umol h* and a STH
efficiency as high as 2.5%. These values are among the best ever reported insofar as undoped
TiO2 photoanodes are used and in absence of external bias or sacrificial agents.

In the PEC system, it was observed that the presence of metal nanoparticles on TiO; surface
at the photo-anode can create a counter-circuited current, diminishing the H, production at
the cathode side (and with the evolution of H; at the anode side). However, this phenomenon
was successfully minimized especially for the case of copper, by preparing very small CuO
nanoparticles (lower than 2 nm) decorating the internal walls of the TiO, nanotubes by
controlled dip-coating technique.

Finally, the study on Ta-based photocatalysts allowed to obtain a clear correlation between
the parameters using for the synthesis (i.e. applied voltage, anodization time) and the
nanoarchitecture (nanotube diameter and length, wall thickness and grade of voids). The best
photocurrent response was obtained for the Ta-oxy-N sample anodized at 40 V for 1 min and
then thermally treated with ammonia at 800°C. However, further investigation is needed to
improve the mechanical resistance of these photo-catalysts.
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