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Summary

Summary

Heterogeneous photocatalysis based on supportddcgtdlysts
is a promising technique for the conversion of selzergy into
chemical energy. It can also be applied to orgayiatheses
given that visible light can be used as radiatiourse for
environmental friendly processes.

In this work, several supported gold catalysts areg by the
deposition-precipitation method were tested for rénctions of
water splitting and the partial oxidation of benzéa phenol.
Initially, the photocatalytic efficiency of severa&lu/TiO, and
Au/CeQ samples was tested for the hydrogen or oxygen
evolution from water, respectively. The influendeparameters
such as gold particles dimensions and loading,lysttéeither
TiO, or CeQ) concentration and radiation source was studied in
order to gain insights in the photocatalyzed wagplitting
process. Data collected so far suggest that galdddeave an
additional role as light harvester besides hydrogealution
center. Moreover, it seems that small gold load{gsto 0.25%
in weight) coupled with particles dimensions of trder of 2-3
nm could enhance the photocatalytic activity of h@'TiO,
samples. By using a radiation with wavelenght rieahe gold
surface plasmon band, gold nanoparticles are ablabsorb

photons allowing for electrons to move into theartit
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conductive band, with simultaneous creation of siatethe gold
nanopatrticle itself.

We also investigated an innovative method for thathgesis of
CeQ, utilized as support for oxygen evolution from ratand
obtained catalyst particles with dimensions of dhéer of ca. 5
nm. Experimental data suggest in this case theophtdlytic
properties of the system are strongly affected Hyy particle
dimensions. Again, the presence of gold seems titiypely
affect the photocatalytic activity of Au/CeOsamples, as
observed for Au/TiQ catalysts. Both the Au/Tioand Au/Ce@
samples were successively tested for the reactionvater
splitting in a membrane system, in order to evolveth
hydrogen and oxygen at the same time. The prosesgh
required a modified nafion membrane and Iron(ll)lfate,
afforded quantitative amounts of the two gases uimdsdiation
with visible light.

The reaction of hydrogen evolution through watdittepy was
also investigated testing various sample of AuiT#pported
on active carbon, prepared via different activatoethods, to
analyze the effect of functionalization on the aler
photocatalytic process. Active carbons in basic gdem to
positively influence the photocatalytic activity At/TiO, under
irradiation with visible light.

Lastly, Au/TiO, catalysts were also investigated for the reaction

of benzene partial oxidation to phenol in a bateactor.
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Preliminary data suggest the presence of gold sgipe in such
a way that the percentage of conversion to phenbigher with
respect to unmodified Tif) although secondary products form
as well, i. e. benzoquinone, which represents a omay

inconvenience of the process.
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Riassunto

La fotocatalisi eterogenea basata sull'utilizzccaializzatori di
oro supportati si sta rivelando una tecnica proemédt sia per la
conversione di energia solare in energia chimieapgr reazioni
di sintesi organica, grazie alla possibilita diusifire la luce
visibile come fonte di irradiazione e di ottenereoqessi
ambientalmente sostenibili.

Nel corso di questo lavoro di Dottorato e statalistia |'attivita

fotocatalitica di diversi catalizzatori oro suptit preparati
secondo la procedura di deposizione-precipitazigner, la

reazione di water splitting e per l'ossidazioneziade del

benzene a fenolo.

Nella prima parte del lavoro sperimentale, & statestigata
I'efficienza fotocatalitica di diversi campioni dAu/TiO; e

Au/CeQ nelle reazioni di generazione di idrogeno e digesso

dall'acqua, rispettivamente. Gli effetti di paramequali la

quantita di oro, le dimensioni delle sue particella

concentrazione del catalizzatore ed il tipo di draaione

luminosa, sono stati investigati al fine da evirdare quali

siano i principali fattori che influenzano il pres® di water
splitting. | risultati ottenuti lasciano supporreec’oro svolga un
duplice ruolo, ovvero che agisca come centro dcota di

irradiazioni luminose oltre che come sito per larfazione di

idrogeno ed ossigeno. Dai dati ottenuti sembreretihe la
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combinazione di quantita molto basse di oro (0.26%eso0) e
dimensioni dellordine di 2-3 nm delle sue nanoigatte
favoriscano [lattivita fotocatalitica dei sistemi uAiOs.
Utilizzando radiazioni luminose con lunghezza dandcine
alla banda di assorbimento plasmonica dell'oro, le
nanoparticelle  assorbirebbero  fotoni  consentendo |l
trasferimento di elettroni nella banda di condueiodel
supporto, con la contemporanea formazione di defae
ellettroniche nelle particelle dell’oro.

E’ stato studiato inoltre un metodo innovativo persintesi di
CeQ, utilizzato come supporto per la generazione digeno
dallacqua e che ha consentito I'ottenimento ditipalie di
catalizzatore di circa 5 nm. | risultati speriméint@nno messo
in evidenza come le proprieta fotocatalitiche skrhiconduttore
siano strettamente correlate alle dimensioni dmlie particelle.
La presenza delloro sembra influenzare positivamda sua
attivita fotocatalitica sotto irradiazione con lucésibile.
Successivamente, i catalizzatori Au/%i® Au/CeQ, sono stati
sperimentati nel processo di water splitting w#@iado un
sistema a membrana, al fine di ottenere la germrazi
simultanea di idrogeno ed ossigeno. Il processe,hehprevisto
l'utilizzo di una membrana di nafion modificata e sblfato
ferrico, ha portato allo sviluppo dei due gas inamfita

stechiometriche sotto irradiazione con luce visibil
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Il processo di water splitting per la generaziomeddogeno é
stato inoltre studiato sperimentando Au/Ji®upportato su
carboni attivi preparati attraverso differenti nuto di
attivazione, al fine di analizzare [linfluenza cell
funzionalizzazione sul processo fotocatalitico dngrazione di
idrogeno dall’acqua. Carboni attivi con pH basi@mbrano
svolgere un’influenza positiva sull’efficienza fotdalitica di
Au/TiO, sotto irradiazione con luce visibile.

Infine, nell’'ultima parte del lavoro di tesi, cataatori Au/TiO,
sono stati testati nella reazione di ossidazionzigla del
benzene a fenolo in un reattore batch. L’utilizzeampioni oro
supportati ha consentito il miglioramento delleeres fenolo
rispetto a quelle registrate per il Ti@on modificato, sebbene la
formazione di prodotti secondari, quali il benzoane,

rappresenti il principale incoveniente del processo

Vi
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Resumen

Fotocatalizadores heterognéneos basados en ndoofsertde
oro suportadas es una técnica prometedora paomiersion de
la luz solar en energia quimica. Los mismos maésripueden
ser igualmente aplicados a la sintesis organicaeamgo luz
visible a fin de desarollar un proceso medioambiemnte
benign.

En la presente Tesis Doctoral se han preparadoosvari
catalizadores de oro soportado siguiendo el protedio
conocido como “deposicidn-precipitacion” y los matkes
resultantes fueron empleados en la ruptura fothtesa del
agua y para la oxidacion parcial del benceno alfeno
Inicialmente, se determind la eficiencia de vanasestras de
AU/TiO, y Au/CeQ en la generacion de hidrégeno y oxigeno
del agua, respectivamente. Se estudio la influedeiavarios
parametros como el tamafio de las nanoparticulasralesu
carga el rango de longitudes de onda de la radiaciom aléd
obtener informaciéon sobre el proceso fototacalitidans
resultados obtenidos sugieren que el oro puedempesar
varios papeles absorbiendo la luz, inyectando relees en la
banda de conduccion del semiconductor y actuanahm @@ntro
para la evolucion de hidrégeno. Més aun, la m&xactavidad
se consigue cone una pequefa cantidad de oro gdtrediel

0.25 % en peso) junto con una dimension entre 2nyn.3

Vil
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Empleando radiacion en las longitudes de onda taraa del
plasmon del oro, los fotones absorbidos producdnyleccion

de electrones del oro al semiconductor dando ladgarcreacion
de un estado de separacidon de cargas.

También hemos descrito un método innovador paniesis
del CeQ nanoparticulado y hemos utilizado el material
resultante de unos 5 nm de diametro como semictordenc la
generacion fotocatalitica de oxigeno del agua. lessiltados
experimentales sugieren que en el caso del ,Cdés
propiedades fotocataliticas del material son aflastapor las
dimensiones de las particulas. También en este, daso
presencia de oro aumenta notablemente la actividad
fiotocatalitica de la muestra Au/CgQ@al y como se observé en
el fotocatalizador a base de Au/giO

Ambos materiales Au/TiQy Au/CeQ fueron evaluados para la
reaccion de la rupture fotocatalitica del agua erraactor de
membrane a find de conseguir la evolucién simufiade
oxigeno e hidrégeno. El proceso requiere una membiea
Nafion intercambiada con #e En estas condiciones se observa
la evolucion de los dos gas cuando ambas celddsisman
con luz visible.

La reaccion de evolucion de hidrégeno mediantemgdleo de
AuU/TiO, se investigd también soportando este material en
carbon activo preparado siguiendo diferentes poscgaimicos.

Se observe que los carbones preparados a valops dasicos

viii
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ejercen un efecto cooperativo aumentando la aetivid
fotocatalitica del Au/Ti@Qen el proceso bajo irradiacién con luz
visible.

Finalmente, el material Au/TiDfue empleado también para
llevar a cabo la oxidacién fotocatalica parcial wEnceno a
fenol. Los datos preliminares sugieren que la pi@aede oro
aumenta la selectividad hacia el producto, disnmendy la
conversion de benceno. Sin embargo, también para el
fotocatalizador Au/Ti@ se observa la aparicion de productos
secundarios tales como la benzofenona, por lo qualm

necesario mejorar la selectividad de la reaccitwctialitica.
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Introduction

Photocatalysis is a rapidly expanding technologyr fo
environmental application. It implies the accelemtof a
photoinduced reaction by the presence of a catalyst

Initial interest in the heterogeneous photocatalgsarted when
Fujishima and Honda discovered in 1972 the photooted
water splitting into hydrogen and oxygen with FiQL].
Subsequently, extensive work started growing rapinlmany
areas of water and air technologies [2-4], in additto
hydrogen production from water as a means of sefargy
conversion. Semiconductors can act as promotersligbit
reduction-oxidation processes due to their eleatrgtructure,
which is characterized by a filled valence band andempty
conduction band. Ti® generally exhibits the highest
photocatalytic activity among all the photocatadysthe use of
titanium dioxide as a photocatalyst has been dadtgreerest due
to its high activity, photochemical inertness, noricity,
biocompatibility, efficiency and low cost. The ordisadvantage
of TiO; is the inability to be activated by visible lighiiit only
ultraviolet (UV).

How to improve the photocatalytic activity of Ti@ the visible
region represents the main focus of the recentqoatdlytic
research. For the design of solar-driven treatntectinologies,

many efforts have been made to achieve highlyiefftcvisible
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light-activated semiconductors, such as noble mdtaing,
non-metal doping, dye sensitization. Nanopartiotdsnoble
metals exhibit unique optical properties that arisem the
collective oscillation of the conduction electrongpon
interaction with electromagnetic radiation, naméhg localized
surface plasmon resonance. This phenomenon carnifyarta
absorption of visible light and is therefore impmt in
developing efficient visible light photocatalysts.this context,
due to its unique properties and in view of pontommercial
applications, gold has attracted many interesha last years,
and represents an highly effective catalysts fonymaactions.
Aim of this PhD thesis is the study of the watetitgng
reaction and the photo-oxidation of benzene to phessing
gold loading photocatalysts.

In the following an overiew of the contents of gvehapter is
reported.

Chapter 1 gives a presentation on the basic fundiatse of
photocatalysis, with a wide overview on the currprdgresses
and drawbacks present in literature. Then, an oseref recent
developments of semiconductors, photocatalysis iGins
and photoreactors modelling is presented.

Chapter 2 reports the catalytic behaviour of aeseaf various
types of gold supported on Ti®25 samples with gold loadings

ranging from 0-2.2 wt% in order to investigate whiare the
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characteristics of the gold deposited on the titanirface that
can control and influence the water splitting react

Chapter 3 reports a novel synthetic method of dbiaaleads to
the formation of very small nanoparticles. The waplitting
reaction to generate oxygen using gold loaded @nntbwvel
Ce( was studied and the experimental data were compare
with that obtained for a commercial ceria.

Chapter 4 presents the study of overall water tsmit for
separate hydrogen and oxygen generation using abraes
photoreactor in the absence of sacrificial agemd asing a
Fe''/Fe* as electrolyte. The effect of different parametarsh
as the presence of the iron species, the gold rgadihe
influence of irradiation type, was studied.

Chapter 5 reports the study of a new type of AugTaltivated
carbon (Au/TiQ-AC) prepared by different activation methods
on the photocatalytic hydrogen generation from wate
Photocatalytic tests using UV and visible light evgrerformed
and the results obtained for the Au/HAC samples were
compared to that obtained using unmodified ;IO

Finally, in Chapter 6, the one-step photo-oxidatibibenzene to
phenol using TiQ gold based photocatalysts is presented as a

promising alternative to phenol synthesis.
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Photocatalysis

1.1 Photocatalysis as clean technology

Since the first energy crisis in the early 19704 Hre necessity
of a search for new alternative sources of enargich research
has been devoted to the development of efficieatesys that
would enable the use of renewable resources. B1dbntext,
heterogeneous photocatalysis represents a promisayg to
convert solar into chemical energy at ambient teatpee and
pressure. Photocatalysis could be applied in the fudure to
decomposition of water with the production of moiec
hydrogen as high-energy and ecologically clean, inehddition
to a variety of problems of environmental interdsthas been
shown to be useful for water and air purificatidn4], for the
destruction of microganisms such as bacteria [B]\aruses [6],
for the nitrogen fixation [7], for the inactivatiasf cancer cells
[8], for odor control [9] and for the clean up af spills [10].

Semiconductors can carry out substrate oxidati@hraductions
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simultaneously under light irradiation, unchangigring the
process. A wide range of inorganic semiconductarslze used
for photocatalytic applications, such as 7i@eQ, ZnO, WQ,
CdS. The ideal photocatalyst should process thiwoig
properties [11]:

» High photoactivity

» Biological and chemical inertness

» Stability toward corrosion

» Suitability toward visible or near UV light

* Low cost

» Lack of toxicity.
To enhance the catalytic performance and the regptm the
visible light, semiconductors are often modifiecthwdifferent
methods [12]. The possibility to use solar light tmtalyzing
many degradation and synthetic processes opens new
perspectives for the sustainable chemistry.

1.2 Basic of heterogeneous photocatalysis

Heterogeneous photocatalysis was defined by Pahmisand
Sclafani [13] in 1997 as “a catalytic process dgnvhich one or
more reaction steps occur by means of electron—paies
photogenerated on the surface of semiconductingemats

illuminated by light of suitable energy”. As a diteeonsequence
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of this definition, both catalyst and light are assary to induce
a chemical process. In fact, upon irradiation extatates of the
photocatalyst are generated and initiate subsegpiertiesses
like reduction-oxidation reactions and molecular

transformations.

1.2.1 Mechanism

The basic mechanism of heterogeneous photocatahsie
been investigated by many research groups [14/4&]can be

summarized by the scheme 1.

A At
Il
N\ &
Conduction hand
¢ @ hv
Band Gap (E,) /
ht O
Valence band
4 L
A >

D**

Scheme 1. Simplified reaction scheme of photocsigly
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The irradiation of a semiconductor with light efezgy equal or
higher than its band-gap energy)Igives rise to promotion of
electrons (¢ from the valence band to the conduction band,
leaving at the same time positive hole¥ (h the valence band.
The photogenerated electron-hole pairs can indusdoxr
reactions with electron donor (D in scheme 1) afetteon
acceptor (A in scheme 1) adsorbed on the semicooidsigrface
or located within the electrical double layer sumding the
charged particles. The oxidation-reduction procesmepetes
with a possible electrons-holes recombination (with few
nanoseconds), with a consequent input energy dissip as
heat. A thermodynamic condition necessary to tleeiiwence of
such a process is a more negative potential forethetrons
photogenerated in the conduction band compared with
reduction potential of the electron acceptor amdaae positive
potential for the holes of the valence band conppaveh the
oxidation potential of the donor.

Fig. 1 reports the redox potentials and the bamd\gdue of
several photocatalysts.
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Figure 1. Band positions (top of the valence band and botbnhe
conduction band) of the most common semicondudtmapted from
[16]).

The potential of both conduction and valence baas pH
dependent. The increase of pH in a electrolytetmwiicauses a
shift of conduction and valence band potential tolwamore
cathodic values (59 mV per pH unit) [17]. Among all
investigated semiconductors (generally metal oxicsasd
chalcogenides) Ti@is by far the most largely used [18]. The
mechanism of the photocatalytic process using this
semiconductor was proposed by several researchBr$920]
following the reactions:

h* ) (1)

TiO,—™ L TiO, (CHN I

TiOs(h* ) + HpOuss— TiOs + H' + HO'ags 2)
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TiOz(h+VB) + HO ags— TiO, + HO ags (3)

In general, donor¥) molecules will adsorb and react with a
hole in the valence-band and an accepty \Will also be
adsorbed and react with the electron in the commludband,

according to equations:

TiOa(h* ) + Dags— TiOz + D ags (4)

TiOz(e_CB) + Aads— TiOZ + A-ads (5)

Oxygen can trap conduction-band electrons to fonpersoxide

ion (O;") that can react with hydrogen ions formed fromensat
forming HO,' and HO,. Cleavage of KD, may yield an OH

radical.

Tioz(e-CB) + Qp a0st H — TiO2, + HO, — O+ H' (6)

H O + TiOy€ ) + H" — H:0; (7)
2HO; - H0, + O, (8)
H,0, + hv — 2HO (9)
H,0; + O,;" — HO + O, + HO' (10)
Hz0; + TiOA(€" ) — HO + HO' + TiO; (11)



Chapter 1

A could also be a metal ioM] with a suitable redox potential to
undergo a change of its oxidation state.

M™ + TiOx(ze" ) — M3 (12)

1.2.2 Photocatalytic reaction parameters

A photocatalytic process can be affected by maugtofa, such
as pH, substrate concentration, light intensity anesence of

metal ions or inorganic species in solution andperature.

* pH

One of the most important parameters affecting @quatalytic
process is the solution pH that influences theasarfcharge on
the photocatalyst, the ionization state of the sabs and its
adsorption on the catalyst particles. The rolendtfal solution
pH on the photocatalytic reactions was studied byesl
authors [21-24]. For Tig) the point zero charge (PZC) is
approximately at pH 6.0 [25,26]. Therefore at pHuealower
than pHzcthe TiO, surface results positively charged, whereas
at pH higher than pic the catalyst surface is negatively
charged. Sreethawong et al. [27] investigated thequatalytic
hydrogen evolution from water under various pH c¢toads
over 0.6 wt% Pt/TiQ Experimental data showed that the
optimum initial solution pH is around 6. The efGocy of

10
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hydrogen evolution activity increases with an iase of pH in
solution from 2 to 5-6 while further increase in pelue leads
to a lower hydrogen evolution. The authors suggleat at
acidic pH (pH< 5) an electrostatic repulsion betweie
positively charged particles of TiGand the hydronium cations
(H") present in solution retards the adsorption of idns
reducing the photocatalytic hydrogen evolution.afdaline pH
values (pH> 7) another type of repulsion, betweér t
negatively charged surface of the photocatalyst dhd
molecules of sacrificial agent (methanol) can ocdinis limits
the adsorption of the sacrificial agent molecules the
photocatalyst particles and as direct consequeats® the
probability to scavenge the photogenerated holes thyy
methanol molecules is reducted while the electrole-h
recombination results favoured. When the pH satuisonear to
the zero point charge of the catalyst, the specass probably
react more easily with the semiconductor surfadewahg to
obtain higher hydrogen production [28,29].

» Catalyst concentration

It was observed that the reaction rate in a phoabdac process
increases with increasing catalyst concentratiod bhecomes
constant above a certain level [30]. This is esaliydue to the
aggregation of photocatalyst particles and consatué¢o the

decrease in the number of surface active sitesaaiide same

11
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time to increase in opacity due to an higher lighattering
photocatalyst particles. Nikazar et al. [31] invgsted the
photocatalytic degradation of the azo dye Acid Rdd in
water, using TiQ supported on the zeolite clinoptilolite as
photocatalyst. The photodegradation efficiency eases with
an increase in the amount of catalyst (10 wt%,T&&olite) up

to a value of 40 ppm. Then it decreases with amease of
catalyst concentration. The authors explain thissulte
considering that an higher quantity of photocatajyobably
does not influence the photocatalytic efficiencyg am excess of
its particles in suspension causes an increasepatity. In
another study [32] the influence of several paransebn the
photocatalytic decolorization of the azo dye AR2Wer UV
irradiation, using Ti@ as photocatalyst, was reported. From
experimental data, an enhancement of dye photodatpa
using the catalyst in the range 0-300 mg was observed.
Further increasing in Tigoading may cause the aggregation of
free catalyst and a decreasing of UV-light penemat

* Light intensity and wavelength

The minimum level required to promote the excitddtes
depends on the band-gap energy. For example; aiatase
with large band-gap energy (3.2), absorbs lighyy amlthe UV

region of the solar spectrum<{ 400 nm). It was extensively

reported that the increase of light intensity cahaasce the rate

12
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of photocatalytic process [33,34]. Hermann et2®] [in a study
of photocatalytic oxidation of halide ions by oxygm titania
suspension, reported that only photons with wagleshorter
than the TiQ absorption edge can activate the photocatalyst and
this phenomenon is predominant at low light intgn$86],
whereas a electron-hole recombination seems taxmifed for
higher intensity light. Molinari et al. [37] invegated the
influence of light intensity on the photocatalytixidation of
benzene to phenol in a membrane reactor. To dexréss
reactivity before extraction, the authors carriedit oa
photocatalytic experiment using a lower light irgigy (4.7 mwW
cm?) respect that of the others photocatalytic run8 (W cm
%), The obtained data showed that an intensity iV cm? is

too low to promote an efficient photocatalytic pees.

» Dissolved ions
New developments of photocatalysis technology Haweeised
on searching for suitable compounds to promote the
photocatalyst activity by quenching the conductiband
electrons (in oxidation processes) or the valerm&ltholes (in
reduction processes). Several authors report tkeofignetal
ions like F&"[38,39] to enhance the photocatalytic reaction. rate
The presence of small amount ofF€0-10 mg L) increases
the reaction rate of the organophosphourous irsdeti
Diazinon photodegradation [40], NO oxidation [41] and
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oxygen generation from water [42]. Positively cteargFé*
adsorbed on the photocatalyst surface is easilyicestl by
trapping electrons of the conduction band and tbetr®n-hole
recombination thus decreases. When th& Eencentration is
higher the Fe(OH) ions likely exhist as the predominant
monomeric ion (ll)-hydroxyl complex which is alshe major
light absorbing species, so the photocatalyticcefficy of the
system decreases [43]. In addition to iron, thiuarfce of other
metals common in naturals waters such a$'[@4] and Mrt*
[45] was investigated and also in this case thdéigesnfluence

is closely correlated with their concentration atusion and the
adsorption on the photocatalyst surface. Inorgams, such as
S7IS# [46], CeYICe™ [47], 10%/IT [48-50], F&'/Fe* [51]
working as redox mediators, were used as saclifegant for
hydrogen or oxygen production from water. Two platalysts
were employed to produce hydrogen and oxygen utigker
mediation of oxidated and reduced state of the Imeta
respectively. Photooxidation reaction rates wereinb to
markely increase also upon addition of inorganiecsgs, like

104, $0g, BrO;” and CIQ™ [52] either by inhibiting electron-
hole pair recombination through scavenging condacthand

electrons at the photocatalyst surface:

104 + 8éCB+ 8H — 4H,0+ I
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or producing high reactive intermediate radicalshsas 1Q’,
HO, 104, that assisted the oxidation process by free adglic
pathway.

» Temperature
The overall reaction of photocatalytic processesndd too

sensitive to the temperature. Due to photonic atibw, the
photocatalytic systems does not require heatingcandoperate
at room temperature. This is very attractive foogaisses that
can be carried out in aqueous medium because e need

to waste energy in heating water.

1.3 Catalysts for photocatalytic processes

Heterogeneous photocatalysts are solids able tangie
reactions in the presence of light without beingstoned in the
overall reaction. Catalysts used in photocatalygiactions are
invariably semiconductor materials. Chalcogenidecluide
several metal oxides such as 7i@eQ, ZnO, WQ, FeO; or
even sulfides like CdS, ZnS, MaSSensitized photoreactions
are activated by absorption of a photon with sigdfit energy,
i.e., equal or higher than the bandgap energy efddtalyst.
Bandgap energies of the most common semiconductes

show in Table 1.
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Table 1 Band gap energies of semiconductors used in patatlytic

processes.
Photoatalyst Band gap energy (eV)
Si 1.1
WSe 1.2
WO; 2.8
a-Fe0; 2.2
V.05 2.7
SiC 3.0
BaTiO; 3.3
Cdo 21
Cds 2.4
CdSe 1.7
Fe0O; 3.1
TiO, rutile 3.0
TiO, anatase 3.2
SITiO; 34
SnG 3.5
GaAs 14
SITiO; 34
ZnS 3.7
Zn0O 3.2

Nevertheless, some of the photocatalysts do now shdong-

term activity during the irradiation process. Biametal
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sulfides such as CdS, CdSe or PbS are regarded#fidiently
stable for catalysis in aqueous media as they Isapiddergo
photoanodic corrosion [53,54]. To overcame thiswdhack
several works suggest the addition of sulfide amlfits to the
contacting solution [55]. These materials are &isown to be
toxic. Hematite ¢-Fe0O3), for example, is absorptive in the
visible region, but shows much lower photocatalydictivity
than TiQ or ZnO, probably because of corrosion or the
formation of short-lived metal-to-ligand or ligatoHmetal
charge transfer states [56]. Although ZnO and ;T{@natase)
have similar bandgap energies (3.2 eV) and higbactivity
than TiQ [57], zinc oxide is more instable in illuminated
agueous solutions, with Zn(OHpeing formed on the particle
surface leading to the deactivation of the catdf8t. Wu [59]
also observed higher photocatalytic activity foOTicompared
to SnQ. WO; has also been investigated as photocatalyst and it
shows a remarkable photostability in acidic medaking it a
powerful semiconductor for many tipes of photogdtal
processes [60]. It has a band-gap of ~2.8 eV, ithat 0.4 eV
narrower than that of Ti§) so it can absorb more visible light
from sunlight [61]. However, it is generally leseetive than
TiO,and unsuitable for achieving an efficient oxidatieaction,
probably due to the inability of photogenerateccets of the
conduction band to directly reduce molecular oxy§g2]. As

one kind of important rare earth materials G@Othe last years
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has attracted great interest for its potential ptatalytic
applications [63]. Furthermore, nanocrystallineiw®@r dioxide
has some singular properties like as transitiomfimoundary
diffusion to lattice diffusion [64] and lattice eapsion [65]. In
the next section, a detailed description about,Ta@dd CeQ

photocatalysts is presented.

1.3.1 Titanium dioxide

Having high photocatalytic activity and chemicallstity, non-
toxicity and low cost, titanium dioxide has becomme most
widely used photocatalyst. It has been widely uasdwhite
pigment in paints, plastic, paper, cosmetics andddtuffs.
Three crystalline forms exists in nature: anatasé&ragonal),
rutile (tetragonal) and brookite (orthorhombic)méng them,
anatase form has been found to be the most phatgteally
reactive form [66] even if the more stable formmusle, whereas
anatase and brookite are metastable and are regatlyformed
to rutile when heated [67]. T¥Ocan be prepared in the form of
powders, crystals or thin films, by either liquid gas phase
methods. It can also be synthesized in special stamaiured
morphologies like nanorods [68], nanowires [69]nhatabes
[70], nanoribbons [68] and whiskers [71]. Gas phasghods
are generally used for the preparation of thin gilrithe main

techniques are vapour deposition [72], physical ouap
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deposition [73] and spray pyrolisis deposition [A4fuid phase
preparation procedures include sol-gel method [75],
precipitation and co-precipitation [76, 77], soletmal and
hydrothermal methods [78, 79], microemulsion [80],
combustion and electrochemical synthesis [81, BR¢ sol-gel
procedure is the most popular technique to syrzbeSiO,
because it offers many advantages over the othmiuption
method, such as the formation of very pure and lyesmeous
materials. Typically sol-gel synthesis of TpiQeads to the
amorphous phase which can be transformed into senadig
calcination at moderate temperatures. Temperaamasd 500
°C initiate a phase change from anatase to rutiat tis
transformed into brookite at much higher tempeesuliQ has

a band-gap energy of ~3.2 eV, hence its photodaiivaequires
radiation with light of wavelength less than or algio ~380 nm,
with a maximum at approximately 340 nm. One of thest
used commercial Ti© materials for photocatalytic oxidation
applications is TiQ Degussa P25. It is composed by a mixture
of 80% of anatase and 20% of rutile, with a surfacea of 50
m® g* and an average particle size of 21 nm (manufacture
data).
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1.3.2 Cerium dioxide

Cerium dioxide has attracted great interest dutimgglast years
[83] for its potential applications as fast condugctcatalyst,
oxygen storage capacitors, polishing materials.[84}ia is also
widely used as electrolyte for solid oxide fuelle€SOFC) [85].
This material possess high ionic-electronic congiigt at
relatively low temperatures. Up to now, many e8drave been
devoted to the chemical synthesis of Gef@anomaterials with
various morphology and size, such as porous stestdilms
and nanopatrticles [86]. The development of efficiethods to
synthesize nanostructures with well-defined sizd ahape is
one of the key trends in material chemistry becaofs¢heir
size/shape-dependent properties and potentialcapiplns [87].
Therefore, for the synthesis of CgQeaction conditions are
crucially important for controlling the growth ofié crystal, as
well as the crystal shape and the monodispersiGed).

In the past few years, some effective methods Hhasen
developed to prepare CgO For example, by two-step
precipitation using oleic acid as a capping ag8&8i,[via the
decanoic acid assisted supercritical hydrothermadgss at 400
°C [89] and thermolysis reaction of cerium benzogktanate
complex in oleic acid/oleyl amine solvents undercuam
condition at 310-330C [90]. However, these above methods

required complicated procedure, special equipments
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organometallic precursor. Hence, fabrication of iaer
nanocrystals with uniform size and well-definedstay shape
by a simple and economical method represent attafggreat
interest. Ceria nanoparticles show a strong ahisorpielow 400
nm with a maximum absorbance peak around 305 nme. Th
band-gap energy varies in the range 3.03-3.7 g\émting on
the preparation method [91].

1.3.3 Modified photocatalysts

The efficiency of the classical photocatalystsfteroreduced by
some drawbacks, such as:

* quickly recombination of the photogenerated etachole

pairs (within 10-100 ns) which releases thermal rgyeor

unproductive photons;

* high reactivity that leads to fast backward ocoselary
reactions with the formation of undesirable by-prcid;

* a low absorption in the visible region which detaes their
inability to use solar light (less than 5% is usedhe case of

TiO2 anatase).

In recent years, therefore, the development of quatalysts
able to overcome these problems represents onbeomain
topic in the photocatalytic research. The majocticas involve

catalyst modification by noble metal loading, iapathg into the
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semiconductor lattice, dye photosensitization, ngxwith other

semiconductors.

1.3.3.1 Noble metal loading

Noble metals like Pt, Pd, Au, Rh, Ni, Cu and Ag &adween
reported to be very effective to enhance catalgttvity of
several semiconductors and the visible light aldsmmg18].

As the Fermi levels of these noble metals are Iawan that of
catalysts like TiQ, photo-excited electrons can be transferred
from the conduction band to metal particles depdsibn
semiconductor surface, while photogenerated valebard
holes remain on the photocatalyst [18]. Hence, atign of
electrons to the metal particles results in a faionaof a
Schottky barrier at each metal-semiconductor caimigicegion.
The Schottky barrier can serve as an efficienttedactrap to
avoid the electron-hole recombination in a photalgéat
process enhancing the efficiency of the photocttalyrocess
[92, 93]. Moreover, surface plasmon resonancesobfenmetal
particles, which can be excited by visible lighicreases the
electric field around metal particles and thus nhances the
surface electron excitation and electron—hole sdjmer on

noble metal-deposited semiconductor particles.

22



Chapter 1

Noble metals doped or deposited on a photocatargs¢xpected
to show various effects on its photocatalytic astiby different
mechanisms. It follows that may act separately or
simultaneously depending on the photoreaction d¢mmd:
noble metals (i) enhance the electron—hole separély acting
as electron traps, (ii) extend the light absorptido the visible
range and enhance surface electron excitation lgnpmn
resonances excited by visible light, and (iii) nigdhe surface
properties of photocatalyst [94]. The dosage leigl an
important factor that influences the enhancemedetebf noble
metals. Below an optimum dosage level noble metfsact as
electron-hole separation centers, improve the eaeparation,
and thus enhance the photocatalytic efficiency aidifred
semiconductor. However, as dosage levels exceennapt
loading, noble metals can act as electron-hole médawation
centres which are detrimental to the photocatabdicvity.

As one of the noble metals, Pt has been widely @sedhe
cocatalyst in photocatalytic water splitting oveamy different
kinds of semiconductors: oxides [95], (oxy)sulfidgs] and
(oxy)nitrides [97]. All have been shown to greatiyhance the
photocatalytic activity for hydrogen evolution. Mguchi et al.
[98] reported that platinized CaTi(owder, with band gap of
3.5 eV estimated from optical absorption edge, l@idd a high
photocatalytic activity under UV irradiation for dhypgen

generation from water splitting. Iwase et al. [8@)nd that fine
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gold nanoparticles played an important role in ¢theation of
active sites for hydrogen evolution and the enhamece of
charge separation. In addition, the back-reacti@iween
hydrogen and oxygen to produce water on the Autabet was
negligible in comparison to that on a Pt cocatalyBhis
ultimately led to improved photocatalytic activgieof some
titanate, niobate, and tantalate photocatalystsof@rall water
splitting. Wu et al. [100] investigated hydrogermguction with
low CO selectivity from the photocatalytic reforrgiof glucose

in water on metal/TiQcatalysts (metal ) Pt, Rh, Ru, Ir, Au, Ni,
and Cu. The loaded metals, in particular Rh, wenend to
greatly enhance the rate of hydrogen productionis Maas
attributed to the fact that the Schottky barriernfed at the
metal and TiQ interface could serve as an efficient electron
trap, thus preventing photogenerated electron-hole
recombination. The effect of the nature of the neteatalyst
was interpreted in terms of different electroni¢eractions
between the metal nanoparticles and the, Bi@face. It has also
reported that the smaller the Schottky barrier Hieigt the
metal/semiconductor junction, the greater was thetmn flow
from semiconductor to metal, thus leading to higher
photocatalytic activity for hydrogen production 10 When
cocatalysts consisting of Au/Pd bimetallic nandpkas with
core/shell structures were loaded onto the, B@face, Pd shell

permits selective hydrogen permeability and conteb to
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reduce the protons with photogenerated electrossie8ult the
photocatalytic production of hydrogen from aqueaibanol

solutions was greatly enhanced [102].

1.3.3.1.1 Gold

Gold has been considered catalitically inactiveddong time.
However in 1973 Bond et al. reported for the fitishe the
activity of a gold catalyst for the hydrogenatidrotefins [103].
In 1987 Haruta et al. discovered that Au suppoaededucible
oxide supports exhibited novel catalytic activitpr flow
temperature oxidation of CO [104]. Later on, ag&laruta
demonstrated that high selectivity in the hetereges
oxidation of propylene to propylene oxide could d&zhieved
with gold on titania [105]. The regio-selective daiion of
alcohols and even carbohy-drates with molecular gery
developed by Rossi and coworkers, represents anothe
surprising discovery of gold catalysis [106]. Fertmore,
Hutchings and coworkers showed gold to be effectorethe
production of hydrogen peroxide [107].

The unigue catalytic properties of supported nasmbiAu
particles depend strongly on different factors, hswas the
support, shape and particles size. In particuliae ef the Au

nanoparticles and the properties of the supporte hagen
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showed to be critical for the Au catalytic activifjhus, due to
its unique properties and in view of potential coenoml

applications, gold has been intensively studied material

science, especially in the context of emerging testmology,
as also confirmed from the large number of paperewing the
topic [108-111].

Methods of preparation of the semiconductor-medtdlgst play
an important role in the photocatalytic activity thfe overall

system. The size of the gold nanoparticles is kephtaining

active catalysts for several reactions. In mosesasuch as
carbon monoxide oxidation, only small gold nanapbes (< 5

nm) exhibit high catalytic activity. Most gold prasors used in
preparing supported gold catalysts are salt coneglexhere the
oxidation state of gold is typically +3 since tladtér is more
stable than the +1 oxidation state. Moreover, the of the gold
nanoparticles highly depend on the the gold ionceatration,
the pH and the temperature of the solution used.AuUt" atoms
are easily reduced by performing thermal treatnsamte gold
oxides are typically unstable in air. Gold nanojghles can be
synthesized by vacuum evaporation that involvesdéposition
of thin films of metals on a substrate by evaporatin a
vacuum chamber, or as colloids, prepared throughuse of
various reducing agents that generate nanopartwelts size

between 20 and 100 nm[112]. Unlike the colloidalhtgque,

smaller gold nanoparticles with sizes of less th&mm can be
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obtained by depositing gold onto a solid supporiffeent
methods for the synthesis of supported gold narnicpes have
been reported in the literature to obtain well-disgd particles
with nanometer sizes. Among these methods, the winkly
used are impregnation [108], coprecipitation [113hd
deposition-precipitation [114]. The impregnationthus is less
preferable as it tends to produce large gold pasti¢ll15].
Coprecipitation, however, is often used to prepsupported
base metal nanoparticles. Preparation involvesattdition of
chloroauric acid solution and a metal nitrate tsadution of
sodium carbonate. The most commonly used procetlure
synthesize gold nanoparticles is the depositiocipitation
(DP) method, suggested by Haruta [109]. This teqplmi
involves the deposition of gold hydroxide on thefate of the
metal oxide support by raising the pH of the goldodde
precursors. The deposition-precipitation method has
advantage over other methods because the activear@nt, the
gold chloride precursor, remains on the surfacéhefsupport
and not buried in it. Moreover, chloride ions, whiare known
to poison the activity of gold nanoparticles in magpes of
reactions, can be minimized by repetitive washiad6]. In
addition, gold particles prepared by DP are assegtiavith
small particle sizes with a uniform particle distriion and a

closed interaction between the gold particles aedstipport.
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The pH value plays a key role for gold depositianagueous
media permitting the distribution of gold (Ill) spes and the
charge of the solid support surface. The pH of agseHAuCl
solution is adjusted at a fixed point in the ran§é to 10, and is
selected primarily based on the isoelectric pooftthe metal
oxide supports [109]. Careful control of the sauatpH enables
selective deposition of Au(Okl)only on the surfaces of the
support metal oxides without precipitation in thguid phase.
The choice of the support was also considered #iaty
transition metal oxides such as ferric oxide amahta worked
well, whereas the more commonly used supports, aadsilica
(isoeletric point ~2) and tungsten oxide (isoetefpioint ~1)

worked with less efficiency.

1.3.3.2 1on doping

Rare earth metal ion and transitional metal ionimphave
found to be able for enhancing the photocatalytitvay of
several semicondutors [117, 118]. Over the pasadlesx; there
have been numerous reports on the modification idé wand
gap photocatalysts using metal ion doping to makentvisible-
light active. These include doped B[019], SrTiG; [120], ZnO
[121] and doped ZnS [122] among others. The majaabive of
doping is to induce a batho-chromic shift, i.edezrease of the
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bandgap or introduction of intra-bandgap stateschvresults in
more visible light absorption. The dopant ions eamk as hole
and electron traps or they can mediate interfatiatge transfer.
Dopant ions may be adsorbed on the semiconductatysg
incorporated into the interior of the semicondugparticle, or
they may form separate oxide phases [53]. Oncerpacated
into the interior of the photocatalyst, the dopamhs may
occupy either lattice (substitutional) or intelstisites.

Choi et al. [123] carried out a systematic studyhef effects of
21 different metal ion dopants on nanocrystallin€O.T
Chloroform oxidation and carbon tetrachloride rdoucs were
used as photoreactivity tests. It was found thatirdp with
metal ions could expand the photo-response of T visible
spectrum. The obtained data showed that some dopeg
samples had much greater photocatalytic activitgntihe
correspondent undoped samples, even if exists damuam
concentration of doped metal ion, above which the
photocatalytic activity decreases due to the irewaa electron-
hole recombination. Metal ions such as Fe, Mo, @sl, Re, V
and Rh can enhance Ti@hotoactivity, while others ions like
Co and Al cause detrimental effects. Chae et @4]teported
that, whereas Ga doped Ti@owder could split pure water
stoichiometrically under UV irradiation, pure Ti@id not show
any activity. The Ni" doping enhanced the photoactivity of the

TiO, for hydrogen production from an aqueous methanol
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solution [125]. Kudo and Kato [126] investigatea thffects of
doping lanthanide like La, Pr, Nd, Sm, Gd, Tb and &nhd
alkaline earth metal ions such as Ca, Sr, andnBaNaTaQ
photocatalysts for efficient water splitting. Laattum was the
most effective dopant. The apparent quantum yield78 nm
amounted to 56% which is the highest quantum ymler
reported for catalysts in pure water splitting. Positive effects
on the photocatalytic properties were mainly dutheodecrease
in the patrticle size and the ordered surface namdste. The
effect of the addition of the dopant metal is ldygefluenced
by its concentration in the Tgnatrix. As the concentration of
the dopant increases, the space-charge region lescasmnrower,
with the electron/hole pairs within this region rtogiefficiently
separated by the large electric field before redaatlmn. On
the other hand, when the concentration is highspgaee-charge
region becomes very narrow and the penetratiorgbf into the
catalyst greatly exceeds the space-charge layareidre, the
recombination of photogenerated electron/hole pairsthe
semiconductor increases, because there is no griarce to

separate them.
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1.3.3.3 Dye sensitization

Dye sensitization of nanocrystalline semiconductdnas
attracted considerable attention in the last yesiree Graetzel
first reported on the highly efficient ruthenium naplex
sensitized nanocrystalline Tibased dye sensitized solar cells
[127]. Several dyes possess sharp and intensepdilosobands
in the visible and near infrared regions and hasenbemployed
as sensitizers in a number of technological apptina such as
electrography [128], xerography [129] and opticatadstorage
[130]. The ability of dyes to sensitize large bayap
semiconductors as well as their application as rocga
photovoltaic materials have been well investigdteg]. Upon
illumination by visible light, the excited dyes -canject
electrons to the semiconductor conduction bandittaie the
photocatalytic process. The semiconductor surfaits as a
guencher accepting an electron from the excitedrdgkecule.
The electrons can in turn be transferred to reducecceptor
species adsorbed on the surface. Although theresame
studies with dye/metal complex sensitized JiCfor
photocatalytic degradation reactions [130], is e ffield of
energy production that semiconductor dye sensibizgtlays it
most important role [18]. Dye-sensitized solar sehave

attracted a great deal of interest because of tektively higher
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efficiency and low cost compared with conventioimedrganic
photovoltaic devices.

Dhanalakshmi et al. [131] found that, when T&nhd ZnO were
sensitized with a new sensitizer ([Ru-(dcbkpgpq)F"), they
displayed extremely stable and efficient photogétalactivity
for hydrogen production under visible-light irratiten from
water even in the absence of an electron donor.

Gratzel and co-workers [132] succeeded in decomposiater
by visible light using Ru(bpyj* and its amphiphilic derivatives
as sensitizers. Pt/Rybaded TiQ particles proved particularly
effective in those systems, acting as photocatli@t water-
splitting process. Nada et al. [133] found that,ewhcopper
phthalocyanine was used as a photosensitizer, st eff@ctive
for hydrogen production over RuliO, using UV/solar light
irradiation. In fact, copper phthalocyanine extadit higher

efficiency compared to other sensitizers such abenium

bipyridyl.

1.3.3.4 Composite semiconductors

The composition of two semiconductors possessitfgrdnt
energy levels for their corresponding conduction amalence
bands, is another method to use visible light footpcatalytic

applications [18]. When a large band-gap semicotwducs
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coupled with a small band-gap semiconductor withmare
negative conduction band level, photogeneratedreles can be
injected from the small band-gap semiconductoh&t with the
large band-gap. Thus, this technique provides aenefficient
charge separation, an increase in the life timehef charge
carriers and an enhanced interfacial charge transfadsorbed
substrates. Coupled semiconductors including /TGOS,
TiO,/SNQ, TiO/ZnO and TiQ/WO; have been used
intensively for organic photodegradation [134] buthe recent
years it received particular attention for their tgaial
application in hydrogen generation from water splf [135]. It
has been reported that coupling CdS (band-gap \2)4wéth
TiO, (band-gap 3.2 eV) hydrogen could be produced dihee
conduction band of Ti@is more negative than hydrogen
production level (B2/u20). In CdS/TiIQ the photogenerated
electrons in CdS are transferred into the slp@rticles while the
holes remain in the CdS patrticle. This not onlypkdbr charge
separation by isolating electrons and holes in tstinct
particles but at the same time, allows the extensb the
photoresponse of the photocatalyst in the visib&dS
photocorrsion can be prevented addingg3N&olution. Other
composite systems recently studied for the watditting
reaction are ZnO/ZnS/CdS [136], ZnO/CdS [137], @S
[138], InP/CdS [139]. In general, the coupled gsystexhibit

higher efficiency of the photocatalytic process.
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Domen and co-workers [140] reported that a NiO-4mh8rTiQ
powder was capable of decomposing pure water dsaw&ater
vapor into H and Q under UV irradiation. The activity of the
photocatalyst was increased considerably by aqagtrent in
H, and using a concentrated NaOH solution for the
photocatalytic reaction. The photocatalytic acyivdf SrTiGs
was also greatly improved by using a modified prafen
method or a suitable concentration of metal cataw®ng such
as Ld" and G&".

1.4 Applications of Photocatalysis

In the last decade photocatalysis has become nmatemere
attractive for the research in water splitting taka hydrogen
and oxygen using clean and renewable sources, rigan@
synthesis and for environment and for the industgarding the
development of technologies for purification of eraand air.
Compared with traditional advanced oxidation preessthe
technology of photocatalysis is known to have sasheantages,
such as ease of setup and operation at ambienetatapes, no
need for post-processes, low consumption of eneagd

consequently low costs.
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1.4.1 Photocatalytic hydrogen production

Hydrogen is considered as an ideal fuel for thet hatare. It
does not produce any contaminant when it burngrinitas a
clean and a non-polluting energy carrier. It is ti@st common
element on earth, mostly present in water, biomass
hydrocarbons. Nowadays, the most widely used imidilist
process is the Steam Methane Reforming (SMR), wiscdso
the most economical process for producing hydrg@yéf]. This
process involves many different catalytic steps,|l@sy as
natural gas (or methane) and hydrocarbon fuelsrémahins at a
low or moderate price. However, industrial hydrogeoduction
results in equally large carbon dioxide emissidisreover, the
emission of greenhouse gases also needs to beecktiusolve
the problem of the global warming. Other fuel pssiBg
technologies for hydrogen production are partiabation and
autothermal reforming. Partial oxidation converygliocarbons
to hydrogen by partially combusting the hydrocarbarih
oxygen. The process requires high temperatures seithe soot
formation and the hydrogen/ carbon oxide ratio frorh to 2:1.
Autothermal reforming is typically conducted at aweér
pressure than partial oxidation reforming and hbmswamethane
slip. However, these processes require an expenane
complex oxygen separation unit in order to feecepanygen to

the reactor. Fuel fossil burning which contributes the
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greenhouse gas pool and also the eventual deplefiaine
world’s fossil fuel reserves need a developmentlegap and
very efficient new technologies. One strategy ddag to apply
steam reforming methods to alternative renewableeriads.
Such materials might be derived from crops. Noy au these
biomass-conversion schemes turn waste into a Valymbduct,
but in addition, any carbon dioxide in the processeuld be
soaked up by planting new crops to provide the iredu
biomass. A biomass strategy could represent a luskdunative
to the current fossil fuel methods. Solar and wihat are the
two major sources of renewable energy, also reptese
promising way for sustainable hydrogen productialthough
their cost still remains high. In the last yearsréhhas been a
great interest of research in water splitting token&iydrogen
and oxygen. Water electrolysis could become a usefu
alternative for producing clean hydrogen. It iseesgmlly the
conversion of electrical energy to chemical energythe
hydrogen form, with oxygen as useful by-productZ[L4The
most common electrolysis technology is alkalineebladut the
research is developing also in proton exchange mamab
processes and solid oxide electrolysis cells ur@srrently,
electrolysis is more expensive than using largéesdael
processing techniques to produce hydrogen. It eanrbe more
competitive as the cost continues to decrease \tlit

technology advancement. Alternatively, photocatalywater

36



Chapter 1

splitting using semiconductors could offer a prangsway for
low cost and environmentally friendly hydrogen gaien from
solar energy. Since Fujishima and Honda reported
photoelectrochemical water splitting using a Fi€ectrode in
1972 [1], many research groups have intensivelgistuwater
splitting using photoelectrodes or photocatalysi8].[ Both
photocatalytic and photoelectrochemical water tpdjt are
similar to the photosynthesis process of greentplao are both
interesting and promising topics. However, heteneges
photocatalysis that employees photocatalyst powhkessseveral
advantages over photoelectrochemical cells suchgraater
simplicity and lower processing cost. In both sysethe
electronic structure of a semiconductor plays a tag for an
efficient hydrogen generation [18]. The photocatalftydrogen

generation using a useful semiconductor is reptedan Fig. 2.

Energy
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Figure 2. Mechanism of photocatalytic water splitting usaguitable

1.23ev

photocatayst.

37



Chapter 1

For hydrogen generation, the conduction band lefelthe
semiconductor should be more negative than hydrogen
production level, while the valence band should rbere
positive than water oxidation level to obtain aficednt oxygen
generation from photocatalysis. In the overall watplitting
process, oxygen and hydrogen evolution can be rieatas two
chemical half-reactions. A simplified equation g&it describes
these half reactions in addition to the net coriverprocess can

be written:

2y — Ze'CB + 2h+VB Photon induced/B" generation (13)

H,O + 2K — 2H" +,0, Water oxidation half reaction (14)

2H" +2€ — H,(gas) Proton reduction half reaction (15)

H,O + 2— H,(gas) #/,0, Net overall water splitting (16)

AG® = +237.18 kI mol  Standard Gibbs free energy  (17)
V= AG°/nF =1.23V Standard reversible potential (18)

wherey is photon energy, d@s an electron, ‘his a hole AG® is
the standard Gibbs free energy,¥is the standard reversible
potential, n (= 2) is the number of electron exgethand F is
the Faraday constant.

It is clear from the equation set that photocatalywater

splitting is a delicate balancing process, wheretg@broducted
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electron-hole pairs can drive the photocatalytic teactions. In
this system, light energy is converted into chemiaergy.
Thus, the minimum energy required to drive the tieac
correspondent to that of two photons is equal t®31V.
Presently, hydrogen generation from water splittnag still a
low efficiency, mainly due to the recombination oe
photogenerated electron-hole pairs, the inabilityuse visible
light using most of known photocatalyst and in maages to
the possible reverse reaction that involves thédragdrogen
and oxygen recombination.

Since nearly half of the solar energy incident be Earth’'s
surface lies in the visible region (400 nih< 800 nm) it is of
primary importance using visible light to promotgdiogen
generation from water splitting. Even if all UV igand visible
light up to 600 nm are utilized, the conversiornaaéhcy would
be 16 %, and a further extension up to 800 nm wquddease

the conversion efficiency up to 32% as shown in Big
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uv ... Visible light
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Figure 3. Solar spectrum and maximum visible solar lightvasion

for water splitting reaction.

The first example of water splitting using visiltiight irradiation
was reported only a decade ago by Sayama et @] [A42001
and it is inspired by photosynthesis in nature.this study
overall water splitting process takes place usingugture of
two different photocatalysts, Pt/\W@or oxygen evolution and
Pt/SrTiGy(Cr-Ta-doped) for hydrogen generation using visible
light irradiation §> 420 nm) and 1&/I" redox couple as an
electron mediator. The overall water splitting @eded by the
redox cycle between KD and I under basic conditions as
follows: (a) water reduction to Hand I oxidation to 1Q" over
Pt-TiO,-anatase and (b) KOreduction to T1and water oxidation
to O, over TiQ-rutile. An advantage of this system was that H

gas was evolved only over the Pt-Fi@natase photocatalyst
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and that @ gas was evolved over the Ti@Qutile photocatalyst
only, even from a mixture of KD and I in a basic aqueous
solution. Many others Z-scheme systems using réalersedox
mediators has been investigated to carry out trexativwater
splitting into B and Q. For example, Arakawa et al. [144]
constructed an artificial Z-scheme system using 3WO
photocatalyst and a Fé&e* redox mediator. Kozlova et al.
[145] investigated the overall water splitting overPt/TiQ
catalyst with a C&/Ce"™ shuttle charge transfer system.
However, in these studies, the photocatalytic awts/ for G
and H production were low, due to the back-reaction #rel
interactional reaction characteristics. Fujihara adt [146]
constructed a Z-scheme water splitting system usingO;-
rutile photocatalyst and two redox mediators »(Br and
Fe’'/Fe") in a two-compartment cell. As the production of H
and Q were carried out in separated compartments, the
reversible reactions on photocatalysts, which ofserffered
from the effects of back reactions, were largegvented. Other
approach for hydrogen and oxygen generation isst aione-
step system, using a single photocatalyst. To &bgsible light
and have sufficiently high potential for decompaniwater,
innovative photocatalysts materials are requiredsdbsfy the
following requirements: (i) have a sufficiently nav band-gap
(1.23 eV <Eg < 3.0 eV) to harvest visible light and possess th

correct band structure, (ii) are stable under phatdiation, (iii)
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have suitable conduction and valence band for hgeiroand
oxygen generation. Several methods have been igstsd,
including modification by noble metal loading andkimg with
other semiconductors. Up until now, the highesttptatalytic
activities for hydrogen production from water usingible-light
irradiation are from photocatalysts loaded with & the
cocatalyst [147]. Some other noble metals, sucAuagl48] Ru
[149] Pd [134] Ag [134] and Rh [134] have also beeported

as efficient cocatalysts. Another promising ongsteater
splitting system that is based on the {an,)( N1xOx) has
been proposed by Maeda et al. [150] in 2005. Eselt of the
solid solution was that the band position of {¢zZan,)( N1.xOx)
was suitable for the overall water splitting undesible light
irradiation. The quantum efficiency at 420-440 nrasw2.5%
using Rh-,CryOs as cocatalyst [151] that is greater than that of
others systems like Ni-InTaJ0.66% at 402 nm) [152] and
BiYWOs (0.17% at 420 nm) [153]. The photocatalytic
efficiency of the Rk,CryOs-loaded (GaxZny)(N1-xOx) system
mainly consists in the ability to prevent the elenthole
recombination and to enhance the reactivity of the

photoproduced holes in the oxygen generation.
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1.4.2 Photocatalytic synthesis

Photocatalytic oxidation of benzylic and allyliccahols in

presence of oxygen give the correspondent carbaderyvates.
Mohamed et al. [154] reported the photocatalyticlation of 1-

phenylethanol in dry acetonitrile using hi@nd a slow stream
of oxygen.

Another application of phtocatalysis in synthetiogesses is the
mild oxidation of sulfides to sulfoxides. Using &4

triphenylthiapyrylium salt (TPTP) encapsulated witta HY

zeolite through a ship-in-the-bottle synthesis astpcatalyst
[155], alkylaryl and diaryl sulfides were cleanlyxidized.

Several studies reported the selective oxidationydfocarbons
in aqueous and organic phase [156]. Palmisano .ef18V]

investigated substitent group influence the phdtaigac

benzene oxidation, observing that organic moleco@ntaining
an electron withdrawing group (cyanobenzene, nénziene,
benzoic acid, etc.) were unselectively converted mixture of
mono-hydroxy derivates, while in the presence ofe@ttron

donor group (phenol, phenylamine, N-phenylacetajnitie

attack of OH radicals was selective in the ortha grara
positions. Park and Choi [158] studying the photalgéic

conversion of benzene to phenol, showed the pdisgilho

3+
enhance the phenol production yield and selectitgling Fe
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or/and I—%O2 to the TiO2 suspension or modifying the catalyst
surface by loading Pt nanoparticles (Pt/;)io

Selective benzene oxidation was also carried dagusansition
metal-exchanged BEA zeolites dispersed in benzene-
acetonitrile-water mixtures [159]. The one-step \a@gion of
benzene to phenol was studied by Molinari et a¥] [ a
photocatalytic membrane reactor (PMR) in which bdiie
reaction and product separation occurred simuliasigoby
means of a membrane contactor. The system wastegersing
benzene both as reactant and extraction solvenploging a
polypropylene membrane to separate the organicepinas the
agueous one. The PMR allowed the production andragpn
of phenol, although formation of intermediate oxida by-
products was observed. The operative pH of 3.waltbcontrol
of the selectivity towards the by-products.

The photocatalytic conversion of methane into mathat room
temperature in the aqueous solution wusing oxides
semiconductors was investigated by many researclupgr
[160]. An increase in the methanol production waserved
when hydrogen peroxide was added to the reactilatico.
Moreover, selective photo oxidation reactions weakso
reported to convert alcohols to carbonyls [161]nf’sano G. et
al [162] studied the selective oxidation of 4-metylmenzyl
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alcohol to p-anisaldehyde in organic-free aqueou'é)zT

suspensions, obtaining a considerable yield of%In%ol.
Colmenares et al. [163] reported the use of differeetal doped

TiO2 systems for the gas phase selective photo-oxidatia2:

propanol to acetone. Doping the catalyst with Pd,oP Ag
caused an increase in molar conversion as compardxhre

TiOZ, whereas the presence of Fe and Zr had a deta@ment

effect.

Photocatalytic reductions are less frequent thardabons,

probably because the reducing power of conductiamdb
electron is considerably lower than the oxidizingiliy of

valence band. However, many works are reportedenature,
such as the conversion of aromatic and aliphatitroni
compounds to the corresponding amines [164], cateomo

methane and methanol [165].

1.4.3 Photocatalytic depollution

A further main use of the photocatalytic techniqussthe
recovery of industrial water and air purificationf d¢he
pollutants. This application appears advantageous st does
not require chemicals addition and permits to deeed mild
operational conditions. Often it is coupled witholbgical
treatments for enhancing the depollution efficie[i§6, 167].
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Photodegradation can be carried out under homogsnand
heterogeneous conditions, even if solid semicormascre more
widely used because they are cheaper, more roldseasily
recovered than soluble photocatalysts. The mecmafos the
photooxidative degradation of many organic polltgaover
titanium dioxide has been extensively studied [1&8] it is due

to the uniformly high (mostly 106 to 109 rifos?) rate of
reaction of OHradicals with organic materials that involves in
many cases the complete pollutant mineralization.
Photodegradation processes permit to convert catbofO,,
hydrogen to HO, nitrogen to nitrate, sulphur to sulphates and
phosphorus to phosphate. Many studies have beeiedaut
with the aim to remove, by photocatalytic reactjotiee most
common pollutants: dyes [169], pesticides and leatbs [170];
pharmaceutical compounds [171]; hormones [172].
Modifications of photocatalyst surface such asipization and
fluorination increase the cyanuric acid degradafibr3]. Also
electron acceptors like hydrogen peroxide, bromated
persulfate increase hydroxyl radicals formation anibit at the
same time the electron-hole recombination [174].e Tdr
treatment was also reported as a promising fieldpgfication

of these processes. Several VOCs such as MTBE ,[10iGEne
[176], bromomethane [177], benzene [178], etc., ewer

successfully degraded by photocatalytic processes.
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In the last years, the purification property of t}ﬁé)z was

exploited in building materials not only at labanat levels but
also in concrete structures for maintaining theesthetic
characteristics, such as the church "Dives in Ntsedia" in
Rome (Italy), ‘'Ecole de Musique’ in Chambe” (Fca), the
Marunouchi Building in Tokyo (Japan).

Photoreduction of several heavy metal such as C{®19], Hg
[180], Pd(ll) [181], Ni [182], Cu [182], Pb [183}d others has
been studied not only in pollution application hbalso in
recovery and reuse of valuable metal products with
environmental and economic concerns, respectivetgresting
recent researches investigated the possibility && uhe
photogeneration of active oxygenated radicals tacktthe cell
membrane of microorganisms and to cause their ivsdizin.
The antimicrobial activity of UV-irradiated photdedyst has
been tested against several types of bacteriatsyeslgae and

viruses [184].

1.5 Membranes in Photocatalysis

A membrane can be defined as a selective separbtorer.
The membrane module can act as a molecular filtewiag
separation both of solid particles and specificsiormolecules.

The simplest classification of membrane is basedtonature
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and provides the main division into biological asghthetic
membranes (organic and inorganic). Membranes casoli or
liquid, symmetric and asymmetric, homogeneous and
heterogeneous. Another distinction is based on hwogy and
structure of membranes. This type of classificatisnvery
important because the structure of the membranaletsrmine
the separation mechanism and thus its applicatiorous
membranes allow permeation through their poresn ttiee
mechanisms (Knudsen diffusion or microporous sejgarpare
different depending on the pore size. In dense manabthe
permeate forms a solution with the membrane, thiéosds
through the thickness allowing the separation. dtierences
between different types of morphologies can be haothhe
macroscopic structure (films, tubes, hollow fibres)d in the
microscopic one (symmetrical, asymmetrical, porales)se or
mixed structure). In symmetric membranes structuaiad
transport properties are the same throughout dsose and the
thickness of the entire membrane determines the. flm
asymmetric membranes the structural and transpopepties
change along the membrane thickness. They are ynaseld in
separation processes that use hydrostatic pressur@riving
force. An asymmetric membrane consists of two partdense
thin layer supported by a porous layer which astsnachanical
support of the fragile skin layer, and has a sneéiiect on

separation and transport through the membrane. fihis of
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structure combines the high selectivity of a densambrane
with the high permeation rate of a thin layer meanier
Depending on membrane pore size, different presdren
processes can occur: reverse osmosis (RO), naaodiit (NF),
ultrafiltration (UF) and microfiltration (MF). Oths
characteristics that must be considered are thdityalio
transport electrical charges (ion exchange or hipohixed
conduction) and the possibility of including in thmorous
structure or deposited on the surface a catalyt lths some
affinity with the membrane. Another classificatianbased on
surface properties of a membrane (hydrophobic/ipflic
character).

Most of the photocatalytic membrane reactors (PMR®)Ives
the use of catalyst in suspension, combined widisgre driven
processes as MF, UF and NF. NF has the advantagstain
molecules with lower molecular weight than MF and- U
membranes although these appear to be energeticalhe
convenient. Other kind of membrane operation usqacesses
coupled with photocatalysis is membrane distillatiMD). The
choice of the material used for producing membrategsends
mainly on their different applications. For porooembranes
(used for MF and UF processes) the material usedrasmgly
determined by the requirements of the processtethéency to
give rise to fouling and the chemical and thernab#ity of the

materials. The performance depends directly by rtiaerial
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characteristics, e.g. dense non porous membrapeegeaerally
used for pervaporation or gas separation applicgtioln
photocatalysis generally polymeric membranes ared.us
Damodar et al. [185] reported the preparation adirtg of
composite PVDF/TiQ membranes with self
cleaning/antifouling, bactericidal and photoactipeoperties
based on UV/ TiQ photocatalytic mechanism. Another study
[186] reported the photocatalytic mineralization Reactive
Black 5 dye in a photocatalytic membrane reactsingia flat
plate novel PTFE membrane module that was placéukeadxis
of the tank and surrounded by two UV lamps. Theioled data
demonstrated that the membrane maintains a higbrpence
even after cleaning, regaining its original behavidMoreover,
the authors reported that no fouling occurred uriderchosen
operating conditions. Another hydrophobic polymes i
polypropylene (PP). PP membranes may be synthedized
stretching and phase-inversion. PP hollow fibre im@mes
were used by Erdim et al. [187] to study the effechatural
organic matter (NOM) fouling. Synthetic and natuwal waters
were used in their photocatalytic experiments. dbiined data
showed that the increase in NOM concentration aszd the
pressure, and raw water experiments showed highessyre
increase and lower removal efficiencies comparetth wiat of
synthetic water. Because of their hydrophobic regtuPP

membranes can be used in membrane distillation (NMDjact
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they are not wetted by water or other liquids véthigh surface
tension [188]. Grzechulska-Damszel et al. [189H&d various
configurations of photocatalytic membrane reactor the
removal of different azo-dyes. PP membrane was usaedVD
process using the permeate of the initial susparssothe feed.
Non-volatile compounds were retained in the feel@ svhereas
the volatile ones were transferred through the pofethe MD
membrane, and then condensed or dissolved in dstdlade.
The authors reported a better removal of organecisg from
the treated solution by using MD process with resge a
nanofiltration process. The use of PP membranes aiss
reported by Molinari et al. [37] in a work regardithe study of
the partial photooxidation of benzene to phenothk proposed
system the separation of phenol was obtained bgusenzene
both as reactant and extraction solvent. The ocgphase was
separated from the aqueous environment by mears BP
membrane. Benzene filled the PP membrane poredadtiee
capillary force, but its passage into the aqueoeactive
suspension was reduced by operating with a suifakkesure. In
order to verify the efficiency of the phenol extran with PP
membrane, preliminary transport tests were cargatd The
results demonstrated that PP membrane can be osethef
separation of phenol from the aqueous phase. Meredv

assured a constant restock of benzene in the veatispension.
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Polymeric membranes consisting of hydrophilic materwere
also tested in recent years for photocatalytic iapfpbns. The
best known class of these polymers is cellulose) (G#ed. The
performance of CA membrane was examined by Leé Et90]
in photodegradation of humic acids in drinking wateatment
by coupling photocatalytic reaction and cross-flow process
using a plate-and-frame CA module. CA membrane skoa
good resistance during the photocatalytic runs emslred the
separation of Ti@catalysts from the reaction environment. The
experiments showed a partial photocatalytic mimeatibn of
organic species and their transformation in lessodiable
molecules enhanced the UF flux. Mounir et al. [18idied the
photodegradation of Basic Red-46 under visible, &hd solar
light, using two different catalysts based on deHe fibres and
TiO, particles. In the first case the Ti©atalyst was deposited
on cellulose fibres (catalyst 1), while in the sedocase it
(catalyst Il) consisted of three layers: the cdntree of carbon
fibres, one of the outer layers of cellulose fibcesitaining the
deposited TiQ and the other made of non-modified cellulose
fibres. The catalyst (II) was more efficient thatadyst (I) in the
photocatalytic process of dye degradation. By usingight, the
discoloration yield was 100% for the most complatatyst, and
70% for the catalyst (1), with a simpler structufghoo et al.
[192] proposed the use of a membrane module cargpisif

three hollow fibres for the photocatalytic removalf
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trichloroethylene in water. A Dbetter membrane gyste
performance was obtained by using three fibreseatstof a
single one. The clogging of a single fibre did radtect the
process. The use of the photocatalytic reactor leduyith this
membrane system allowed the complete separatisnspiended
catalyst from the reaction environment, also in tese of
particle size of the catalyst smaller than the psime of the
membrane. Indeed, the larger Fi@articles, formed a layer on
the membrane surface hindering the passage ofhthles ones.
A reduction in efficiency of the membrane occurwdten humic
acid was used as background species in the feedwate

In the mid-1960s DuPont introduced a novel polynNafion®
[193]. Nafion® is a copolymer of tetrafluoroethyéenand
perfluoro(4-methyl-3,6-dioxa-7-octene-1-sulfonyldride).
Nafion® polymer is a thermoplastic resin that canpooduced
into different shapes such as beads, film, andhtubi

The perfluorinated composition of the copolymer arp
chemical and thermal stability rarely available hwihon-
fluorinated polymers. When the pendant sulfonyloffide
groups (S@F) are chemically converted to sulfonic acid ¢8D
a ionic functionality is introduced. For exampley bimple
immersion in an acidic solution, the film can beéusated with
H* ions (Fig. 4).

The unique functional properties of Nafion® polymieave

enabled a broad range of applications. Many effoage been
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made to incorporate semiconductor nanoparticlea iNafion

film [194-197]. Deposition of Pt metal on one sifethe film is

one startegy used to reducé iHto H, [194]. However, most of
the recent studies that report photocatalytic wadplitting
reaction employ a photoelectrochemical cell comgistof a
three-electrode system (semiconductor photoanodd¢, P
counterelectrode, and reference electrode) anch oétlquire an

applied anodic bias to generate hydrogen and oxjif) 199].
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Figure 4. Nafion with sulfonic acid groups that contributethe H

ion activity in a proton exchange membrane (PEM).

In a typical proton exchange membrane (PEM)-baset dell,
hydrogen or methanol is oxidized and oxygen is ceduat the

electrocatalyst surface. Metal like Pt-Ru or Pt owll
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nanoparticles dispersed on support provide a large
electrochemically active surface area to inducexqurocesses.
The two electrodes are separated by a thin prokmmagge
nafion membrane that assists in transportifigods selectively
from the anode to the cathode compartment [200ptd3lctive
anode provides the water oxidation reaction whildrbgen is
generated at the cathode. Ceramic membranes eaetiatt for
PMR applications as they generally present highentcal and
thermal stability with respect to polymeric ones have the
drawback of higher costs [201]. Ceramics are pexpdry the
combination of a metal with a non metal to form @xde,
nitride or carbide. Ceramic membranes prepared fraterials
as aluminium oxide and zirconium oxide or zircon@stitute
the main class of inorganic membranes. Alem et[202]
prepared a titania multilayer membrane, which csiedi of an
Al,O3 support, a colloidal sol gel derived intermediatger and
finally a sol gel top layer. Methyl orange degraoiatwas
chosen to test the photoactivity of the obtainethnia
membrane. The results showed a high stability atdlyical
activity per unit mass of Ti§ ensuring both the
photodegradation reactions and the physical saparabf
pollutant.

The same authors reported the study of differectirtigues to
prepare a crack-free mesoporous titania membrangwnina

support. The titania colloidal sol was preparechwite sol-gel
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technique and its photocatalytic performance wasuated with
the photodegradation of methyl orange in aqueoligisn. The
membrane performance was strongly dependent fronousa
factors, mainly the calcination time and tempematuAn
increase of calcination time and temperature caasddcrease
in the specific surface area and in the photodgtiaf the
catalyst. Other factors, like crystallite sizeoafbpic phase of
titania and membrane thickness, play an importalg in the

photocatalytic activity of the membrane.

1.6 Photocatalytic reactors

The development of photocatalytic applications nexpu an
efficient design of photocatalytic reactors forustrial-scale use
and commercial applications. Several aspects sscltha type
of irradiation source (natural or artificial), tHeyht source
position (immersed or external), the catalyst (gluror
immobilized on a support) play an important role time
photocatalytic efficiency of the process. The mastual
geometries applied for heterogeneous photocatalysiside:
immersion well photoreactor [203], multilamp phaactor
[204], annular photoreactors [205] and fuidized bed
photoreactor [206]. In a photochemical reactor ¢htalyst can

be either suspended in aqueous medium or immobilae

56



Chapter 1

support materials, e.g. cellulose fibers, glassaroec membrane
[207]. In a slurry reactor, the catalyst partickes suspended in
the fluid phase. Some advantages of this systerudacthe
fairly uniform catalyst distribution, minimum cayat fouling
effects and practically no mass transfer limitagioHowever, in
this type of configuration light scattering can woiGclowering
the efficiency of the treatment process. In additia post-
process of catalyst separation is needed to istietecatalyst
particles from the reaction solution. Immobilizeldopocatalytic
reactors allow the continuous use of the photogstal
eliminating the problem of the catalyst post-sepana
Drawbacks of the use of this kind of reactors aeepossibility
of mass transfer limitations, catalyst fouling oash-out, low
surface to volume ratio and significant pressurepdrSlurry
photocatalytic systems usually show largest phaoabygac
activity when compared to immobilized photocatalyteactors
[208]. Increasing attention has being taken tomtgeleveloped
photocatalytic membrane reactors that could allogvgelective
separation of the product(s) and/or intermediatesnf the
reactive environment. The use of hybrid systemswimich
photocatalysis is coupled with a membrane moduf@ duld
have a significant impact in the near future toigleprocesses
for synthetic reactions and pollutant abatement.
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Influence of excitation wavelength on the
photocatalytic activity of Au/TiO, for the
generation of hydrogen or oxygen from

water*.

*. C. G. Silva, R. Juarez, T. Marino, R. Molinamé H. Garcia, The
Journal of the American Chemical Society, 133 (2&Bb.

2.1 Introduction

As already reported in the introduction, one po&digt
important application of photocatalysis is the cension of light
into chemical energy. In this regard, photocatalytvater
splitting is still a challenging process due to tbe efficiency
of the system. In this chapter, the catalytic behavof a series
of gold supported on TiYDP25 samples with gold loadings
ranging from 0-2.2 wt% was studied in order to stigate
which are the characteristics of the gold depositedhe titania

58



Chapter 2

surface that can control and influence the watdrttisg
reaction.

As a result of this study, first of all, a depasitiprecipitation
synthesis procedure with well controlled steps Haeen
developed allowing the preparation of active -catasly
Successively, the samples were characterised bgsn#axRD,
Sger, TEM and UV-Vis techniques and tested in the
photocatalytic generation of hydrogen or oxygemfroater.
The influence of different parameters involved e synthesis
procedure, such as pH and calcinations temperatanes also
been taken into consideration and are going todaeased in
the following paragraphs. The obtained data showieat
AU/TiO, exhibits for photocatalytic water splitting two
distinctive operating mechanisms depending on ttwtagion
(UV or visible light) wavelength. Importantly, theatalytic
performances of the solids seems to depend onalldecgntent,
the particle size and the operation of visible tiglater splitting
arises from the excitation of the gold surface mlas. While
there are some reports in the literature describimgg use of
AU/TiO, as photocatalyst, even using visible light illuation
[209] none of them have dealt with visible lightopicatalytic
water splitting. In a related precedent, Harutadisi the
photocatalytic activity for water splitting upon Uakcitation of
some gold catalysts compared with platinum.[210]wias

observed that the activity of gold samples was aB0&b6 lower
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than that of platinum. In addition, they observedttthe activity
of titania supported gold was very sensitive to piheparation
procedure [198]. But the experimental results wexplained
just considering Au nanoparticles as catalytic eenffor gas
generation without being responsible for light apson.
Recently, Wark and co-workers have reported the oke
AU/TiO, to enhance the photocatalytic activity of Fi®@or
methanol oxidation to formaldehyde irradiating awelengths
longer than 320 nm [211]. In other cases, it haanb&bserved
that the presence of Au nanoparticles is evenrdetral for the
inherent photocatalytic activity of T¥OFor instance, Mul and
coworkers have checked Au/TiOto promote the aerobic
oxyfunctionalization of cyclohexane to mixtures of
cyclohexanol/cyclohexanone and found that Au narimbes
decrease the photocatalytic activity due to theicgdn of the
surface OH population required in the photocatalytrocess
[212]. Thus, the present situation does not allowctuding the
positive or negative effect of gold nanoparticlea the
photocatalytic activity of titania [212]. As we havndicated,
these prior studies were performed using lighthie YV range,
and therefore exciting directly the TiOsemiconductor
absorption band. The possibility of using the stefgplasmon
band of gold nanoparticles (from 500 to 600 nm)ebwite
photochemically the Au/Ti@system has been up to now mostly

neglected. Only a few scattered precedents hawetespvisible
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light photoactivity of Au/TiQ such as in the degradation of
chemical warfare agents [213]. In this chaptersitpresented
also the visible light photocatalytic activity ofuNiO,. The
main difference with the previous work is that gold
nanoparticles exhibit a dual role as light harvesiajecting
electrons into the semiconductor conduction bamdl @so as
catalytic sites for gas generation. Besides thetquabalytic
activity for hydrogen generation using sacrificialectron
donors, it was also determined the activity of A@J for the
visible light oxygen formation adding sacrificialleetron
acceptors. Considering the interest in gold caislysir finding
can open new avenues aimed at applying this typeatalyst

into photocatalysis.

2.2 Experimental

2.2.1 Photocatalyst preparation

Au(1.5 wt %)/TiQ consists of 1.5 wt% gold on P25 Li@nd
was supplied by Gold World Council (reference caiallype
A). Materials containing different gold percentagesere
prepared by deposition-precipitation. The adegw@at®unt of
HAuCl,;-3H,O (Alfa Aesar) to obtain 0.25 and 2.2 wt% in the

final catalysts was dissolved in 100 mL of ultragpuwvater
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(obtained from Milli-Q equipment by Millipore ) arttie pH of
the solution adjusted to 9.0 by addition of NaOHdg&kh) 0.2
M (using a WTW Inolab Terminal Level 3 pH meter hvia
glass pH electrode SenTix). The solution was hetaed0 °C
and then the support (T¥Degussa P25) was added and kept
under continuos stirring during 2 hours maintaintogstant the
pH at value of 9.0. The catalyst is then recoverfdtered,
washed with deionized water, and dried at 100 °@rmuight.
Finally, the powder was calcined at 400 °C infair4 hours
[214]. Particles of different sizes were obtaingdchanging the
pH used in the deposition of gold nanoparticlesrdiie TiG
support and the calcination temperature. Thus, latiso of
HAuCl; -3H0 in 100 mL of Milli-Q water was brought to pH
4.5, 6.0, or 9.0 by addition of a 0.2 M solutionNdOH. Once
the pH value was stable P25 pi@as added. The amount of
HAuCl, -3HO added was calculed according the designed
loading amount of gold in the Au/Tg&amples. The slurry was
vigorously stirred overnight. The Au/TiOcatalyst was then
fillered and exhaustively washed with Milli-Q watefhe
catalyst was dried at 100 °C during 8 hours andiradl at 200
or 400 °C. The temperature program starts at reampérature
increasing at a rate of 5 °C rifinip to the final temperature that

was maintained for 4 hours.
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2.2.2 Characterization techniques

Room temperature diffuse reflectance UV-vis-NIR e of

solid samples were recorded by the diffuse reftesamode
using an integrating sphere with a Varian Cary 5000vis-

NIR scanning spectrophotometer. The gold contentthef
catalysts was determined using an inductively cedigdlasma
optical emission spectrometer (ICP-OES, Varianangmission
electron microscopy (TEM) images were obtained gisinJeol
200 Cx microscope operating at 200 kV. The samplese

dispersed in dichloromethane by sonication and mkdpon a
copper grid coated with a carbon film. The X-rayfrdction

(XRD) patterns were taken in a PANalytical X'PerR®

diffractometer using Cu Kradiation § = 1.5418 A) at 45 keV
and 40 mA.

2.2.3 Photocatalytic tests

The photocatalytic experiments were carried ougi80 mL
Pyrex reactor. The headspace of the reactor wasected to an
inverted buret filled with water at atmospheric gmare,
allowing the measurement of the evolved gas. In the
photocatalytic reactions for hydrogen generation)/TAO,

powders were dispersed in water/methanol solutions
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(H20:methanol of 3:1 v/v %) or water containing 0.01 a¥l
ethylenediamine tetraacetic acid (EDTA). In theecad the
photocatalytic oxygen generation reactions, theesamount of
catalyst was dispersed in a 0.01 M AgiN&jueous solution in
the reaction cell. In both cases, the total voluofe the
suspensions was of 22.5 mL. The suspensions wegeguwith
an argon flow for at least 30 minutes before iméidn in order
to remove dissolved air. Then the suspensions wediated
for 3 hours using either a 200 W xenon-doped mgréamp
(Hamamatsu Lightningcure LC8, 1 cm distance) or gbeond
harmonic of a Nd:YAG laser (532 nm, 7 ns pulse wi&0 mJ x
pulsé®). For polychromatic visible light irradiation thwitput of
the 220 W xenon-doped mercury lamp was filteredupgh a
cutoff filter (. > 400 nm). The stationary temperature of the
reactor, reached at 5 minutes of irradiation, w8s°3. The
formation of hydrogen and oxygen was confirmed ygdting
0.5 mL of the reactor headspace gas in a gas chognagh (HP
5890) operating at isothermal conditions (50 °C)ngisa
semicapillary column (molecular sieve, 53 diameter, 15 m
length) equipped with a thermal conductivity dete@nd argon

as carrier gas.
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2.2.4 Electrochemical measurements

Electrochemical measurements were carried out usire
conventional three electrode setup connected toAarel
potentiostat (model 7050) that was controlled bytwsre
allowing data storage and management. As workiagtelde a
thin film of Au/TiO, was deposited using the doctor blade
technique on a fluorine-doped tin oxide (FTO) cartohe
support. A paste of methylcellulose (1.19 g) ampitesol (20
mL) in acetone (40 mL) containing about 30% Au/7i®D
weight was prepared by mechanical mixing and thpraagl on
the FTO electrode. Before measurements the pastalned at
room temperature and then calcined at 400 °C hgpdtom
room temperature at 5 °C nlirand maintaining the maximum
temperature for 1 hour. As counter and refereneetreldes a
platinum wire and a 0.1 M Ag/AgCl standard solutiomere
used, respectively. The FTO electrode containireg A/TiO,
film and the counter electrode were immersed inth B
tetrabutylammonium perchlorate electrolyte in ao#tibe.
Measurements were carried out at a scan rate of\68" in the
range -2.0/+2 V.
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2.2.5 Apparent quantum yield measurements

Photon flux was determined using a 150 W mercumplat 560
nm using a monochromator (half-width 12 nm) by psitam
ferrioxalate actinometry being of 4.38 Einsteift. sThe
actinometer solution was irradiated for 2 minutesing
monochromatic light. The number of photons enterihg
reaction system is determined by measuring Femation via
the visible absorption spectroscopy of >Fehenanthroline
complex at 510 nm, knowing that, at the working dibans,
this photocomplexation reaction has a quantum yald.21
[215]. Then, photocatalytic hydrogen or oxygen gatien
reactions were performed using monochromatic ligtiter 3
hours of irradiation the amount of gas evolved watermined
by gas chromatography. The quantum yield of thaquatalytic
reactions was determined by the ratio between timber of
reacted electrons/holes that are related to the beunof
hydrogen/oxygen molecules formed, and the numberoident

photons.

66



Chapter 2

2.3 Results and discussion

The overall water splitting consists of the comhiora of the
reduction to hydrogen and oxidation to oxygen seadtions. In
order to gain understanding on the rate-determipiogess that
eventually can lead to more efficient photocatalyistis very
convenient to study both semireactions separaldlis can be
carried out by adding sacrificial electron donotsew studying
the reduction process and sacrificial electron pimece when
performing the oxidation semireaction. In the présgudy we
started addressing the photocatalytic hydrogen dtion with
either UV or visible light in the presence of aisgrof gold
nanoparticles supported on P25 titania (Auk)ifhotocatalysts
using methanol or EDTA as sacrificial reducing ageWe
have selected a commercial P25 powder as titanmoosti
because the junction between its two constitueateh (anatase
and rutile) already provides a very good path fecteon-hole
separation and so minimises the influence of treshmnism on
the catalytic activity, allowing to discern the irmpe of the

activity due to gold introduction.
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2.3.1 Characterization

The presence of Au nanopatrticles on Au/J@@an be ascertained
by the TEM images of the samples. TEM also alloavestimate
that titania crystallites have about 20 nm partsilee that is a
common dimension for many titania photocatalysts #@n
example Fig.e 5 shows a comparison between the difieth
TiO, P25 and Au(2.2 wt%)/Ti©
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Figure 5. Typical TEM micrographs of the catalysts studiadTiO,
P25 and bAu(2.2 wt%)/TiO.

The loaded catalysts Au(2.2 wt%)/TidFig. 5b) presents a
regular distribution of spherical gold nanopartscten the whole
support, with a diameter ranging from 5.5 to 10 fithe UV-
Vis spectra of the studied samples are shown in@=ig
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As expected, due to the presence of gold nanofemtiche
Au/TiO, samples exhibits in optical spectroscopy two bands
one in the visible region between 500 and 650 ncharother,
stronger, with onset at 320 nm that is due to thedbgap
transition of TiQ semiconductor. The band in the visible region
is reflected by the characteristic pink color thases from the
surface plasmon resonance of the Au metal part@hes it is
mainly affected by the gold particle size and shaphe

intensity increases along the percentage of Abhersamples.
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0 e
200 300 400 500 600 700 800

Wavelength {(nm)

Figure 6. Diffuse UV-Vis reflectance spectra of samplestaaring
different gold loading. a: Au(2.2 wt%)/TiOb: Au(1.5 wt%)/TiQ, c:
Au(0.25 wt%)/TiQ, d: TiO, P25.
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Absorption in the visible region can be useful narease the
photocatalytic efficiency of a material comparedthe plain
TiO,. The presence of gold on Au/TiOas well as the
crystallographic Ti@ phase can be determined by powder XRD.

Fig. 7 presents the diffractograms of selected Kdy$amples.
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Figure 7. XRD patterns obtained for a: Au(0.25 wt%)/3j®: Au(1.5
wt%)/TiO,, c: Au(2.2 wt%)/TiQ. A: anatase, R: rutile.

Even though the gold content is low, the higherdgatomic
weight relative to titanium makes XRD to be morasséve for

this heavier element. Two peaks atvalue of around 38.2and
44.1 were observed revealing the presence of metallit @\u)
particles into TiQ. In all the samples along with anatase phase,
peaks corresponding to rutile phase were also weder
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2.3.2 Photocatalytic tests

2.3.21 UV light photocatalytic hydrogen
generation

Preliminary tests by irradiating suspensions of TADA in
water/EDTA and water/methanol solution for sevetays and
analysis of the gold leaching in the solution destated the
stability of the Au/TiQ upon exposure to the light and the
possibility to use it as photocatalyst. In thetfistkage of our
work we checked the ability of Au(1.5 wt %)/Ti@ generate
hydrogen upon irradiation with a Xe-doped Hg lanipvater
containing EDTA as sacrificial electron and theanhéd data

was compared to that obtained using JR25 (Figure 8).
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Figure 8. Temporal hydrogen evolution under UV irradiatisingo:
TiO, andm: Au(1.5 wt%)/TiQ.
Operational conditions: catalyst 2 ¢;10.01 M EDTA; pH 2.65.
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The obtained data showed that gold nanopartickefmdreasing
the efficiency of charge separation and decreasiiegcharge
carrier recombination speed, highly enhance thequatalytic
activity of titania. In this case, following thegwious studies the
most reasonable rationalization is indicated inesof 2 and
assumes direct photoexcitation of Fi@uith photons with
energy larger than the bandgap < 380 nm) leading to the
generation of electrons in the semiconductor cotoiidand
and electron holes in the valence band. The eledcitnothe
conduction band will move to the gold nanoparticdesing as
electron buffer and catalytic sites for hydrogemeagation. The

electron holes will be quenched by EDTA.

//////’__:\\\\\\ H,O
CB € Au

hv 1

[ TiO, H2
bandgap

\\

_I_
W\ EDTA

Ox
Scheme 2 Proposed rationalization of the photocatalytitivity of
Au/TiO, under UV light excitation
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To understand as the initial amount of photocatahffuences
its activity, photocatalytic tests using four drfat initial

Au(1.5 wt%)/TiQ, concentration were carried out (Fig. 9).

600+ "
|
g ]
= .
e 400' - 0O | O
IN ] - O
B ™
2 2001 0 o o
(@] O 0o
Lﬁ [ (D) 8 o O . ® o ©® o
oBeee ° . .
0 60 120 180 240
Time (min)

Figure 9. Temporal hydrogen evolution under UV irradiatiogsing
different concentration of Au(1.5 wt%)/Tim: 2 g L' 0: 1 g L";
0:3gL% e:05¢gL".

The obtained results showed that hydrogen evolutioreases
with the increasing of catalyst concentration up &0
concentration of 2 g 'L When the catalyst concentration is
higher, hydrogen generation strongly decreases. i§tprobably
due to an excessive opacity and turbidity of thepsuasion that
impedes further penetration of light in the reactdhus, a
concentration of 2 g L was chosen for the others photocatalytic

runs. Another important parameter which influenctdse
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photocatalytic process leading to the prefererfbamation of

different reaction products because of the aciclshsracter of
TiO; is the pH. This effect was studied by adding ®dqueous
suspension of Au/Ti@at initial pH 2.65, a diluted solution of

NaOH (0.2 M). The results are presented in Fig. 10.
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Figure 10. Influence of pH on the volume of hydrogen evoldening
the photocatalytic runs using Au(1.5 wt %)/FiCatalyst and EDTA

as sacrificial electron donor at two different imitpH values.0: pH
7.00;m: pH 2.65.

The influence of the pH in the photocatalytic atyivis
compatible with Scheme 2 since at higher pH EDTA be
unprotonated and more prone to give electrons ¢otitiania
valence band holes. Although the obtained resuitsved a

similar initial hydrogen evolution, a significantarease of its
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generation at neutral pH was observed after tis¢ fiour. This
evidence can be explained by considering a lowelTAD
adsorption on the catalyst surface with a consdqietrease of
its photooxidation. Both titania and EDTA are pivgly
charged at strongly acidic pH leading to a repuldietween the
catalyst particles and the sacrificial agent mdiesu

2.3.2.2 Visible light photocatalytic hydrogen
generation

Gold nanoparticles supported in titania exhibit arface
plasmon band withhmax at about 550 nm. In order to firmly
prove the visible light photocatalytic activity oAu(1.5
wit%)/TiO, for hydrogen generation upon irradiation of aguseou
solutions containing EDTA, a polychromatic lamp hligof
wavelength greater than 400 nm was used. FigurshbWs a
comparison of the hydrogen evolved using gold legdiatalyst
and plain TiQ. As it can be seen there, the control shows that a
expected Ti@ is devoid of any photocatalytic activity under

these conditions.

75



Chapter 2

80+
[ ]
[ J
. °
©
= [ J
3
-~ 40+ °
8 °
=
o °
i o®
0 oo N e e Y Y s N o B
0 60 120 180 240
Time (min)

Figure 11 Hydrogen evolved during the photocatalytic rurseng
TiO, and Au(1.5 wt %)/TiQ as catalysts and EDTA as sacrificial

electron donor, under polychromatic light*¥ 400 nm).e®: Au/TiO,,

. T|02

It is well known that gold nanoparticles are verfjeetive
electron acceptor centre due to the formation dbchottky
junction between the metal and the semiconductating as
sinks for photogenerated electrons, noble metatlighes can
contribute to the separation of electron-hole peaducing the
recombination rate and therefore enhancing theqolatdlytic
efficiency. Furthermore, when gold particles oaria are very
small these could behave not longer as metallic asit
semiconducting due to a quantum size effect. Thestmo
reasonable mechanism for the photocatalytic hydroge

generation based on semiconductor-semiconductotacioms
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depicted in Scheme 3. As it can be seen there, upon
photoexcitation of Au nanoparticles, electrons frxa are
injected into the Ti@conduction band leading to the generation
of holes in the Au nanoparticles and electrons hia TiO,
conduction band. The latter are known to affect rogdn
generation, and the holes will be quenched by ED3A
sacrificial electron donor.

Evidence in support of the proposed mechanismadaht that
the photocatalytic response for hydrogen generagees with
the absorption of the gold surface plasmon bane Esgure 6).
Moreover, controls where colloidal solutions of dol
nanoparticles, stabilized with citrate were subslitt to
irradiation under the same conditions did not leadbservation

of hydrogen evolution. Obviously the mechanism of
photochemical process indicated in Scheme 3 is an
oversimplification since it has been determined,tbae to the
gold/titania interfacial contact, the conductionntdaof the
semiconductor undergoes shift toward more negatotentials,
the energy level being bent at the interface @&ntda by the
influence of gold. Thus, the charge distributiotween the gold
nanoparticles and the semiconductor causes adgttie Fermi

level toward more negative potentials.
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Scheme 3 Proposed rationalization of the photocatalytiovity of

Au/TiO, under visible light excitation.

The photogeneration of hydrogen using different dgol
containing samples and methanol as sacrificial ageas also
performed using visible light (cutoff filtei,> 400 nm) from a
Hg-Xe lamp, whereby the formation of hydrogen wdsoa
confirmed (see Fig. 12).

As it can be seen in Fig. 12, Au(0.25 wt%)/Fikkas the highest
performance in the hydrogen generation. The infteeaf the
gold loading on the catalyst efficiency is discussaore
detailed in the next paragraph. Reusability of #he/'TiO,
catalyst after its use for 4 hours was checkedilbgrihg the
catalyst and using it for a second run under tineeseonditions.
Essentially the same kinetic profile shown in Fgu2 was
obtained. Moreover, after two consecutive uses ftliered
catalyst was characterized by chemical analysis erdtron
microscopy without observing changes with respedhbse of

the fresh catalyst.

78



Chapter 2

Evolved Hy (umol)

90+

60

30+

o

o

o
a0

-0

o m O

60

120

180

240

Time (min)

Figure 12 Hydrogen evolved during the photocatalytic rurseng

gold loading samples and methanol as sacrificedtedn donor, under

polychromatic lighth, > 400 nm.m: Au (0.25 wt%)/TiQ, O: Au (1.5

W1%)/TiO, and®: Au(2.2%)/TiO.

Chemical analyses of the solutions after the readetected the
presence of Au in a concentration that corresptods22% of
the total Au content present in the fresh Au/Z{Q@.11 mg of Au

in 45 mg of Au/TiQ). We also checked the influence of by-
product in the photocatalytic activity of Au/TiO Using
methanol as sacrificial electron donor, oxidizedrivdges,
particularly formaldehyde and formic acid, are gated as by-
products, and it is of interest to determine hoesthtwo by-
products affect the photocatalytic activity of AuDp. Aimed at

this purpose we carried out two additional expentaevhere
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fresh Au/TiQ photocatalyst was irradiated in water-methanol
solutions containing 0.1 M of these by-productg(Ei3).
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Figure 13 Hydrogen evolved during the photocatalytic rusmg Au
(0.25 wt%)/TIQ as catalyst in water-methanol solutions contaginin
0.1 M of different byproducts, under polychromdight A > 400 nm.
m: water-methanolp: water-methanol and formaldehyde, water-

methanol and formic acid.

The results show that the presence of formaldepldgs a
minor role in hydrogen evolution since an essegtiaimilar
temporal profile is shown in the absence or present
formaldehyde. In contrast, it was observed thafptiesence of a
0.1 M concentration of formic acid increases sigaiftly the

rate of hydrogen evolution, probably due to theefbf acid pH
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on hydrogen evolution or the easier photocatalytic
decomposition of formic acid to generate hydrogen.

In order to firmly prove the visible light photoehftic activity

of Au/TiO, for hydrogen generation from water, another
photocatalytic test using the second harmonic MMldaYAG
laser operating at 532 nm was used. Gold nanofestic
supported in titania exhibit a surface plasmon baitd /.« at
about 550 nm, very close to the excitation wavelenged in
this experiments. Fig. 14 shows the temporal eimiutof
hydrogen upon 532 nm laser irradiation of Au(0.2%WTiO..
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Figure 14. Hydrogen evolved during the photocatalytic rusmg Au
(0.25 wt%)/TiQ as catalyst in water-methanol solution under &32

laser irradiation.
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The results obtained using monochromatic lasert@&xmn were
consistent with the photocatalytic hydrogen gemematsing
polychromatic lamp light of wavelength longer th4b0 nm.
We notice that the hydrogen evolution using monogtatic
532 nm laser pulses exhibits an increase in thedbon rate
that could be due to several reasons, includingir(fial

hydrogen absorption on the solid, (i) changes he gold
particle size caused by the laser energy produgnogvth or
agglomeration of gold nanoparticles, and (iii) nita phase
change from anatase to rutile due to the local reftct
generated by the laser pulse. It should be notedgeber, that
thermal water splitting is very unlikely to be resgible for the
observed hydrogen evolution since it requires teatpees well
above 1000 °C.

2.3.2.3 Influence of Au loading and particle
size in visible light photocatalytic hydrogen
generation

In gold catalysis, it is well known that gold loadiis a very
important parameter that determines the activityhefresulting
material [216]. When changing the gold loading, esal/
parameters such as gold particle size and morpholoD,

surface coverage and population of residual hydgmyps and
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metal dispersion are varied simultaneously. Thear=dd
combination of all these factors determines thategaly an
optimal gold loading is observed for having the maxm
catalyst efficiency. Typically, the most active er@ls in
heterogeneous catalysis are those containing arbuvtd gold
loading. In the present case we prepared three lsangdf
AU/TiO, using the standard deposition-precipitation method
compared their activities for visible light hydraggeneration
with that of P25 TiQ devoid of any gold nanoparticles. The
results are shown in Fig. 12. As it can be seereflvee found a
remarkable influence of gold loading in the rang2.®wt % in
agreement with many precedents in gold catalysi§][2n our
photocatalytic study two figures of merit, namehge tinitial
reaction rate () and the total hydrogenugol) at final time (4
hours), can be considered to assess the optimurlysiat
performance. Table 2 lists both parameters for dbBes of
AU/TiO, under study.
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Table 2 Initial reaction rate () and amount of hydrogen
evolved at 4 hours of irradiation for visible lighhotocatalytic
runs using Au/TiQ catalysts with different gold loadings and

methanol as sacrifical agent.

Catalyst ro x 10 (umol minY)  pmol H, 4h
Au(0.25 Wt %)/TiQ 65.6 98.2
Au(L.5 wt %)/TiG 81.0 58.8
Au(2.2 Wt %)/TiO 55.8 65.2

As it can be seen in Table 2, as well as in Fig.At®0.25 wt
%)/TiO, combines a high initial rate with high hydrogen
productivity at 4 hours, and it has the additioadl/antage of
presenting a high gold economy. For this reasos lkbading
was selected for additional studies. One point teserves a
comment is that at least one of the photocatalfstg1.5 wt
%)/TiO,) exhibits fatigue during the hydrogen generatibhis
decrease in photocatalytic activity during the teac is
typically due to deactivation probably caused bgaaption of
some by-product (formic acid, formaldehyde, etcigiag from
the sacrificial agent decomposition during the seupof the
reaction. In any case the data presented showed tiiea

materials exhibit a notable visible light activithat varies
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depending on the loading. In gold catalysis, onpartant point
is the preparation procedure, particularly calecoratemperature
as well as the gold particle size, shape and taeepbf exposed
gold crystallites. Haruta has previously reportddhttit is
possible to control the gold particle size by calrebntrol of the
suspension pH value during the deposition prock33][ Based
on this knowledge, we have prepared two sets ofTiQy
samples, three of which were calcined at 200 °Cathdr three
at 400 °C. In principle, higher calcination tempara causes the
growth of the gold particle size but also the sintg between
the gold and titania interphase. On the other haadying the
pH value from 4.5 to 9.0 units allows gaining ataier control
on the particle size distribution of gold. To ilitege the
variation in the particle size distribution as andtion of the
calcination temperature and pH of the depositi@p,sFig. 15
shows representative TEM images of two of the AD4TI
samples prepared as well as the correspondingst&tali size
distribution analysis showing the differences oe tverage
gold particle size as a function of the preparatmwacedure.
Unfortunately, higher resolution and deeper analysi the
images will be necessary to determine if the phaitdgtic
process is sensitive to the morphology of the gagi and,
moreover, if the exposed Au crystal face also wadepending
on the preparation procedure and deposition pH iarndese

parameters influence the photocatalytic activity.
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Figure 15 TEM micrographs and particle size distributiomsgts) of
Au/TiO, samples obtained at 200 °C and pH= 9.0 (a) artD@t°C
and pH= 4.5 (b).
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Table 3 lists the codes of the Au/Ri€amples with indication of
the preparation conditions and the average partgilee.
Importantly, it should be remarked that all the phe®
contained in Table 3 have a very similar gold logdaround the

optimum 0.25 wt % value previously determined.

Table 3. Preparation conditions (deposition pH and catana
temperature), average gold particle sizg @hd wavelength for the
maximum absorption of the surface Plasmon bakgl,( for the

different Au/TiG, samples.

Catalyst pH Taic (OC) q) (nm) Amax (n m)

Au/TiOz-1 4.5 200 491 550
Au/TiO,-2 6.5 200 2.85 547
Au/TiO,-3 9.0 200 1.87 552
Au/TiO,-4 4.5 400 6.40 562
Au/TiO2-5 6.5 400 4.20 560
Au/TiO,-6 9.0 400 411 561

As expected, due to the presence of gold nanofesitithe UV-
visible spectrum of the Au/Tisamples exhibit in optical
spectroscopy two bands: one in the visible regietwben 500

and 650 nm typical of the gold surface plasmon baardi
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another, stronger, with onset at 370 nm that is tughe

bandgap transition of TiZsemiconductor (Fig. 16).
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Figure 16. UV-vis spectra of the Au/Ti©l (a) and Au/TiG-6 (b)
photocatalysts plotted as the Kubelka-Munk functiaf the
reflectance. The inset shows an expansion of tleggoface plasmon
band. The dashed vertical line indicates the cut@¥elength of the

filter used in the photocatalytic experiments.

Considering that our excitation light contains edidin of
wavelength longer than 400 nm and also the inflaeoicthe
presence of gold on the photocatalytic activity, atkeibute this
enhanced photocatalytic activity observed in Fig. tb the
contribution of gold nanoparticles as light hareestand ability

to inject electrons into the TOconduction band. Careful
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inspection of the position of the surface plasmanddreveals
that the samples calcined at 200 °C exhibit vemnilar
wavelength maxima around 550 nm that is differemd blue-
shifted from the other set of samples calcined0& 4C where
the wavelength maxima of the gold surface plasmandb
appears around 561 nm. The actual wavelength mamiriau
each sample is also given in Table 3. With thisafetamples,
photocatalytic hydrogen generation using methasdarificial
electron donor and visible light was carried oug. A7 shows
the temporal evolution of hydrogen formation asuaction of

the irradiation time and the catalyst present.
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Figure 17. Evolved hydrogen(umol) during the photocatalytic runs

using methanol/water (3/1 v/v) in the presenceabhlysts obtained at
200 °C and different pH.m: Au/TiO,-1, 0. Au/TiO,-2 and ®:
AU/Ti02'3.
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Those samples calcined at lower temperature erhidiigher
activity than those calcined at 400 °C. Also foe thost active
samples (200 °C calcination temperature), theainiteaction
rate of hydrogen formation increases as the golticpa size
decreases. Therefore, based on this it can beumettithat the
intrinsically more efficient samples of Au/TiGhould contain
the optimum gold loading with the smallest partideze.
However, we notice that for the series of Au/Ti€alcined at
400 °C the trend of the pH deposition on the phatagtic
activity is opposite (see Fig. 18).

ro (x 102 umol min'l)
~ (o] ©
> Q ®

ol
£

45 6.0 75 90
pH

Figure 18 Initial reaction rates ¢ obtained for the catalysts

synthesized at different calcination temperatui different pH

W Tcac 200 °CO: Teaec 400 °C.
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Therefore, it appears that other factors beside#rticle size
are coming into play. The previous discussion ore th
photocatalytic activity is based on the initial cean rate that
reports on the intrinsic photocatalytic activity foésh samples.
However, as commented earlier when observing deditin of
some photocatalysts, long-term hydrogen produgtigé&pends
not only on the intrinsic activity but also on tleatalytic
stability and deactivation processes. Thus, it rigqdently
observed in catalysis that the most active matdsedomes
rapidly deactivated and the long-term performascgarse than
that of other materials exhibiting a good balanegveen initial
activity and long term stability. This is appargrithe case here
since those samples calcined at 400 °C exhibiebstability
during operation of the photocatalytic hydrogenegation. This
is not surprising since higher calcination tempeex increase
catalytic stability by promoting the grafting ariektinterfacial
contact between gold and the support. Therefore;eraing the
total hydrogen production at 4 hours irradiatiomd] the
differences observed based on the initial reaat&e disappear
and the performance of the samples calcined at@Q@ecomes

similar to the performance of those prepared at°Z00
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2.3.24 UV and visible light photocatalytic
oxygen generation

Once the study of the reduction semireaction wasptete, we
used the same set of samples and the same extisatiwmce to
determine the possibility of photocatalytic oxyggeneration.
Oxygen generation from water requires much highedation
potential than the reduction potential needed fgdrbgen
evolution. In addition to the thermodynamic reqoment of
holes having higher oxidation potential than 1.26 dXygen
evolution is considered mechanistically a compleocpss since
the formation of one oxygen molecule involves felgctrons
and the creation of oxygen-oxygen bonds absenhenwater
molecule. For the mechanistic complexity, oxygenegation is
considered frequently the bottleneck for the overshter
splitting [217]. The samples under study containiggld
nanoparticles were found also to exhibit photogéitalactivity
for O, generation from water under both UV and visibghti
excitation. Fig. 19 shows a temporal profile of &€olution for
Au(0.25 wt %)/TiQ and P25 TiQunder UV and visible lighty(
> 400 nm) excitation using AgNQOas sacrificial electron

acceptor.
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Figure 19 Evolved oxygen during the photocatalytic runsngsi
Au(0.25 wt%)/TiQ and P25 TiQunder UV and Visible light\ > 400

nm) using AgNQ as sacrificial electron acceptol®: Au/TiO,, UV,

A AU/TIO,, Vis; O: TiO,, UV; A: TiO,, Vis.

As it can be seen in Fig. 19, AgNQ@s sacrificial electron
acceptor promotes oxygen evolution, although reiigabf the

catalyst is not allowed with this sacrifical agemirobably
because the formation of black silver particlefaymation of

core/shell Au/Ag particles reduces the efficiency the

photocatalytic oxygen evolution. Recently it hagm®bserved
that core/shell Au/Ag nanoparticles can be formegoru
photolysis of Au nanopatrticles in the presence gfsalts, and a
similar process can occur here. If this were theecahen the
photocatalytic activity would decrease due to theecage of Au

nanoparticles by a shell of Ag. On the contrarymilsir
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photocatalytic experiments in which (WHCe(NGs)s was used
as sacrifical agent, demonstrated the possibiityge the same
catalyst sample in consecutive photocatalytic ruvighout
observing relevant changes in comparison with theshf
catalyst. Firm experimental evidence of oxygen ettoh upon
excitation at the gold surface plasmon band wasagatained
by using as excitation light a monochromatic laggerating at
532 nm. The results show that no oxygen is evopexfiorming
the experiment using P25 TiQwhile in contrast the presence of
Au nanoparticles in Au/Ti@ samples introduces visible light
photoactivity. According to Scheme 4, the positinges located
on Au nanopatrticles should have an oxidation pakhigher
than 1.26 V.

w w 17205+ 2H*

Scheme 4 Proposed rationalization of the photocatalytiovity of
Au/TiO, forming O, upon excitation of the gold surface plasmon
band.

94



Chapter 2

Typically metals are devoid of any oxidation adtrviHowever,

when the patrticle size is reduced a transition betwthe band
theory predicts a change from the characteristitdbaof bulk

metals to discrete atomic orbitals present in atoowurring in

the nanometric scale. Small Au clusters (below 2r3) can

exhibit frontier HOMO/LUMO orbitals, and electrorolies in

the HOMO orbital can have higher oxidation potdnttzan

larger nanopatrticles. The situation is, howevemglex since
variation of the HOMO/LUMO orbital energy and theegence
of separate valence and conduction bands will emfte also the
absorption of light and intensity of the correspagdsurface
plasmon band associated with the nanoparticless,Thkary

likely small nanoparticles having discrete energyels are
those that do not have intense visible light alxsomp Attempts
to obtain electrochemical evidence of the oxidapatential of
AU/TiO; allowed detection of some reversible oxidationkiseat

-1.14 V semipotential in films of this material ggpted on
conductive FTO electrode (Fig. 20).
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Figure 20. Cyclic voltammetry of a film of Au/Ti@supported on a
FTO electrode immersed in electrolyte. The bottasitaimmogram
corresponds to the response of Jidm on FTO electrode recorded
under identical conditions. The arrows point to #pecific peaks
observed for Au(1.5 wt %)/TiOduring the reduction (pointing up)

and the oxidation (pointing down) scan.

These peaks could be attributable to the electrocia
generation of holes on Au nanoparticles since auais
measurements with P25 Ti(@pH of zero point charge about
6.0) do not allowed detection of any peak in thailable
oxidation window. Although further studies are resagy to
firmly assign the electrochemical peaks observed\tdTiO, to
the positive holes generated in photocatalysis,piiesence of
electrochemical response Au/TLiOs compatible with the
observed photocatalytic oxygen evolution. We natibewever

that the oxidation power of the electrochemicaldaxion peak
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at the maximum of the current intensity (-1.14 ¥)ower than
the thermodynamic oxidation potential required tenerate
oxygen from water (1.26 V). In this regard it has be
commented that cyclic voltammetry shows broad peaks
probably reflecting a distribution of Au nanopaeig with
different oxidation potentials, depending on thetipke size. It
could be that not all the particles could be ablexidize water
generating oxygen, but only the fraction of the dgol
nanoparticles in where the oxidation potential ilislf the
thermodynamic requirements, i.e. those with oxatapotential
higher than 1.26 V. The others, even if they aret@themically
excited, will not have enough oxidation capacity generate
oxygen. In general agreement with the previousifigs! for the
photocatalytic hydrogen generation, we also obskethat the
initial reaction rates and the final oxygen volum@e4 hours
depend on the gold particle size and calcinatiorptrature. We
have observed for oxygen the same trend as forolygdr, the
most active Au(0.25 wt %)/Ti© photocatalyst for oxygen
generation being the same as for hydrogen generate, the
AU/TiO, material prepared at pH 9.0 and calcined at 200 °C
(Au/TiO,-3), with a gold average patrticle size of 1.87 Arakle
4).
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Table 4. Initial reaction rate ¢y and amount of oxygen evolved at 4
hours of irradiation for photocatalytic runs usiAg/TiO, catalysts

obtained at different calcination temperature aHd(gee Table 3 for

conditions).

Catalyst fo x 10 (umol min®) umol O,, 4h
Au/TiO,-1 235 11.75
Au/TiO,-2 29.4 12.74
Au/TiO»-3 314 13.73
Au/TiO,-4 22.5 11.72
Au/TiO»-5 215 10.75
AUITIO»6 21.5 9.77

TiO, - -

2.3.25 Quantum vyields for visible light
hydrogen and oxygen generation

The most important finding of our study is the bisi light
photocatalytic activity for water splitting of AulD,. We
determined the quantum vyield for the independedtdyen and
oxygen semireactions using sacrificial reagents the most
efficient Au/TiO,-3 sample using monochromatic light. In order
to ensure the selective excitation of gold surfplesmon band
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we selected for the quantum yield measurementsftthat is
close to the\nax for gold nanoparticles and far from the onset of
the TiQ,. For comparison we have attempted to measure the
guantum yield of hydrogen and oxygen generationTi@, at

the same excitation wavelength (Table 5).

Table 5. Quantum yield ®) of hydrogen and oxygen generation

determined by ferrioxalate actinometry at 560 nm.

Catalyst D2 (%) Do, (%)
TiO, <0.1 <0.1
Au-TiO »-3 7.5 5.0

The results obtained (Table 5) prove quantitativehe
photocatalytic activity for water splitting of titea as a
consequence of the presence of gold nanopartittesghis

context Domen and coworkers have reported {Bia)(N1-xOx)

photocatalysts as one of the most efficient mdtefar water
splitting, having an efficiency of 2-3% [218]. Tleéore, our
AU/TiO, absorbing at long wavelengths exhibits an actithigt
is not far from that of other visible light wateipligting

photocatalysts. The low quantum vyield values foO;Tiare
compatible with the negligible absorption of gi@t this long
wavelength. In any case, the data of Table 5 ¢ledrbw that
the light harvesting component is gold nanopawiiaeleast for

long wavelengths.
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2.4 Conclusions

In the present work, by using a UV cutoff filter £ 400 nm)
and a monochromatic 532 nm laser excitation thauenthat
the light is absorbed exclusively by gold nanog#t in
combination with the quantum yield measurements haee
demonstrated that gold can have an additional aslelight
harvester besides gas evolution center. We havadfdhat,
using excitation wavelengths corresponding to goll@smon
band, gold nanoparticles absorb photons and iejectrons into
the semiconductor conduction band (Schemes 2 and3$
photoinduced electron injection into the conductmand of a
semiconductor is unusual for a metal, but the naomsize of
the gold particles and the operation of quantune s#fects
should be responsible for the occurrence of thishaeism.
Electrons in the titania conduction band and hategertain
gold nanoparticles have adequate potential to gémérydrogen
and oxygen from water, respectively. We have atamd that
the gold particle size and calcination temperaplag a certain
role, influencing the catalytic activity. Apparentl the
combination of appropriate loading, small partisiee and the
presence of surface hydroxyl groups (low calcimatio

temperatures) favors the photocatalytic activityhaf materials.
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Efficient visible-light photocatalytic water
splitting by minute amounts of gold
supported on nanoparticulate CeO:
obtained by a biopolymer templating
method*.

* A. Primo, T. Marino, A. Corma, R. Molinari and.H5arcia, The
Journal of the American Chemical Society, 133 (2@BBO.

3.1 I ntroduction

In the overall water splitting, water becomes relicto
hydrogen and simultaneously oxidized to oxygenth@ke two
semireactions, hydrogen generation is consideraglsr since,

in principle, the process consists in protons presethe water
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accepting electrons and noble metals acting as olggadr
evolution centers. In contrast to the simplicity lmydrogen
generation, formation of oxygen from water is cqtoally
more challenging since mechanistically it has touodhrough
several steps requiring four positive holes andftheation of
O-O bonds [219]. For this reason, oxygen evolutien
frequently the bottleneck determining the overdificeency in
the overall photocatalytic water splitting. Bothnseeactions,
hydrogen and oxygen generation from water, can be
independently studied by adding during the photdghat
process sacrificial electron donors (for hydrogenegation) and
electron acceptors (for oxygen formation). Therefoit is
possible to decouple both semi-reactions and ftloeistudy on
one of them. Considering the importance in develgpiovel
efficient photocatalysts with visible-light actiyit with
comparable or higher efficiency than those curyekthown
[220] and also the interest in having efficient ssanductors for
oxygen evolution, in the present contribution wealide that
nanoparticulated ceria prepared by a novel biopetym
templating methodology and containing appropriateldg
loadings is a stable and efficient photocatalyst éxygen
evolution. Characterization of the catalyst sampising SEM,
TEM, XRD, XPS and & is presented in the following. A
comparison between the photocatalytic efficiency thie

synthesised ceria (Ce@)) and a commercial one (Ce@B)) is
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reported to study the influence of their physidadmical
properties on the photocatalytic oxygen generafiom water.
The relevance of our finding is two-fold. On onen@ia our
report shows how, by reducing the particle size mldw the
nanometer scale, a conventional metal oxide insulas
converted into a semiconductor whose photocatalgtitvity
strongly depends on the particle size in the nanenseale. On
the other hand, we show that by supporting goldparticles it
is possible to introduce visible-light response the
nanoparticulated ceria that otherwise would be timacunder
visible-light irradiation. It is well documentedathconventional
ceria of large particle size behaves as insulaewod of any
photocatalytic activity [221]. Scattered preceddrdse reported
that reducing the particle size of ceria to theamaster scale
introduces some photovoltaic activity [222]. Pdrtlas work is
based on a novel preparation method of very snaalbparticle-
sized ceria using a biopolymer (alginate) as temeplith the
resulting nanoparticulated ceria exhibiting a hgjtotoactivity

as a semiconductor.
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3.2 Experimental
3.2.1 Synthesis of nanoparticulated ceria

The most active sample for the visible-light pheatatytic
generation of oxygen reported here, called AL was

prepared as indicated in Scheme 5.

Alginat (i Svnthesis 1) | CeO-/aloinat (iii) Nano
Alginate g SYmmesis g | Lelhalgmaie | g particulated
in water of spheres spheres (i), (v) CeOy(A)

Scheme 5Biopolymer templated synthesis of G&&) nanopatrticles,
i) alginate precipitation by (NBLCe(NQ)e; ii) maturation (19 hours);
iii) water by ethanol exchange; iv) supercriticaD£{drying; v) air

calcination.

The first step consists in the anionic exchangé @o alginate
dissolved in water that precipitates when a sudfitilarge
uptake of C& is achieved. Thus, a 1.0 % (w/w) solution of
sodium alginate is added dropwise at room temperain a
stirred 0.1 M aqueous (N)BCe(NG)s solution using a syringe
with a 0.8 mm internal diameter needle. The geldbeare left
overnight and then filtered and washed with diesdiliwater. At
this point the C& loading determined by chemical analysis was
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775 wt %. The subsequent step in the synthesighés
supercritical CQ@ drying of the sample that requires a prior
gradual exchange of water for ethanol since, intresh to
ethanol, water is immiscible in supercritical £0The
supercritical CQ@ drying is crucial, as has already been
demonstrated [223] to achieve a highly porous alginwith
remarkably high surface area. Thus, hydrogel beads
dehydrated by a series of consecutive washinggy utimanol-
water solutions of increasing alcohol concentra(ib®, 30, 50,
70, 90 and 100 %) for 14 min each. The alcogel bead then
dried under supercritical GQonditions (slightly above 73 bar
and 31 °C), yielding aerogel beads. For removihthal organic
part, the beads are calcined in air at 540 °C.uincase, at this
moment C&'ion is still compensating for the negative charfje o
carboxylate groups present in the biopolymer. her sake of
comparison with CegA) we have included in our study also a
commercial nanoparticulate CgOsample (Ceg{B) from
Aldrich). Furthermore, a commercial nanopowder y¢@mple
(Aldrich) was wused in the present study as reference
photocatalyst. The material presents spherical eslcaystallites
with diameter up to 33.1 nm [224].
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3.2.2 Deposition-precipitation procedure

The deposition precipitation procedure is done(at@ and pH
9 using 0.2 M NaOH to maintain the pH constant. éfnithese
conditions, gold deposition occurs with ~80 % eéincy. The
catalyst is then recovered, filtered, washed wélodized water,
and dried at 100 °C. Finally, the powder is caldia¢ 400 °C in
air for 4 hours. Following this procedure, 3.5 nnoldg

nanoparticles supported on Cefde obtained.

3.2.3 Characterization technigques

To characterize photocatalysts samples by Uv-Vetsp, ICP,
TEM and XRD analysis, the same apparatus describhed
Chapter 2 (see paragraph 2.2.2) were used.

The interaction of gold nanoparticles with cerigosort was
addressed by X-ray photoelectron spectroscopy (XRB8)g a
SPECS spectrometer equipped with a Phoibos 150 9MCD
detector and a non-monochromatic X-ray source (#d Q)

operating at 200 W.
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3.2.4 Photocatalytic tests

The photocatalytic experiments were performed usihg
system described in Chapter 2 (see paragraph 2i@.8)hich
the headspace of the reactor was connected to \arted
burette filled with water at atmospheric pressaiggwing the
measurement of the evolved gas. In the photocatak#ctions
the photocatalyst powder (45 mg) was dispersed atemw
containing 0.01 M of AgN® or (NH;).Ce(NG)s. The total
volume of the suspension was of 22.5 mL. The susperwas
purged with an argon flow for at least 30 minutesfobe
irradiation in order to remove dissolved air. Thé&nwas
irradiated for 4 h using a 200 W xenon doped megrdamp
(Hamamatsu Lightningcure LC8, 1 cm distance). For
polychromatic visible light irradiation the outpot the 220 W
xenon-doped mercury lamp was filtered through aftdtter (A
> 400 nm). The stationary temperature of the reactéached at
5 min of irradiation, was 38 °C. The formation ofygen was
confirmed by injecting 0.5 mL of the reactor heaatspgas in a
gas chromatograph (HP 5890) operating at isothecoraditions
(50 °C) using a semi-capillary column (moleculavsi, 530Qum
diameter, 15 m length) equipped with a thermal cetidity
detector and argon as carrier gas. To explain oopgsal
photocatalytic mechanism we performed photocatalytists
based on the monochromatic irradiation of the susipe
containing Au(0.25 wt%)/CefQA). To carry out these
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experiments, we used a 150 W XBO lamp (Osram) eauip
with water cooled housing, LP300 power supply (Photon
Technology International) and a computer controlled

monochromator.

3.2.5 Electrochemical characterization

The potential corresponding to the positive hokes@aning that
it is located on gold nanoparticles) has been tatled from
cyclic voltammograms for Au/CeOmicroparticulate deposits
on paraffin-impregnated graphite electrodes imntergeto
aqueous 0.10 M NaOH and 0.10 M BilR;/MeCN.

3.3 Results and discussion

Au/CeQ are important heterogeneous catalysts for low
temperature CO oxidation, alcohol oxidation and reatic
amine carbamoylation among other reactions [222je B its
ample use in heterogeneous catalysts, there isnsidavable
amount of information about the Au/Cgf@reparation. The most
widely used procedure is the deposition-precitatnethod, as
discussed in Chapter 1. Here we have followed phigedure

and deposited gold nanoparticles on g&p at different
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loading levels and we carried out photocatalytipeziments for
oxygen generation from water under UV and visibladiation.
The data presented below show that the influencegadd
favoring or disfavoring the photocatalytic activity different,
depending on the UV or visible irradiation waveldng
Photocatalysis under visible-light irradiation ignsiderably
more challenging due to the lower photon energyt tisa
generally unable to excite wide band gap semicaodsiand
also because about 45% of the solar light corredpda the
visible range. However, herein the initial expenmsewith ceria
materials were performed with UV light with the aiof
obtaining data supporting the photocatalytic attivof this
metal oxide for oxygen generation from water. Expents
submitting a suspension of CgQor Au/CeQ in water
containing EDTA or methanol as sacrificial electrdonors
failed to generate hydrogen in the range of pH In7contrast
analogous experiments using Ag C€" as electron scavengers
gave rise to the photocatalytic generation of oxyge
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3.3.1 Characterization

Fig. 21 shows an image of the millimetric alginagheres
obtained by coagulation of the agueous alginatatisol with
Ceé" as well as a representative TEM image of the

corresponding material.

Figure 21. a) SEM CeQ@A) before calcination b) spheres before
calcination c¢) SEM CefA) after calcination d) TEM Au(1.0
wit%)/CeQ(A).

Isothermal N adsorption measurements give a specific surface
area for alginate containing €eof 229 nfg™. This sample was
submitted to mild aerobic calcination to effect tbentrolled
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combustion of the biopolymer and formation of GEX). The
novel CeQ(A) material was characterized by conventional
techniques in material sciences. Fig. 22 shows UR¥/-V
absorption spectra of the unmodified ceria and goldtaining

samples.

Absorbance (a.u.)

200 300 400 500 600 700 800
Wavelength (nm)

Figure 22. Diffuse UV-Vis reflectance spectra of samples aonhg

or not gold loading. a: Au(3 wt%)/Ce@), b: Au(l wt%)/CeQXA),

c: CeQ(A), d: CeQ(B).

The spectra show that CeMas intense broad band with a
maximum at ca. 270 nm while Au/CeGamples exhibit a
significant ultraviolet absorption and a surfaceasphon
resonance centered at 560 nm.

The crystal structure of the products was examinggowder
X-ray diffraction (XRD). Peaks corresponding to Ge(@11),
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(200), (220) and (311) planes were observed, itidiga face-
centered cubic phase Cg®ig. 23).
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Figure 23. XRD patterns of the as-obtained G&&) sample.

Ce 3d electron core level XPS spectra for g€&pis shown in

Fig. 24.
Ce 3(]3/2

Ce 3(]5/2

Intensity, a.u.

T T T T
930 900 870

Binding energy, eV

Figure 24.XPS spectra for CefA) sample.
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The 3d level is formed by two series of peakss;.3and two
very pronounced “shake-up” satellites and,3dith the same
characteristics. XPS shows that most of the Ce st¢oner
90%) are in the +4 oxidation state.

BET surface area measurement gives a value of @@.riThe
average particle size of Ceg@), determined by counting a
statistical relevant number of nanoparticles, we&t@.1 nm.
Overall, the data obtained are consistent with Bevestallized
CeQ(A) sample with a 5 nm patrticle size and a largecsE
surface area that originates from the templatifgcebf alginate
dried under supercritical GOFor the sake of comparison with
CeQ(A) we have included in our study also a commercial
nanoparticulate Ceample (Ceg{B) from Aldrich). XRD and
BET measurements indicate that GE) has the same crystal
phase as Ce?), similar surface area (102°gY) and larger
average particle size (20 nm) than GE&J) sample. Also in our
study we have used WOas a reference photocatalyst for
oxygen generation [8]. It is generally consideredt t\WQ; is a
benchmark material for oxygen generation to whidhvenh
photocatalysts should be compared to establishtivela

efficiencies.

113



Chapter 3

3.3.2 Photocatalytic tests

3.32.1 UV light photocatalytic oxygen
generation

A first set of photocatalytic experiments were paried in
order to compare the catalytic efficiency of tHeofocatalysts
in the oxygen generation from water splitting undg¥W
irradiation. Fig. 25 shows the temporal profile okygen
evolution under UV irradiation of Ce®) and CeQ(B). For
the sake of comparison we also include the phabdat

behaviour of WQ as reference.
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Figure 25 Oxygen evolution upon UV irradiation of an aqugou
suspension of AgNQcontaining m: WO;, 0. CeGQ(A), and e:
CeQy(B).
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As can be seen in Fig. 25, although YW&xhibits a high initial
rate under these conditions as well as a slightiihdr oxygen
amount generated by the end of the reaction, tegaece of the
obtained data is that both ceria materials exhohdtocatalytic
activity for oxygen generation under UV light irration. The
temporal profiles for oxygen generation determifegdCeGQ(A)
and CeQ(B) are remarkably different. While commercial
Ce(Q(B) seems to exhibit a higher initial rate, evemparable

to that of WQ, the slope of the Oformation curve decreases
remarkably even at short times. In contrast in tdase of
CeQ(A) the initial reaction rate was smaller, but iaimains
the activity over the time and after 45 minutesnigre efficient
than CeQ@(B), reaching photocatalytic activity comparable to
that of WQ at 4 hours. These differences can be rationalized,
considering that CefB) undergoes fast deactivation, probably
by deposition of Ag particles, under these condgioIn
contrast, CegfA) with the smaller particle size becomes more
active due to its lower tendency to deactivate.

The use of A should be limited for the reusability of the
catalyst because it is difficult for silver metal be oxidized
back to silver ion. In contrast, other reduced i@osild be
reoxidized to the oxidized form without any catalys
deactivation. Thus, two different photocatalyticnsy using
AgNO;3; or (NH;).Ce(NG)s, were performed. The obtained

results are shown in Fig. 26.
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Figure 26. Oxygen evolution upon UV irradiation of an aqugou
suspension using Ceg@) as catalyst and different electron acceptor
0o: AgNO:;, [N (NH4)2C€(NQ)6

As it can be seen, Fig. 26 shows that” Agjomotes oxygen
evolution with higher efficiency than when Cewas used.
These results do not correlate well with the regokential of
electrolytes. Probably other kinetic factors migktinvolved in
this process. In order to verify the possibility relise of ceria
after one photocatalytic run for 4 hours, the getialvas filtered
and it was used for a second experiment under Hmes
operational conditions. The same kinetic profil@ewsh in Fig.
26 was essentially obtained when*Ceas used as electron
acceptor, while a lower efficiency of the catalysis observed
in the case of Ag probably because the formation of metallic

silver causes its precipitation on the ceria nartopes.
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In order to understand the effect of gold on ge@talysts for
the oxygen generation from water, different amouwftgyold
were loaded on CefA) and CeQ(B) from 0.25 to 3.0 wt% and
the catalytic activity of Au/Ce® samples was investigated
under UV light irradiation (Fig. 27).
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Figure 27. Oxygen evolved upon UV light illumination of agueous
AgNO; suspension containing the photocatalystm: Au(0.25
Wt%)/CeQ(A), O: Au(1.0 wt%)/CeQ(A), O: Au(3.0 wt%)/CeQA) ,

®: Au(0.25 wt%)/Ce@B) , A: Au(1l.0 wt%)/CeQ@B), A: Au(3.0
wt%)/CeQ(B).

As it can be seen in Fig. 27, when ceria samplesaging gold
nanoparticles at 0.25, 1.0 or 3.0 wt % were testeder the
same conditions, it was observed that the preseingeld at 3.0
wt % loading is highly detrimental for the photadstic
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efficiency. However, with regard to the final molet oxygen
formed, samples with 0.25 and 1.0 wt % Au loadixdpileit

photocatalytic activity similar to that of ceria thout gold. It
can be concluded that under UV irradiation the gmes of Au
plays a minor (0.25 and 1.0 wt %) or notable (3.0 %)

negative influence on the photocatalytic activityGeO, under
UV irradiation. The negative influence of gold midie due to
the role of Au nanoparticles acting as charge/h(g
recombination centres when the semiconductor igeskin the
band gap.

3.3.2.2 Visble light photocatalytic oxygen
generation

Photocatalytic experiments using UV light similay those
previously referenced were performed under visiigat (A>
400 nm). Under these conditions G€&) or CeQ(B) did not
give rise to the generation of any oxygen. Only ¥¢&hibited a
low photocatalytic oxygen generation activity iregment with
its low performance under visible light illuminatioln sharp
contrast, all the Au/CeO samples exhibited visible light
activity.

Fig. 28 shows the obtained results using visilgktlirradiation.
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Figure 28 Oxygen evolved upon visible lighth (> 400 nm)
illumination of an aqueous AgNOsuspension containing the
photocatalyst.l: Au(0.25 wt%)/CeQ(A), O. Au(1.0 wt%)/CeQA),
O: Au(3.0 wt%)/Ce@A) , @: Au(0.25 wt%)/Ce@B) , A: Au(1.0
wt%)/CeQ(B), A: Au(3.0 wt%)/CeQ(B), ¥: WQO..

It can be observed from Fig. 28 that around 0.2% vgold
loading represents the best amount for the efficieater
oxidation. When the amount of gold loaded on €ef@re than
0.25 wt%, shielding of light by gold will occur wdfi may
prevent the excitation of electrons from the vaéento
conduction band. These all the experiments illtssrathe
importance of optimizing the amount metal partidesCeQ to

maximizing the photocatalytic activity of the castb.

119



Chapter 3

Moreover, the photocatalytic activity of Au(0.25 %)/CeQ(A)
using visible light was higher than that achievathvCeQ(A)
under UV irradiation. This behaviour is remarkablecause,
typically for titania and other semiconductors, fmtocatalytic
activity under UV is considerably reduced usingibles light,
whereas here the performance for Au/Ge@n be better using
visible light. It is remarkable that with the ustAu/CeO,(A)
the final moles of oxygen evolved are higher tHarsé obtained
for WO3; using UV light. Fig. 28 shows selected plots oé th
oxygen formed over the time for visible light illimation for
the series of Au/CefOFor comparison, we have included also in
this Fig. 28 the activity of W@under the same conditions. With
respect to the influence of Au loading we obseragdin that
0.25 Au renders a more efficient photocatalyst th&anand 3.0
wt% Au. Also as commented using UV irradiation, tteria
sample prepared by the novel biopolymer templatzqumure
described previously and having smaller particte $ far more
efficient than larger particle size in the convensi of
commercial Ce¢(B).

Concerning the mechanism of, @rmation, the photo action
spectrum of Au/CegA) was studied using monochromatic
light in the range 410-650 nm; the ability to gexterQ was
found to follow the surface plasmon band profilg(R9).
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Figure 29. Oxygen evolution upon monochromatic irradiatidnaa
aqueous suspension of Aghl€bntainingm: Au(0.2 wt%)/CeQA).

This supports that gold nanoparticles are the spa@sponsible
for light absorption and trigger the photochemieaknts. In
addition, preliminary experiments using cyclic apitmetry
reveal for Au/CeQ@A) the presence of an oxidation peak at
about +1.49 V that is absent in Ce(@able 6).
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Table 6. Potential corresponding to the positive hole calad from
cyclic voltammograms for Au/CeOmicroparticulate deposits on
paraffin-impregnated graphite electrodes immerseal aqueous 0.10
M NaOH and 0.10 M BiNPFR/MeCN.

Material E (V vs. AgCI/AQ) E (vs. SHE)
Au/CeGy(A) +1.28 +1.49
Au/CeGy(B) +1.00 +1.21

If this were the oxidation potential of the posiiholes in
Au/CeGy(A) they would have enough energy to promote water
oxidation. Scheme 6 summarizes our proposal tomalize the

photocatalytic behavior of Au/Ce@nder visible irradiation.

H0
1/2 0, + 2H*

Scheme 6 Proposed rationalization of the photocatalytiovity of
Au/TiO, forming O, upon excitation of the gold surface plasmon
band.
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3.4 Conclusions

In this study, we have reported the unprecedertetbpatalytic
activity of ceria nanoparticles for oxygen genenatirom water.
The photocatalytic activity depends on the ceridigla size,
and a novel ceria preparation based on templatyosdinate is
reported. In addition, we have also shown that dijpn of
gold nanoparticles at low loading increases thetquatalytic
activity for visible-light-producing samples thathgbit higher
photocatalytic activity than the same material upoadiation at
its bandgap. Moreover, the ceria samples contaigoid under
visible light irradiation outperform the photocat#t activity of
WOs3 under UV irradiation. Our finding opens the way @sing
ceria as a photocatalyst for other reactions.
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Visible light photocatalytic overall water
splitting by combining gold nanoparticles

supported on TiO: and CeO:>*

* T. Marino, A. Primo, A. Corma, R. Molinari and H.afgia,

submitted to Chemical Communication, 2011.

4.1 | ntroduction

The photocatalytic splitting of water under visibleght
irradiation is a greatly desired reaction system Hgdrogen
production. However, powdered photocatalysts alwagsluce
a gas mixture of hydrogen and oxygen in a suchttisgi
reaction and, thus, a separation process for tkengature is
required before the hydrogen can be effectivelyizetl.

Construction of a photocatalytic system enabling separate
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evolution of hydrogen and oxygen from water undsibie light
irradiation is, therefore, of vital interest.

In Chapter 2 has been reported that gold nanofestsupported
on titania (Au/TiQ) is a suitable photocatalyst for the
generation of hydrogen [225]. In this system gadahaparticles
act as a durable and stable photosensitizer, ahbgoxtisible
light and injecting electrons in the conduction ¢harfi the TiQ.
Also, in Chapter 3 has been shown that ceria, aldvemall
average particle size, can behave as semicondwator a
remarkable high efficiency for the photocatalytengration of
oxygen from water [226]. The best performing Ge@mple was
the one that was prepared using a biopolymer “atgihas
templating agent to synthesize particles upper thanm of
average size with a BET of 93°mg”. Also in this case visible
light photocatalytic activity was implemented bypdsiting gold
nanoparticles on CeJAu/CeQ) [226]. Considering the above
precedents and the visible light photocatalyticivégt for
independent hydrogen and oxygen generation usirigi@g or
Au/Ce(, respectively, in the presence of appropriate Seiai
agents, it is useful that these two photocatalystsd also work
in a system to perform the overall water splitinghe absence
of sacrificial agents using a Z-scheme [227]. Iis tB-scheme
methodology, hydrogen and oxygen are generated
photocatalytically in different cells that are ihinated and

separated by a membrane. An electrolyte is useshsore the
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electroneutrality in each cell and to allow chatgesfer from
one compartment to the other. One suitable elgté&ak the
Fe?*/Fe* redox pair. In the present work we want to desctite
overall photocatalytic water splitting using Au o@articles as
sensitizer of TiQ and Ce®@ semiconductors irradiating with
visible light in combination with Nafion film as mbrane
separating both cells and ferric sulphate as @lyté. Nafion
membrane was used as barrier between the two ctmgras of
the reactor because of its chemical and physicgieties [228]
and for its affinity for iron species [229]. Randret al. [229]
investigated the uptake characteristic of differeations (F&
CU* and Nf") by Nafion 117 which is commonly used as
separator for different chemical processes. The Ionane
exhibits its affinity in the order B& Ni**> CU/** similar to that
reported in a previous study [230]. In another gtya31]
Nafion/Fe membrane has been reported to resistkatihthe
highly oxidative radical (Edn.o= 1.90 eV NHE) and does not
allow leaching out of the Fe exchanged on the sidfgroups
within the 3000 hours testing period. Kiwi et al23P]
demonstrated that iron compounds supported on @maf
membrane can give good results in a photo-Fentoterwa
treatment process, where the Fe-ions have beenl fam

remain active in 5O, decomposition.
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4.2 Experimental

4.2.1 Photocatalyst preparation

TiO, was a commercial P25 sample supplied by Deguss@, C
was prepared by starting from an aqueous solutfoalginate
that was flocculated with cerium nitrate followey dalcination
as previously reported. Gold nanoparticles wereosiégd on
TiO, and CeQ following the deposition-precipitation method
starting from HAuCJ and controlling the pH value at 10 as
described in detail (Chapter 2, paragraph 2.2.1¢ &herage
particle size of gold and cerium nanoparticles watermined
by measuring a statistically relevant number ofiplas in the
TEM images of the samples and resulted in 2.7 afdni,

respectively.

4.2.2 Photocatalytic tests

The Z-scheme system (Fig. 30) used for photocatalyt
experiments consists of two-compartment pyrex aagth one
with a volume of 50 mL, separated by a Nafion medif
membrane with an exposed membrane surface area4taf.
Each compartment, containing 60 mg of photocatalyst
suspended in 30 mL of Milli-Q water, was irradiateith a 125
W medium pressure mercury lamp (DLU, HDLM E27)
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equipped with a pyrex glass jacket which allowsni@intain the
system at a temperature of 20 °C. The suspensiens purged
with argon flow for at least 30 minutes before diiedion in
order to remove dissolved air. For polychromatisibie light
irradiation an F€SOy)3 solution (3% w/v) was used as cut-off
filter (A> 400 nm). Hydrogen and oxygen generation was
determined injecting 0.1 mL of each pyrex cell r'ggmte gas in

a GC (Agilent 7890A) operating at isothermal coiadis (50
°C) using a capillary column (CP-PoraPLOT Q, molacu
sieve, 530um inner diameter, 15 m length) equipped with a

thermal conductivity detector and argon as cagéas.

H, () ceo,
[ @ Tio,

(?2
Nafion/Fe membrane

visible light

|
%, @)
P00 ....b..

® Au

_

Figure 30. Schematic diagram of the twin reactor system.
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4.2.3 Membrane preparation

The nafion 117 membrane (Aldrich, thickness of 1in8 was
modified using the following procedure before itseuln the
first step, the membrane was boiled in a 1 M HNGlution for
2 hours to remove any contaminant. Thus, the memebveas
washed with Milli-Q water and then it was immerseca 1 M
NaOH solution followed by 1 M $80, solution for 4 hours
each. Finally, the membrane was immersed in a OFe6Oy);
solution for 24 hours to change its functional grewH with
Fe* ions. The iron content in the membrane was exgthdly
SEM-EDX analysis using a Joel scanning electronrasimmope
(JSM 6300) equipped with a SATW-window with a S)(Li
detector and applying an accelering 20 kV voltag®X
analysis showed a loading of 1.3% before and after
membrane use. The same membrane can be used ferewlif
photocatalytic experiments without relevant changesits

efficiency.

4.2.4 Spectrophotometric iron determination

Spectrophotometric analysis were performed usindg0-1,
phenanthroline (Fluka, Aquanal Plus kit) with a maxm
absorbance a= 510 nm and potassium thiocyanate (Aldrich)

with a maximum absorbance &t 477 nm, for total iron and
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ferric ions determination, respectively. Ferrousnirions
concentration present in solution was calculedheydifference
between total and ferric iron concentration. UV-sjsectra were

recorded using a Varian Cary-300 UV-vis specthropimeter.

4.3 Results and discussion

In a Z-scheme membrane system, the water spliteagtion is
broken up into two stages: one for hydrogen evofuaand the
other for oxygen evolution; these are combined Bingl a
shuttle redox couple (E&Fe*) in the solution. Over a hydrogen
evolution photocatalyst (Ti§), the photoexcited electrons
reduce water to hydrogen and holes in the valeaod loxidize
the reductant (&) to an oxidant (F&). The oxidant is reduced
back to the reductant by photoexcited electronseigdad over
an oxygen evolution photocatalyst (G@Owhere the holes
oxidize water to oxygen. Scheme 7 illustrates gfstesn used in

the present work.
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H*H,
Fe3*/Fe2*|™,

0,/H,0

Scheme 7 Diagram of the Z-scheme overall water splittinging
Au/CeG as photocatalyst for oxygen generation, AukTifr
hydrogen generation and ¥#¢&"* as redox couple. Catalyst 2 gL
pH AuU/TiO, side: 6.5; pH Au/Ce®side: 2.65; Temperature: 20 °C;
irradiation source for each suspension: 125 W mmedjressure

mercury lamp.

Before its use, we submitted the commercial Nafidm to
exhaustive ionic exchange using aqueous ferriasuolution
to introduce F& as counter cation of Nafion polymer. This iron
containing Nafion was tested to determine its gbitio allow
diffusion of iron species. We carried out differeperiments
in which a 5 mM F& (or F€") aqueous solution (150mol of
iron ions in 30 mL of ultrapure water) was placed ane
compartment of the system and ultrapure water aseg in
the other compartment. The presence of correspgnaton

species in the last compartment, due to the iofigstbn, was
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determined over the time. The corresponding p®fié iron

species diffusing through the membrane are prowvid&dg. 31.

Evolved H, and O, (nmol)
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Figure 31 m: F&* (umol) diffusion anda: F€* (umol) diffusion over

the time. linitial concentration of Eeor F€™: 5 mM.

It was observed that while Fediffusion in the chamber

containing pure water grew linearly with the timedacould be

fitted to a straight line, similar experiments witk* salt clearly

reveal two regimes. We interpret these results idensg that

in the first regime, F& ions exchange B& in the Nafion

membrane concomitantly to the diffusion to the ottedl and in

the second regime the Nafion membrane behavestidlyens a

Fe* exchanged membrane. This interpretation was cugfir

by independent experiments starting with & Fexchanged

132



Chapter 4

Nafion membrane.

For irradiation two 125 W medium pressure mercuagnps
were used. These lamps exhibit emission peaks sarede
wavelengths, mostly in the visible region (totabdiance 2133
mW/n? with a 61% in the visible). Preliminary photocsta
tests were carried out using initially ¥esalt in the cell
containing Au/TiQ and F&" in the cell containing Au/CeO
However, these experiments lead consistently togdreeration
of oxygen in both cells (Fig. 32).
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Figure 32 e: Evolved oxygen using Au(0.25 wt%)/Ceg@: evolved
oxygen andm: evolved hydrogen using Au(0.25 wt%)/TiQnitial

concentration of P& (in the Au/CeQ side) and F& (in the Au/TiG
side): 5 mM.

We suggest that the reason why oxygen is generat&d/TiO,

is because Pésalt is formed during the preparation of work-up
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cell and during the early stages of the photocataly
experiments (less than 15 min) in where hydrogemegsion
(instead of oxygen) is observed before changingotminuous
oxygen generation. This percentage of Reould be quenching
the generation of hydrogen and promoting the foionabf
oxygen, due to the preferential reduction of **Feby
photogenerated electrons with respect to the pbadtmtion of
water. Analysis of the P& concentration after addition of e
to the Au/TiQ cell allowed to estimate that about 22% of ‘Fe
ions (initial concentration: 5 mM) has became medi to F&
in the process.

From the previous preliminary results advising tmid the
presence of Fé in the Au/TiQ cell at the beginning of the
photocatalytic reaction, we proceeded under camtin where
Fe’* solution is only added to the cell containing AuBBelt
should be commented that Au/Cefdas been found unable to
generate hydrogen. It has been proposed that &semedor this
is that the energy of the electrons in the conductiand of
Au/CeQ will be not sufficient for water reduction. In doast,
these electrons of conduction band will be ableethuce F& to
Fe?*. Under the conditions in which only ¥és added to the cell
containing Au/Ce® we have been able to observe the
simultaneous generation of hydrogen and oxygehamA/TiO,
and Au/CeQ cells, respectively.

The concentration of electrolyte in the range frarto 50 mM
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was tested and it was found that the best perfgmin
concentration was 5 mM (Table 7).

Table 7. Photocatalytic activity (initial reaction rateg, revolved
hydrogen and oxygen at 4 hours) of the series oicfeaqqueous
solution under study, using Au(0.25 wt%)/%iCand Au(0.25

wt%)/CeQ for hydrogen and oxygen generation, respectively.

Co F€* Evolved H 4Evolved Q 4, Hoto x 10 O, 1o x 1CF

(mM) (umol) (umol)  (umol min®) (umol min®)
2 56.2 28.1 34.2 20.7
5 166.1 75.6 114.0 53.4
10 86.2 43.0 96.3 325
20 43.2 24.2 34.8 21.1
50 25.5 16.3 334 23.5

Fig. 33 shows the temporal hydrogen evolution & Au(0.25
wit%)/TiO, cell and oxygen in the Au(0.25 wt%)/Ti®@ell when
Fe’* 5 mM is added in the Au/CeQell. The influence of the
presence of Au in the photocatalytic performanc&-gicheme
overall water splitting by Ti@ and Ce@ was determined by
comparing the activity for the Au containing semmdactors in
comparison with the same semiconductors in theralesef Au
(Fig. 33).

135



Chapter 4

180 -

: L
| |

3 L |

o~

0120- i

g [ |

& n "

IN - = o O

.cﬁﬂf DD

@ = EE

= o O

g  |m.o

w n O QOB S8S * s s
T

0

0 60 120 180 240 300 360 420

Time (min)
Figure 33 m: Hydrogen and3d: oxygen production using Au(0.25
wit%)/TiO, and Au(0.25 wt%)/Ce® Similar experiments using T3O
and CeQ@ as semiconductors fo®: hydrogen andO: oxygen

production, respectively, led to significantly lowghotoactivity.

Even though the light used for excitation is notlegively
visible light, a positive effect of the presence Afi was
observed. The Au loading plays an important role the
photocatalytic efficiency of the system. To demaatst this
point, in the present study we checked out a syst@nwhere
the Au loading on the TiDand Ce@ was the same and varied
from 0.25 to 1.0 wt%. By measuring the initial ratal the final
amount of hydrogen generated, it was concluded that
optimum loading under these conditions was the $&hwu

content, corresponding to 0.25 wt% (Table 8).
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Table 8. Photocatalytic activity (initial reaction ratey, revolved
hydrogen and oxygen at 4 hours) of the series ¢ gontaining
samples under study, using a 5 mM ferric solutiodt &0, and Ce@
as photocatalyst for hydrogen and oxygen generatiapectively.

Au loading Evolved H, 4, Evolved Q 4, Hotox 1G O, 1o x 10

(Wt%) (umol) (umol)  (umol min®) (umol mir?)
0.25 166.1 75.6 114.0 534
0.6 152.0 61.3 112.1 70.8
1.0 71.0 25.1 67.0 32.2

Chemical analysis of the water after the reactloowaed that the
Au content was below the detection limit (0.1 ppamd TEM
did not reveal changes in the morphology of thetpteatalyst
after use. In a related precedent it has also lbéserved that
Au loading is a key parameter controlling the platalytic
activity of Au/TiO, and that there is an optimal percentage for
the maximum photocatalytic activity [218]. Sincee thresence
of Au nanoparticles is detrimental for the effiagnof TiO,
photocatalysis under UV irradiation, but enhancdse t
photocatalytic efficiency for visible light irradian, we
interpret the beneficial effect of Au observed heoasidering
that under our conditions the largest contributionthe total
photocatalytic water splitting is visible light. miew of the
above data we propose for the water splitting thezhmanism
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shown in Scheme 8.

Scheme 8 Elementary steps occurring in the photocatalgg@ction
upon irradiation of Au containing photocatalyst génunder UV
irradiation: i) photon absorption; ii) charge segi&m; iii) electron

migration to Au; iv) electron quenching by P; vio&idation by hole.

Upon light absorption (mostly visible) electronsn (ithe
conduction band) and holes (in the valence barelganerated
in Au/CeQ. It has been found that electrons in Au/Gede
inefficient to generate hydrogen and therefore thely be
captured by F&, forming Fé" ions that will diffuse to the
AU/TiO, cell. The holes located on Au of the Au/GeO
photocatalyst have sufficient oxidation power tonegmte
oxygen as it has been previously proved [219].hm Au/TiG,
cell similar charge separation as in the Au/gea@ll would
occur upon photon absorption, but in this case rddiction
potential of TiQ conduction band has enough energy to form
hydrogen. The holes on Au will be in this case ghed by F&
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diffusing from Au/CeQcell. To demonstrate the photocatalytic

activity of the pair Au/TiQ and Au/CeQ@ for the overall water

splitting through a Z-scheme using visible light werformed

analogous experiments filtering

light to remove @din

completely the wavelength below 400 nm (Fig. 34)der these
conditions the irradiance decreased from 2133 nmiAtim570
mW/m? from UV and visible light to almost visible lighthe

inset of the Fig. 34 shows the emission spectruntheflamp

used.
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Figure 34 m: Hydrogen anda: oxygen production using Au(0.25
wit%)/TiO,and Au(0.25 wt%)/Ce@ under visible light irradiation.
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Also under these conditions observation of genamatof
hydrogen and oxygen in stoichiometric amount in AwTiO-

and Au/CeQ cells, respectively, was observed (Table 9).

Table 9. Photocatalytic activity (initial reaction ratey, revolved
hydrogen and oxygen at 4 hours) of the Au(0.25 WI%@), and
Au(0.25 wt%)/Ce@ samples using a 5 mM ferric solution for

hydrogen and oxygen generation, respectively, undggble light
irradiation.

Au loading Evolved H, 4, Evolved Q 4 Hoto X 1G O, 1o x 1
(Wt%) (umol) (umol)  (umol mir®) (umol min®)
0.25 30.36 14.89 11.0 4.2

4.4 Conclusions

Herein we have combined the reported high actieitiu/TiO,
to generate photocatalytically hydrogen and thaAwiCeQ to
generate oxygen from water to develop an overai&maplitting
operating through a Z-scheme using a Nafion menebiard
Fe** as electrolyte. The obtained results had showatd4h acts

as photosensitizer allowing the operation of theteay with
visible light.
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Hydrogen photoproduction under
visible irradiation of Au-

TiO2/Activated Carbon*

*J. Matos, T. Marino, A. Garcia, R. Molinari and Barcia,

submitted to Applied Catalysis A: General, 2011.

5.1 I ntroduction

The main objective of the present work is to stuithe
photoproduction of hydrogen under ultraviolet antsible
irradiation of Au/TiQ supported on activated carbon (AC)
prepared by different activation methods in oraewerify the
influence of functionalization of AC upon the Au(ij
photoactivity in hydrogen generation from wateritspg. TiO-
is the best catalyst for photocatalytic applicasiddowever, two
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of the most important operational limitations anattmost of
commercial TiQ has low surface area and its photoactivity is
limited to UV irradiation. Several studies have gerformed
to solve the first limitation employing co-suppor{233].
Particularly, activated carbons (AC) have shownirtorease
remarkably TiQ photoactivity for photodegradation of
pollutants in waste waters and poisonous chem[@&84]. This
cooperative effect has been attributed not onlythe high
surface area of AC but also to the low-strengthad$orption
that permits the diffusion of pollutants from supgpto active
phase [235]. Concerning to the second limitatibwe, influence
of carbon deposits or carbon-doped titania has baeated and
different points of view have been proposed [23@pst of
works suggest that enhanced photocatalytic actontyiO,-AC
catalysts is not due to a change in band energgmiconductor
but to a remarkable influence of the functionafate groups of
AC on TiO, optoelectronic properties, primarily by the
interaction between some of these groups, mainhpocyl
anions or cyclic ethers with Ti atoms as proposadesauthors
and us [236]. Another way to solve the second &tion of
TiO, corresponds to the deposition of noble metal narimbe
exhibiting surface plasmon band as gold supportedTi®,
because the possibility of gold photosensitizatértitania by
electron injection into the conduction band [237The

combination of Au nanoparticles deposited on JTi@nd
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simultaneously supported on AC for the photoproduactof
hydrogen is reported in this Chapter.

5.2 Experimental

5.2.1 Activated Carbon synthesis

AC powders were prepared from sawdust of Tabebuia
Pentaphyla wood by changing experimental conditimmd the
activation temperature in order to introduce ddfer
physicochemical properties, mainly texture and rta&ure and
density of the functional groups on carbon surf§2a8].
Physical activation by gasification under £iw at 800 °C and
pyrolysis under B flow at 1000 °C by 1 hour where firstly
performed [239]. These AC were denoted BACand AGy,.
Chemical activation [240] was also performed after
impregnation of the sawdust with 5% w/w aqueoustsmis of
ZnCl, and HPQ, followed by activation under Nflow at 450

°C by 1 hour. These AC, denoted aszid; and AGyspos, Were
extensively washed and then dry under static ali0at°C by 2
hours. These conditions of synthesis for the ACewszlected
because they showed the highest synergy effectasepce of
TiO, during the photocatalytic degradation of 4-chldrepol
[239,240].
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5.2.2 Au/TiO,-AC preparation

The synthesis of Au/TiI®AC photocatalysts was performed in a
two-step procedure. Au was firstly deposited on IR25
(Degussa) following the method described elsew[&t2]. In a
typical synthesis, a solution (3 mL) of HAuC(0.034 g) in
deionized water was brought to pH 10 by the additb2 mL
NaOH 0.2 M. Once pH was stable, the solution wakeddo a
slurry containing TiQ (0.627 g) in HO( 12.5 mL) previously
basified with 1 mL NaOH 0.2 M. After adding goldlgion to
the slurry, a final adjusting to pH 10 with additad 3 mL of
NaOH 0.2 M was performed and the slurry was vigslpu
stirred for 18 hours at room temperature. Aftessthime the
solid was isolated by filtration and extensivelysivad until free
of chloride and dried 150 min at 100 °C. After e Au-TiC
catalyst was not calcined. The total Au contenttldd final
catalysts was 2.4% as determined by chemical asalys a
second step, Au/Ti&AC photocatalysts were obtained by a
similar method reported elsewhere [242]. Au/FRC samples
were obtained with the relative amount of semicatoiuAC
ratio, expressed in mass, i.e. 10:1, by mixing al2&0 mg Au-
TiO, with 25 mg AC in 80 mL of deionized.B® and this slurry
was vigorously stirred for 20 minutes at room terapee. After
this, the mixture was filtered and dried by 2 hcaird 00 °C. The
following photocatalysts AU/TIQACco, Au/TiO-ACyy,
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Au/TiO2-ACzncp, and Au/TIQ-AChspo, Were prepared by this
method.

5.2.3 Characterization

Characterization of Tig) AC and Au/TiQ-AC was performed
by adsorption-desorption ;Nisotherms, surface pH (pkt),
infrared  spectroscopy (FTIR), X-ray photoelectronic
spectroscopy (XPS), diffuse reflectance UV-visildpectra
(DR/UV-vis) and transmission electron microscopyEKT).
Textural characterization was performed by adsompti
desorption N isotherms at 350 °C. The full isotherms in the
range of 4x 10° to 84 kPa were measured in a Micromeritics
ASAP-2020. Equivalent surface area, micropore aaeal
volume, and pore diameters were obtained by Bruraoemet-
Teller (BET), Harkins-Jura (HJ) and Horvath-Kawaz$4K)
methods, respectively [243]. HJ and HK were empddyecause
they are better suited algorithms having slits apdherical
shapes. Surface pkt of bare AC were obtained by the drift
method [244] by comparing the pH measured afterhd8rs
stirring (to achieve the equilibrium of chargesaiagt the pH of
initial buffer solutions. Fourier transformed infea (FTIR)
spectra were recorded on a spectrophotometer Md)r60

from Nicolet. The powders were mixed with KBr irb% (w/w)
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mixture. The mixed powder was pressed as tabletd om
diameter at 10 tons for 1 minute. The transparablets were
inserted in the apparatus and the spectra weredetdrom
4000 to 400 cr with a resolution on 5 cth KBr reference
spectrum and COfrom ambient have been subtracted from
every spectrum. Diffuse reflectance ultravioletiblis spectra of
samples (DR/UV-vis) were recorded using a UV-VISRNI
spectrophotometer (Cary 5000 from Varian). X-ray
photoelectron spectroscopy (XPS) measurements were
performed on a SPECS spectrometer with a MCD-Scttatand
using a non monochromatic AloK(1486.6 eV) X-ray source.
Spectra were recorded using analyzer pass ener§® of, an
X-ray power of 50 W and under an operating pressfiré0°
mbar. Spectrum treatment has been performed usen@ASA
software. Binding energies (BE) were reference@1s at 284.5
eV. A transmission electron microscope (TEM) opartpat 100
keV accelerating voltage was used also for thiskwior the

microscopy study.

5.2.4 Photocatalytic tests

The photocatalytic experiments were carried outh@ same
system provided of a burette described in Chaptgrafagraph
2.1.3). In the photocatalytic reactions the Au/Fi&C
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photocatalyst powder (2.0 g™} was dispersed in water
containing 0.01 M EDTA. The total volume of the gession
was of 22.5 mL with an initial pH of 4.65. The saspion was
purged with an argon flow for at least 30 minutesfobe
irradiation in order to remove dissolved air. Thé&nwas
irradiated for 4 hours using a 200 W xenon-dopeccarg lamp
(Hamamatsu Lightningcure LC8, 1 cm distance). For
polychromatic visible light irradiation the outpot the 200 W
xenon-doped mercury lamp was filtered through aofufilter
(A> 400 nm). Radiation was verified with a radiometed total
intensity of radiation was about to 14.1 Worand 13.5 W
without and with the filter, respectively. Total gibn flux was
estimated by the procedure described elsewhere] [@f&h
permits to convert Wh? in photonem?s'. The stationary
temperature of the reactor, reached at 5 minutasadfiation,
was 38 °C. The formation of hydrogen was confirmad
injecting 0.5 mL of the reactor headspace gas igas
chromatograph (HP 5890) operating at isothermatiitmms (50
°C) using a semi-capillary column (molecular sie®80 um
diameter, 15 m length) equipped with a thermal catigity

detector and argon as carrier gas.
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5.3 Results and discussion

5.3.1 TiO,/AC Characterization

Fig. 35 shows the adsorption-desorption islbotherms of the
TiO,, and the four activated carbons, &fz ACznciz, ACn2 and
ACh3zpoa

For TiO, a type 2 adsorption isotherm with a small andivairt
hysteresis phenomenon attributed to aggregation of
nanoparticles can be noticed. This isotherm coordp to a
non-porous or relatively large pore sized mateaniahgreement
with the low surface area, the negligible micropeotume and
the large mean pore diameter reported in TableAti8orption
isotherms of AGo2 and AGnciz correspond to a type 1. The
framework of these materials is mainly composed by
micropores. The small hysteresis loop observed AQco:

suggests that this sample also possesses somearessop
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Figure 35. Adsorption-desorption Nsotherms; a: TiQ b: ACcos C:
ACzncip, d: AGy2, €: AGispos

Table 10 shows the surface pH and the texturalgstigs of the

studied materials.
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Table 10. Summary of surface pH (gkt) and textural properties of
different materials. Surface BET area{, micropore area (s,
micropore volume (Mo, total pore volume (M), mean pore
diameter (Wore).

Support pH PzC S?,ET S]pore a Vupore a VtOt b Wpore b

(Mg (m%gY (emigh (em’gh) (A

TiO, P25 6.5 45.17 -0- 0.0024 0.1525 577.86
TiO/ACco2 6.8 86.46 49.20 0.0261 0.3752 974.01
TiO/ACn» 6.8 60.40 1359 0.0105 0.4159 1051.8
TiO/ACznci2 6.2 9251 41.38 0.0249 0.4820 979.03

TiO/ACuzpos 6.0 63.38 21.15 0.0130 0.3881 1034.4

ACcon 8.5 942.86 91259 0.4086 0.4702  6.30
ACnz 8.9 64427 643.09 0.2635 0.2836 5.90
ACznci2 6.0 689.39 687.75 0.2706 0.2720 5.90
AChspos 4.0 24666 23149 00889 01071 5.94

2Obtained by HJ methotDbtained by HK method

ACzncr2 is composed by ca. 99% of micropores whilecA£€
only by ca. 87%, in agreement with the lower meare pidth
found for AGncpe against that of A€o, (5.9 versus 6.3 A).
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This finding can be explained by taking into acdotlne higher
activation temperature in the case of &g which induces the
destruction of certain fraction of the microporezi§]. This
behaviour is the opposite for A&and AGispos In this case,
HsPQ, is thermally decomposed during the activation ilegutio

in situ formation of water molecules [240]. Thefdsion of

water molecules from the core to outside of théb@aaceous
precursor has been reported to be responsibleegpribduction
of an important quantity of mesopores [247], which the

present case corresponds to about 17%. Fig. 36 sshbes
adsorption-desorption isotherms of BBCco2 TiO/ACznciz,

TiO2/ACnz2and TiGQ/ACuzpos
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Figure 36. Adsorption-desorption Nisotherms; a: TiIGACcoy b:
TiOZ/ACch|2, C. TlOZ/ACNz, d: TiOZ/ACH3p04
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As it can be seen in this figure the adsorptioredeson
isotherms are of type 2 with a remarkably vertibgbteresis
phenomenon attributable to aggregation of nanapesti These
isotherms correspond to non-porous or relativetgdaporous
materials. Interestingly, the values in Table 1Govehthat
TiO2/ACco2 and TiQ/ACznciz exhibit moderate surface areas
and one order magnitude higher micropore voluma that of
TiO, alone, indicating that in spite of their relativew
proportion AC plays an important role in the adsorp
capabilities of TIQ/AC materials. We also notice the
TiOo/ACznciz sample presents higherggs value than the
TiOo/ACco2 This fact could be due to the higher micropore
proportion of TiQ/ACzc2 with respect to Agox Also
noticeable was that the T#AC solids have higher mean pore
diameter than that of TK¥Dand this data being associated with
the surface aggregation of TiOnanoparticles as reported
elsewhere [239]. With regards to pid as expected, the higher
the activation or pyrolysis temperature the highes pHzc
which indicate the presence of basic functionalugsoon the
surface of AC (Table 10). Concerning to AC prepaiad
chemical activation, it can be seen from Table hét tAC
prepared with BP0, showed lower pHyc values than those AC
prepared with ZnGl This data indicates that;PO, introduces
more acidic groups on the AC surface as reportsdwdiere
[240].
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. XPS spectra

Fig. 37 shows the XPS spectra in the region Clsselceted
catalysts: TiQ/ACco2 (Fig. 37a) and TigACznc2 (Fig. 37b).
Data were referenced to C1s level at 284.5 eV.
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Figure 37. XPS spectra in the region C 1s; a: F&LCco, b:
TiO,/ACzncpp. Data were referenced to Cls at 284.5 eV.
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Deconvolution of the C1s peak of the two binaryidsoshown
in Fig. 37 clearly indicates differences in cherhimamposition
in the surface of activated carbon [248]. XPS gpect C1s in
Fig. 37a indicated that besides the peak correspgn the
aromatic C=C bonding at about 283.8 eV [249], apdrtant
sharp peak attributed to cyclic ethers (-C-O-Chladut 285.4
eV and a broad peak reported for carbonyl groupsO)Cat
about 287.6 eV [249] were introduced to the surfateAC
during activation. The presence of cyclic ethersugs is in
agreement with the basic surface pH (8.5) ofcAdwhich
increases the surface pid from 6.5 of bare TiQ@to 6.8 in
presence of Ago, (Table 10). In the case of TiACznci
material, besides the peaks of aromatic bondingC{Cand
carbonyl groups (C=0), a small peak at about 283/is
detected and attributed [249] to carboxylic acidlSQOH). In
other words, chemical activation by Zn@las able to introduce
some acidic functional groups on surface of ACrakcated by
the pHbzc of 6.0 for AGnc. The trends of the other two binary
materials (TIQ/ACyn2, and TiQ/AChspog follow those of
TiO2/ACco2 and TiQ/ACznci, respectively. A summary of the
main information and binding energies (BE) obtaifreth XPS
of the samples under consideration is compiledabld 11.

The most important result here concerns to thetfadtthe BE
of Ti 2ps for TiO/ACznc, Was clearly higher than that
observed in the Ti@P25 alone, 459.5 eV against 458.3 eV
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(Table 11) suggesting an increase in the positivarge of

surface Ti atoms in this binary material. This e&se in surface
charge can be attributed to the remnant Zn in thdban

material. The atomic concentration (%At) of Zn frémi report

of XPS spectra was 0.503%, probably as graphitrdatated

Zn compound [250].

Table 11.Comparison of the binding energies (BE, eV) in(H1ss

and Ti 2, regions.

Sample O 1s? Ti 2p3;,*
TiO »-P25 529.6 458.3
TiO/ACco2 529.7 458.5
TiO/ACznci2 530.92 459.5
TiO,/ACy» 529.9 458.4
TiO J/AChzpos 529.9 458.5

®BE referenced to the C1s (284.5 eV)

. FTIR spectra

FTIR spectroscopy is mainly used as a qualitatobnique for

the study of the surface chemical functional groupg. 38
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shows the FTIR spectra of TiCagainst those for AC and
TiO/AC samples.

100

7

] Ti-OH H,0
50 4 TiO, Adsorbed

100

= 50 c=C =
= a C-0-C
ACco2s00
(1]
100 -
= 50 -
- Ti0;-ACc o2 500
(1] T T T T T T y
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (crrl)
100 -

/"\‘

= Ti-OH H,0
= 50 A Adsorbed
N Ti-O

TiO,

0
100 -
c=0"> K

. c-c1
£ 504 Cc-0-C

ACzicn-s%

TiO2-ACzacn 500

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm'l)

156



Chapter 5

100 ~ c
_ ] Ti-OH H:0
= 504 TO: Adsorbed
0
100
= 5o —’“"—’_\M\M
ACNz1000
0
100 — v\ﬁ
& 50
N TiO: ACxz1000
0
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)
100 -~

T

100 4

H.0
Adsorbed

50 /
ACHIPOLE% c-.o.c P-OC
(i}
100 ~
50
TiO2-ACHIPO45%
o0
4000 3500 3000 2500 2000 1500 1000 500

‘Wavenumber (cm1)

Figure 38 FTIR spectra of Ti@ and a: AGo, TiOJ/ACco,, b:
ACznciz, TIOJ/ACzncip, C: ACyz, TIOJACK;, d: AGizpos TIO/ACHzpoa

In the case of Ago2and TIQ/ACcoy, it can be seen from Fig.
38a, that the stretching absorption band in 5001696 of the
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skeletal O-Ti becomes broader in presence ofACThe same
feature is observed in presence of A& This AC is
characterized by the presence of a strong signabwted to
C=0 at high wavenumber (1671 &nwith two associated
stretching signal at about 1114 ¢nand at about 943 ch
attributed to COOH and the -C-OH stretching. Thecfional
groups detected in the FTIR spectra of Fig. 38niyia mixture

of cyclic ethers and carboxylic acids, are in adreement with
those discussed above in the XPS analysis. Thaeimfe of
functional groups AC on TIOFTIR spectra has been previously
confirmed for other kind of AC [251]. For exampla, band
corresponding to the stretching of Ti-O-C surfaces wletected
for the case of interaction of TiQwith AC [240]. In spite of
ACs were washed extensively with hot water (aro80d°C),
some phosphorus and chloride remains on AC forming
functional groups on its surface. From the comparisf the
functional surface groups detected in the AC samlable
12), it can be concluded that acid functional gsougs
carboxylic acid and phenols practically disappeaseden
temperature of activation is high as in the cas@0®f°C or 1000
°C for ACcoz and AGy,, respectively. This observation based on

FTIR agrees with a basic pkt as indicated in Table 10.
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Table 12. Functional surface groups detected in the aciivasebon

of the present work.

Group or functionality

Activated Carbon

(Assigment regions ct) ACco2 ACy» ACzcp2 ACyzpos
Carboxylic Acids v v
X
(1120-1200, 1665-1760, 2500-3300) Medium Strong
Lactones v v
X X
(1160-1370, 1675-1790) Low Strong
Phenolic groups L,
(-C-OH stretching: 1000-1220) X X L X
ow
(O-H: 1160-1200, 2500-3620 ¢h
C-H stretching
X X X X
(2600-3000)
Quinones v v v v
(1550-1680) Strong  Medium Low Strong
C-0O in ethers (stretching) v v v v
(1000-1300) Medium Medium Strong Strong
Ketones v v v v
(1600-1700) Strong  Médium Strong Strong
Aromatic C-C (stretching) 4 4 v 4
(1585-1600) Medium Medium Medium Strong
C-Cl 843 P-O-C
Others - e
cmt 1000 cnit
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. DR/UV-VIS spectra

Fig. 39 shows the normalized data of the diffuséectance
UV/visible spectra of the expansion of the goldface plasmon
band, plotted as the Kubelka-Munk function of tkélectance,
for Au/TiO, P25 and Au/TIQAC samples. The band in the
visible region around 545 nm attributed to the atefplasmon
resonance and ascribed to a collective oscillabbrihe free
conduction band electrons of the gold nanopartitiegsponse
to optical excitation, seems to be negligible iafiaed by the
presence of AC as indicates a small increase inetihectance of
AU/TiO2-AC in comparison of that of Au/Ti©

Abs (a. u.)
o

500 600 700
Wavelength (nm)

Figure 39. Diffuse reflectance UV/visible spectra, plotted the
Kubelka-Munk function of the reflectance. a: Au/B®Ccos b:
AU/TIO,-ACyy»; ¢: Au/TIO>-ACzncpp; d: AU/TIO-ACH3po4 €: AU/TIO..
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The normalized data of the diffuse reflectance URille
spectra at 545 nm showed a lightly increase on EWACcoz
and Au-TiGQ/ACng, while for the case of Au/Ti&ACznciz and
AU/TiO2-AChspos the plasmon results very similar to that of
Au/TiO2. In other words, the absorption due to the plasmon
oscillation in the metallic nanoparticles is praally the same in
presence of acidic AC (Afac2 and AGispog While it slightly
increases in presence of basic AC @&and AGyz), suggesting
that some functional groups in these AC could mfice the
structure of the Au nanoparticles. Accordingly toeypous
works [240], basic AC enhance the dispersion of ,TiO
nanoparticles and concomitantly increases the digpe of Au
nanoparticles which are distributed with very smadirticles

sizes as we discuss below.

5.3.2 Photocatalytic tests

Preliminary runs were performed under the same rexpatal
conditions used for the photoreactivity experimeois in the
absence of catalyst or light. No activity was olsedrin all these
cases, so it was concluded that the simultaneoesepce of
catalyst and irradiation is needed for the occueenf hydrogen
photoproduction. Figs. 40a and 40b show the tenhjgordution

of hydrogen under UV and visible light irradiatioaspectively.
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Figure 40. Hydrogen evolved during the photocatalytic runsigis:
AU/TiOz'ACCOZ; A AU/TiOz'ACZnQZ’ | ] AU/TiOg'ACNQ, o

AU/TIO,-ACH3pos ©O: AU/TIO,, under a: UV irradiation and b: visible

irradiation. Reaction conditions: catalyst concation: 2.0 g [!, 0.01
M EDTA, 22.5 mL HO.
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Table 13 reports the initial reaction rates andilfimoles of
hydrogen formed for the photocatalysts studied.

Table 13. Photocatalytic Activity (initial reaction ratey, revolved
hydrogen and oxygen at 4 hours) of the catalystieustudy, under
UV and visible light irradiation.

uv Visible

Catalysts Evolved Hu, Harox 10 Evolved H 4 Haro x 10°

(umol)  (umol min®)  (umol) (umol min)

Au/TiO2-ACco> 682.2 714.0 308.5 160.2
AU/TIO2-ACzcio 430.5 312.1 204.1 62.3
AU/TiO2-ACy, 568.7 540.2 232.1 97.8
AU/TIO2-ACispos  612.6 595.0 137.4 67.1
AU/TIO, 587.8 544.6 152.9 49.0

As expected, higher rate constants were obtaineterulVv
irradiation than those obtained under only visibladiation.
Under visible irradiation AU/TiIiQACco, showed higher
photoactivity than that of Au/Ti© In addition, it should be
noted that this Au/TiIQACco, photocatalyst also shows higher
photoactivity under UV-vis irradiation than that &u/TiO,
alone. Moreover, Ago2 is the only AC that increases the
photoactivity of Au/TiQ under UV-Vis irradiation. In contrast,
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the initial rate obtained for all Au-THWDAC samples under
visible light irradiation are higher than that ol/AiO, alone
indicating a cooperative effect between photocatahnd AC
support. No photoactivity was detected using bai@, P25
under irradiation with only visible light, the lophotoactivity
obtained with Au/TiQ indicates that the photoactivity under
visible light can be attributed to the surface plas effect of
Au nanoparticles. Comparison of the BET surfacea aned
surface pH values (Table 10) against the initite (dable 13)
shows no obvious relationship between these paeameEor
the case of visible irradiation it seems to be nim@e basic the
pHpzc of AC the higher the photoactivity and this entement
is in agreement with the fact that the injectioretdctron in the
conduction band of the semiconductor is the driforge for
the hydrogen photoproduction from water. In ternfstloe
evolved hydrogen, it can be seen from Fig. 40 ttied
decreasing order of evolved hydrogen after 4 hawasliation
follows the order based on the initial rate. Inestlwords, the
higher phzc of the AC the higher the initial rate and
concomitantly the higher the evolved hydrogen undsible
irradiation which is in agreement with the suggestiof
interaction between oxygen functional groups on taebon
surface with Ti* [252] which is strongly influenced by the gold
nanoparticles on the surface. In spite that FTIRcspm of
AU/TiO-ACn2 is very similar to that of AUu/TI®QACcoy, it
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should be pointed out that Au/TiACy, shows the second best
photoefficiency under any kind of irradiation. Hovee, pHzc
are very similar, and probably Au/Ti\Cy; is less photoactive
than Au/TiQ-ACco, because two reasons, a) less surface area
and b) less oxygen content in the ya®hich is only about 11%
against 23% in Agoz suggesting that interaction between
oxygen groups in A and TiQ would be weaker in this case
compared to Agoz and TiQ. However, it must be noted that
Au-TiO,/AChspos Was the second more efficient in photo
produce hydrogen (Fig. 40) under UV irradiationgesjing that
some specific functional groups as polyphosphatesidc
contribute to the photoactivity of Au/TgOSome authors have
reported that the incorporation of P atoms to ;Tli@uces an
increase on the band gap [253] from 3.2 eV to ¥.8Golon et

al [254] also detected an higher energy band gaibwaed to
charges in the framework of Tj@s consequence of phosphates
in the surface of the semiconductor. Functionaugsoon AC
surface introduce some modifications to the surfzicthe TiG
that can lead to changes in the band gap or ififétene of
charge separation. In other words, the cooperatffext under
visible irradiation could be attributed mainly teet presence of
low surface concentration of acidic oxygenated pspu
particularly carboxyl anions (-COPon AC’s surface which
would coordinate to Tf metallic centre of Ti@ Regarding the

stability of gold nanoparticles, the Fig. 41 shoWsM images
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of Au/TiO,-ACco, before irradiation (Fig. 41la) and after 18
hours irradiation with visible light (Fig. 41b).

Figure 41. TEM images of Au/TiIQACco, a: before irradiation and
b: after 18 hours irradiation with visible light.

In both cases, it can be seen a narrow distributioparticle
sizes of Au nanoparticles on TiQurface. For example, sizes
from 2.4 to 4.8 nm and from 2.3 to 4.60 nm wereratirized
with mean size values of about 3.36 = 0.89 nm a8 3 0.83
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nm before and after 18 hours irradiation, respebtivin other
words, irradiation with visible light does not seéminfluence
the stability of gold nanoparticles in the Au/BHBCcoz
photocatalysts. This is in agreement with the Jevy quantity
of Au detected from the leaching experiments oftpbatalysts
after 4 hours under UV-Vis or visible irradiatiorhieh in most
of the cases was less than 0.1% of the initial Amposition
(2.4% w/w) of photocatalysts. Additional experimenere
conducted only under visible irradiation to verthe influence
of the TIG/AC mass ratio different than 10:1 on the Au/HO
ACco, efficiency. Additional samples were prepared with
TiO,/AC mass ratio equal to 5:1 and 20:1 and Fig. 42shthe
kinetics of evolved hydrogen as a function of tharameter.
Hydrogen evolution rate obtained for Au/Li®25 were also

included for comparative purposes.
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Figure 42. Evolved hydrogen under visible irradiation as action of

the mass ratio Au-TiIQACcoz O: AU/TIO-ACcoA5:1), B: Au/TiO,-

ACcoA10:1), A: AU/TIO;+ACc0oA20:1), O: Au(2.0 wt%)/TiQ.
Reaction conditions: catalyst concentration: 210'g0.01 M EDTA,
22.5 mL HO, cut-off filter A > 400 nm).

It can be seen in Fig. 42 than in any of the thsaenples
conformed by Au/TiQ-ACco the photoproduction of hydrogen
was higher than that obtained using Au/ZR25 without AC. In
terms of initial rate the photoactivity show théldaing order:
AU/TiO2:ACc0210:1> AU/TIG:ACcor5:1> AU/TIOxACcor
20:1> AU/TiQ. In other words, maximum photoactivity was
found for the mass ratio Au/TEACco, equal to 10:1 (Table
14).
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Table 14. Photocatalytic Activity (initial reaction ratey, revolved

hydrogen at 4 hours) of the catalysts under stuthger visible

irradiation.
Catalysts Evolved Hyn ~ Horox 10
(umol) (umol min®)
AU/T|02'ACCOE(51] 220.] 126.(
AU/TiO,-ACc0:(10:1) 308.t 160.2
AU/TiO,-ACc0:(20:1) 197.2 70.C
AU/TIO, 152.¢ 49.C

It must be noted the remarkable decrease in theopbivity at
values higher than this maxima and this phenomevamfirstly
found to be 5:1 by Matos and Herrmann [235] for tlase of
phenol photodegradation in aqueous phase and fioube 10:1
by Matos and Marci [242] for the 2-propanol photiaation in
gas-solid regime employing mixtures of binary mialer
TiO,/AC. These authors explain this behaviour considethe
formation of a common contact interface betweerh tsalids
which is not accessible to water molecules and equsntly the
total number of adsorbed molecules on the phothysita
decreases with the concomitantly decrease in tbeophtivity.
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5.4 Conclusions

Hydrogen photoproduction has been performed undeble
irradiated Au/TiQ combined with activated carbon prepared by
different activation methods and compared agaitfisawiolet
irradiation. Characterization of THAC suggests that
carboxylate anions and other basic groups detextesiirface of
AC interact with the surface Ti atoms of Li@nd this surface
interaction would be responsible of the enhancementhe
photoactivity mainly under visible light irradiaio AC with
basic pH enhanced the photoactivity of Au/TiGor the
production of hydrogen under only visible lightaidiation up to
a maxima factor of about 2.6 times higher than tmAu/TiO;,
and infinitely in comparison of TiQin absence of Au. The
present results suggest the possibility to study/TA

photocatalysts supported on basic AC on real smaditions.
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Positive influence of gold nanoparticles
on the photocatalytic activity of TiO: for

the hydroxylation of benzene by water.*

*T. Marino, R. Molinari and H. Garcia, submitted @atalysis
Today, 2011.

6.1 I ntroduction

In contrast to the numerous studies using phottysigafor
pollutant degradation, reports describing photdgata
processes for the synthesis of valuable organicpooimds are
considerably less abundant. The term “positive @tethalysis”
denotes those processes targeted to the syntHesishemical
and it is opposed to the term “negative” photogatal used to
refer to those processes effecting the degradatiguollutants

[255]. In principle considering the high reactivity electrons,
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holes and hydroxyl radicals as well as other rgaatixidizing
species, one should expect that photocatalysis dvaldo be
applicable in organic synthesis (positive photdgatgs). One
specific reaction of hydroxyl radicals is its elegthilic attack to
benzene giving rise to phenol as the primary proddenzene is
a fairly stable aromatic compound that is reluctantindergo
electrophilic attack. However, the high reactiviaf hydroxyl
radicals makes the process thermodynamically plessithe
main problem of the process of phenol formatiomfrioenzene
by the attack of hydroxyl radicals is the low sélety due to
the fact that phenol is not stable under the reactonditions
and undergoes consecutive reactions with hydroagicals to
give secondary products such as hydroquinone, aesbrand
benzoquinone. In despite of the low selectivity erally
obtained for the hydroxyl radical-mediated synthexi phenol,
the main advantage of this process is the conveeiand the
availability of the starting materials that would bnsubstituted
benzene and a source '&H radicals. In the present case to
generate théH radicals we have used the photocatalytic water
splitting using gold supported on titania as semazector.

The aim of this work is to show that by depositioihsmall
amounts of gold nanoparticles on Bj@emarkable differences
in the photocatalytic activity and selectivity che observed.
The yield of phenol almost doubles by selectingahpropriate
gold loading. Compared to the commercial route pbenol
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formation based on cumene oxidation and subsecgidfuric
acid rearrangement [256], the photocatalytic precesported
here only uses water as a source of hydroxyl rédiead
benzene. Also compared to the ENI process of datdlgnzene
oxidation using hydrogen peroxide as oxidant rea{f#hsv], the
direct photocatalytic oxidation of benzene hasdtieantage that
does not require any chemical oxidizing reagentepikavater
and the “TiQ” photocatalyst is considerably more robust
compared to titanium silicalite that is the catalgmployed in
the ENI process. Recent studies report that seéegqihenol
production is achieved in some Ti€ystems [258, 259]. Choi et
al. [260] reported the photoirradiation of watentning 4% of
acetonitrile and benzene with TiOin presence of
polyoxometalate (PWO,0*) obtaining the selective phenol
production with relatively high vyield (11%), althgiu the
mechanism is not clarified. Langford et al. [26bufd that
TiO,-loaded ZSM-5 zeolite irradiated in an aerated agse
solutions (pH 11) containing benzene produce phesitbl 21%
selectivity, probably due to the lower affinity phenol on the
catalyst surface. Recently, there is some contsyvetbout
whether or not the presence of gold increases oredes the
catalytic activity of TiQ[262]. While for cyclohexane oxidation
it has been found that gold decreases the photgtatactivity
of TiO,due to the reduction of surface hydroxyl groupolned

in the generation of hydroxyl radicals [263], Gar@nd co-

173



Chapter 6

workers have shown that for visible light wateritsiplg [225]
and photocatalytic Fenton reaction [264], the preseof gold
introduces visible light photocatalytic activityathis not present
in plain TiG. In view of the economical importance of the
process there is a considerable interest in asgp#sifor the
photocatalytic transformation of benzene into phergold
nanoparticles play or not a positive role enhant¢imgyield of

phenol in respect that achieved for unmodifiedTiO

6.2 Experimental

6.2.1 Materials

Samples containing gold in different percentagesevpeepared
by deposition of gold from aqueous solutions of KAu(Alfa
Aesar) over suspended TiQP25 Degussa). Sodium hydroxide
(NaOH, purity 98%) for the preparation of gold-caining TiG,
samples was from Sigma. BenzengH§; purity 99.8%) was
from Carlo Erba Reagenti. PhenolstgOH, purity 99.99%),
benzoquinone (§H40,, purity 99.9%), biphenyl (GH1o, purity
99.99%), hydroquinone EsO,, purity 99%), resorcinol
(CeHsOo, purity 98%) and catechol {8s0,, purity 99.5%) for

analytical calibration were from Sigma—Aldrich.
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6.2.2 Photocatalyst preparation

For the present work we used four similar sampieshich gold
nanoparticles have been deposited in the surfaCE@f The
sample preparation is based on the conventionabsism-
precipitation method that has proved to be a slatab
experimental procedure for the obtainment of sngdld
nanoparticles with average dimension below 10 nchsarongly
bound to the Ti@ surface [225], chemical Au analysis in the
Au/TiO, samples showed that the gold content varies fr@8 0
to 2.2 wt%.

6.2.3 Characterization

Photocatalyst samples were characterized usingall@ving
techniques: diffuse reflectance UV-vis—NIR spectiEM,
XRD, Raman spectra (Chapter 2, paragraph 2.2.2)s Ga
chromatograph mass spectrometer from Shimadzu (&C-M
QP2010S) was used to identify the oxidation prosiwaft the
photocatalytic tests. Phenol and oxidation by-potsiu
concentrations in the aqueous and organic phasese we
determined by high performance liquid chromatobyap
(HPLC, Agilent 1100 Series instrument) using a KexeC18
(50 mmx 2.1 mm) column by UV detector monitoring 265 nm.
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The mobile phase consisted of water/acetonitrilé3TQ\v/v)
containing 0.1% formic acid fed to a flow-rate 06 @nL min™.
The column pressure was 155 bar and the injectdunve was
20 pL. All the aqueous samples were filtered by medrs low
adsorbing  hydrophilic  polypropylene membrane (Pall
Corporation, mean pore size 0.2 mm) before carryingthe
analyses. Ultrapure water used throughout the wads
obtained from Milli-Q equipment by Millipore. TheWlight
intensity was measured by a UVX Digital Radiometieom
UVP).

6.2.4 Photocatalytic tests

Photo-oxidation experiments were carried out incaeactor
equipped with a Pyrex glass jacket at a constanpéeature of
25 °C. A 500 W medium pressure Hg lamp (Heliosguaktz)
emitting in the UV-Vis range\ax = 366 nm, emission profile
between 240 and 440 nm) with an intensity of 6.0 e was
placed above the reactor.

The reactive solution consisted of 500 mL of ultnagp water
containing the suspended catalyst and 5 mL of benzeH was
measured using a WTW Inolab Terminal Level pH meii¢h a

glass pH electrode SenTix.
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The reactive solution, magnetically stirred, wasistiiuted by
500 mL of ultrapure water containing the suspenzdlyst and

5 mL of benzene.

6.3 Results and discussion

6.3.1 Characterization

The presence of Au nanopatrticles on Au/J@@an be ascertained
by the TEM images of the samples. TEM also alloavestimate
that titania crystallites have about 20 nm partsilee that is a
common dimension for many titania photocatalysts @n
example Fig. 43 shows selected TEM images obtaiioed
AuU/TiO, samples and the corresponding statistical size

distribution.
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Figure 43. TEM images and corresponding particle size distitim
histograms of two selected Au/TiGsamples varying in the Au
content. a: Au(1.5 wt%)/Tig) and d:Au(2.2 wt%)/TiQ

Table 15 lists the samples used in this study aed televant
physical-chemical data.

Table 15. List of photocatalysts used in the present study their
corresponding gold loading, calcinations tempemi{t..), particle

size (d) and wavelength of the surface Plasmon Bang.

Photocatalyst Lc(CC) & (NM)  Apax (NM)
TiO, -- 21.0 320
Au(0.25 Wt%)/TiG 200 1.80 548
Au(1.0 wt%)/TiO, 200 2.57 550
Au(1.5 wt%)/TiO, 200 3.42 543
AU(2.2 W%)/TiO, 200 5.70 547
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The presence of gold nanoparticles in the four maddio,
samples was additionally confirmed by powder X-rays
diffraction (XRD), as shown in Fig. 44. Even thoutjte gold
content is low, the higher gold atomic weight refato titanium
makes XRD to be more sensitive for this heaviemelat. Two
peaks at @ value of ca. 38.2and 44.1were observed revealing
the presence of metallic gold (Au) particles int@Od The
crystalline phase of the support could also berdeted by
XRD analysis.In particular, we found that to be preferentially
anatase, which is the almost active phase of &taaithough

peaks corresponding to rutile phase were also vbder

Intensity (a.u.)

20 40 60
2-Theta (degree)

Figure 44. XRD patterns obtained for a: Au(0.25 wt%)/%jO b:

Au(1.0 wt%)/TiG, ¢: Au(l.5 wt%)/TiQ) and d: Au(2.2 wt%)/TiQ

A: anatase, R: rutile.
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The Raman spectra with the assigned vibration péakshe
gold containing catalysts are shown in Fig. 45.146 cm' a
well resolved TiQ Raman peak is present for all the studied
photocatalysts. The presence of the charactebsticl at 197,
395, 515 and 640 cmconfirmed the predominant crystalline
phase for the substrate being anatase. Howevenaal Ipeak at

448 cm' is attributable to the rutile phase.

Intensity (a.u.)

"ao0T o

200 400 600 800
Frequency Shift (cm™)

Figure 45 Raman spectra. a: Au(1.0 wt%)/BiOb: Au(2.2
wt%)/TiO,, c: Au(0.25 wt%)/TiQ, d: Au(1.5 wt%)/TIQ).
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6.3.2 Photocatalytic tests

The photocatalytic formation of phenol was carr@md under
batch conditions by irradiating benzene-saturatepieaus
suspensions of the corresponding photocatalystg7 (By/L)
using the output of a medium pressure mercury |lampugh
pyrex glass. The course of the photocatalytic reastwas
followed by analyzing phenol and the byproductsveel from

it (hydroquinone, resorcinol, benzoquinone). Fif.shows the
temporal evolution of phenol formation depending the
photocatalysts. From this plot it can be seenTi@; is at initial
time the most efficient catalyst exhibiting the gt initial
reaction rate. However, after 90 minutes irradmatio the
presence of Ti@the phenol concentration reaches a plateau and
finally decreases at longer reaction times. Thidicates that
TiO, is unselective and starts converting phenol ifordducts
at lower concentrations than the Au/pi€amples. In contrast all
the gold containing photocatalysts exhibit much dovinitial
reaction rate and in some cases an induction peaadeven be

seen (see inset of Fig. 46).
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Figure 46. Temporal evolution of phenol concentration for the
photocatalytic hydroxylation of benzene (1.77 mpLm: TiO,, [I:
Au(0.25 wt%)/TIQ, A: Au(1.0 wt%)/TiQ, O: Au(1.5 wt%)/TiQ, |

®: Au(2.2 wt%)/TiQ. The inset shows an expansion of the profile for
Au(0.25 wt%)/TiQ .

We think that this induction period reflects thdtet first
hydroxyl radicals formed are surface bound andtresit the
photocatalyst producing changes in the either,To® Au or
AU/TiO, interface without affecting benzene. After this
induction period the photocatalysts equilibrate t#veh freeOH
radicals became available in the solution to attszkzene.
Concerning the influence of Au loading, Fig. 46 whothat
AU/TiO, samples give higher phenol yield than that reached
with TiOs. In particular the highest phenol yield was acbdv
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for Au/TiO, at 1.0 wt% Au loading. For this Au(1.0 wt%)/TiO
the yield of phenol is almost doubles to that aiedi for
unmodified TiQ.

This influence of Au decreasing the initial reantioate,
exhibiting an induction period but reaching higheptl yield
suggests that gold nanoparticles are acting adytatasites
controlling the reactivity of photochemically geasd OH
radicals and preventing or disfavouring the subsetju
secondary reactions of phenol to hydroquinone,regsa and
benzoquinone.

Concerning these secondary byproducts, the vyields o
hydroquinone and resorcinol are relatively low aalevays
below 5%. In contrast, the concentration of benauane can be
significantly higher than the other two dihydroxyenzene
isomers. Fig. 47 shows the temporal profile of legpinone
yield depending on the photocatalysts used. Asiit loe seen
there, benzoquinone can reach a significant coretgom at
final reaction times with similar yield for Tgland Au/TIQ at
1.0 wt% loading. This similar benzoquinone concain
contrasts with the higher phenol yield attained Aar'TiO, at
1.0 wt% gold loading and could indicate that thevarsion of
phenol into benzoquinone is slower for the Au combg
catalyst.
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Figure 47. Temporal evolution of benzoquinone vyield for the
photocatalytic irradiation of benzene in presentellb TiO, [I:
Au(0.25 Wt%)/TiQ , A: Au(1.0 Wt%)/TiQ, O:Au(1.5 Wt%)/TiQ,

@®: Au(2.2 wt%)/TiQ.

Concerning catalyst deactivation, in a previous wark [225]
in which 'OH radicals came from water, no significant redurcti
in the activity of the -catalyst powders were obedrtv
Reusability of The Au/TiQ catalysts after their first use,
showed that the same kinetic profile was obtaiMdreover,
after two consecutive uses the filtered catalyst alaaracterized
by chemical analysis and electron microscopy witladaserving

changes with respect to those of the fresh cati2g&].
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6.4 Conclusions

The present results have shown that Au nanopastiatean
appropriate loading can exert a positive influerme the

photocatalytic performance of TiQor benzene hydroxylation.
Although the presence of Au decreases the inigattion rate,
at longer reaction times higher phenol concentnatiare
obtained for gold containing photocatalysts eveaugh the
yield of benzoquinone is similar in both cases.

Thus our finding illustrates again the beneficrdluence of the
presence of gold nanoparticles supported on titatidow

loadings in photocatalysis.
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Conclusions

The present study demonstrates the possibilityatoyocout the
water splitting reaction in a membrane reactor #rel partial
oxidation of benzene into phenol in a batch readtoiobtain a
very sustainable technology in chemical energy pectidn and
in organic synthesis. Heterogeneous photocatatggiesents a
very promising method that offers the possibilibyuse two of
the main renewable sources, solar light and wdtermake
chemical processes of increasing interest. Differgold
containing catalysts, prepared by the depositi@eipitation
method, were employed in the water splitting remsrctito
generate hydrogen or oxygen under UV and visibghtli
irradiation, using a commercial titanium dioxideaosynthetized
cerium oxide as support, respectively. By usingibles
monochromatic or polychromatic excitation that emsuthat
light is absorbed exclusively by gold nanoparticles have
demonstrated that gold can have an additional aslelight
harvester besides gas evolution center. We profusegold
nanoparticles absorb photons and inject electronie the
semiconductor conduction band, due to a quantueediect of
the nanometric metal size. Electrons in the titaszbaduction
band and holes in certain gold nanoparticles coliée
adequate relative potentials to generate hydrogehcxygen

from water, respectively. We have also found thétecbnt
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parameters, like gold particle size, pH and catcoma
temperature influence the catalytic activity. Apgdty the
combination of appropriate loading, small partisiee and low
calcination temperatures favors the photocatabgitvity of the
materials. A novel biopolymer-templating methodglogias
developed to synthesize nanoparticulated ceria. rEisalting
nanoparticulated catalyst exhibits high photoattivas a
semiconductor and when it contains appropriate g@Edings is

a stable and efficient photocatalyst for oxygenleton under
visible light irradiation. The overall water spiitt) reaction was
studied in a Z-scheme device. Simultaneous hydroged
oxygen generation was performed by irradiating ADjiTand
Au/Ce(G, agueous suspensions separated by a modified Nafion
membrane and using ¥&E" as redox couple. A
stoichiometric amount of hydrogen and oxygen under
polychromatic visible light irradiation was obtathe Water
splitting reaction to generate hydrogen was alsodist
employing Au/TiQ catalysts supported on activated carbons
that were prepared by thermal and chemical methodiger UV
and visible light irradiation. The achieved datawhkd that the
performance of Au/Ti@supported on activated carbon could be
enhanced under visible light when basic groupspaesent on
the carbon surface.

Application of gold supported photocatalysts wassoal

investigated in the one step photooxidation of keez to

187



Conclusions

phenol. The organic synthesis was carried outbatah reactor
using several Au/Ti® samples. The results of photocatalytic
experiments showed that gold play a positive raie the
efficiency of the process, enhancing the final gjief phenol
compared to that obtained with bare Ti®he major drawback
of the process is still the low selectivity of theocess and the
formation of secondary oxidation products such as
benzoquinone, for all the used photocatalysts.

The research study conducted during the PhD cawisiences
the positive role of gold nanoparticles supportedtitania or
ceria at low loadings in photocatalytic processes suggest the
possibility to use solar light to carry out envinoentally

sustainable processes.
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