Buletinul Stiin tific al Universitatii “Politehnica” din Timisoara, ROMANIA
Seria CHIMIE SI INGINERIA MEDIULUI
Chem. Bull. " POLITEHNICA" Univ. (Timisoara) Volume 54(68), 1, 2009

Fe,O3;— Nanoparticles, Physical Properties and Their Phaichemical
And Photoelectrochemical Applications

M. Chirita, |I. Grozescu

National Institute for Research and Developmentl@tttochemistry and Condensed Matter, TimisoarautiRls Andronescu Str. 1,
RO-300224, Timisoara, Romania, tel. 004025649441 3a:I¢hirifiz@yahoo.com, grozescu@icmct.uvt.ro

Abstract: This paper outlines the main properties of irordexhanoparticles and their various applicationaniinovel
approaches are described in the use of photoetbemastry such as solar energy conversion, watdittisg,
photocatalysts for the removal of organic and iaoig species from aqueous or gas phase. The nataltine
semiconductor thin films are shortly describédso, we describe briefly the core shell and cdrellsshell structures.
Nnanocomposites structures with particularly indérey architectures in photocatalysts is preserittemely modern
various shapes and dimensions of iron oxide narenat are reminded, such as nanowires, nanoraatubes,
hollow fibers, snowflake-like, and ring-like.
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1. Introduction magnetite through vacancies on the cation subtattic
time, at room-temperature, the maghemite turns into

The iron with his 26 protons in nucleus is a congrin hematite crystalline structure. Maghemite has thenes
of transition elementgroup. Isotopes liké'Fe, *Fe,>Fe  crystalline structure like B©®, (magnetite). Main distinct
and *%Fe are extremely stable. It is the last elemerdgatures of maghemite are the presence of vacairiés
produced in the nucleus of stars (only in the shigger PoOsition with symmetry reduction. The other polyptus,
than five solar mass) through nuclear fusion, st the the cubic bixbyite structure “beta” and orthorhombi
iron is the heaviest element created outside theelysmic ~ Structure “epsilon”, as well as nanoparticles dffafms,
supernova processes. In abundance, is the tenthein have been synthesized and extensively investigated
Universe and the forth on the Earth (the secondinadter recent years [1,2]. Epsilon is a transition phaséwvben
aluminum). The Earth comprises 80% Iron in a 21@@sn hematite and maghemite. The first scientific repatout
radius sphere. Iron is widely spread in the natire €psilon FeO; was published in 1934 (Forestier and Guiot-
different chemical compounds. The interesting daast Guillain). The detailed structural characterizatiasf
about transition metals is that their valence etext or the epsilon phase was published by Tranc in 1998 and by
electrons they use to combine with other elememtdcabe Klemm and Mader later. Until now, the way to proeluc
found in more than one shell. This is the reasog,whey epsilon FeO; is gamma—>epsilon->alpha & Beta
often exhibit several common oxidation states. Nalyn F&Os with his cubic bixbyite structure has paramagnetic
the iron has eight electrons on valence shield duelto Properties. Gamma and epsilon type B¢ are
oxygen's electronegativity it can form bivalent anderromagnetic; alpha £®; is a canted antiferromagnetic
trivalent combinations. The iron oxide ¢&®), the most While beta type F©; is a paramagnetic material.
common oxide of iron has the important magneticallj/aghemite FgO; is biocompatible and therefore is one of
properties too. From the viewpoint of the basiceagsh, the most extensively used biomaterials for différen
iron (Ill) oxide is a convenient compound for thengral applications like cell separation, drug delivery dancer
study of polymorphism and the magnetic and stra¢turtherapy, magnetic induced hyperthermia, MRI comtras
phase transitions of nanoparticles. The existenée ®@gent, immunomagnetic separation IMC and others.
amorphous F®, and four polymorphs (alpha, beta,Generaly, the semiconductor properties of the higgnate
gamma and epsilon) is well established [1]. The tmo§xtremely useful in solar energy conversion, phatalgse,
frequent polymorphs structure “alpha” (hematiteyihg a Water splitting and the magnetic properties of neayite
rhombohedral-hexagonal, prototype corundum stresturPlay an important role in different applications ludalth
and cubic spinel structure “gamma’ (maghemite) haveare. For this purpose, a large number of mateirialailk
been found in nature. At a temperature of 85phematite as well as in the form of nanoparticles have beeated
turns into FgO, with a high energy loss. Hematite hagdor a variety of photochemical and photoelectrocicain
strongly antiferromagnetic properties. Gamma,Cze applications.
(maghemite) is the ferrimagnetic cubic form of Mg(l In this paper, we summarize the main features of
oxide and it differs from the inverse spinel struet of ~Photochemical photoelectochemical applications, rethe
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semiconductor properties of iron oxide nanopari@es in Fe0O; has ten percent lower magnetic properties than
use. magnetite Fg0, and a lower density than hematite.
Cherepy [13] carried out ultra fast studies of pleatited
2. AlfaFe,Os-Hematite, physical properties electron dynamics in both maghemite and hematite
semiconductor nanoparticles. They found that heenhtd
Hematite has the same crystallographic strucligee an absorption spectra with 200, 230, 285 and 340,
(6:4) alpha AJO;- corundum. The anions have a hexagondxtending to 560 (nm) corresponding to 6.2; 5.4; 8.6
closed packed structure (characterized by the aegulnd 2.2 (eV) respectively [5].
alternation of two layers; the atoms in each ldigeat the Maghemite has a similar crystalline structure to
vertices of a series of equilateral triangles, #redatoms in magnetite and the same chemical composition as titema
one layer lie directly above the centers of thangies in being a metastabile phase between magnetite anatitem
neighboring layers) and the cations occupy 2/3 haf t In the crystalline structure of magnetite and magjke
octaedric sites [3]. In other words, the oxygensioecupy ©Xygen ions are cubic close packed with both octedte

hexagonal sites and the iron ions are situated onthe and tetrahedral sites occupied by iron, wheredmatite,
surrounding octahedral sites. oxygen ions are hexagonally close packed, and ison

As distances between atoms are rising witRresent only in octahedral sites. The main distfeature

temperature, hematite magnetization depends syomgl Of maghemite is the presence of vacancies in Fes sit
this parameter. Therefore antiferromagnetic hematiParalleled with crystal symmetry loss confirmed BX
nanoparticle deserves a special attention, duéhgofact diffraction. At room temperature, the magnetic motnef
that is not atypica| ferromagnet [4] bulk gamma type Fe203 is ~430 (emU/CC) and the

Below 260 K the magnetic arrangement has ¥e mMmagnetic moment of alpha type Fe203 is very small
spins directed along the [111] axis and paired scthe (~lemu/cc) [3]. Under 15nm [15], gamma ,B¢
shared octahedral 260 K, the spins become esdgntidlanoparticles become superparamagnetic. Due toaspec
localized in (111) sheetdace. However, the spins havemagnetic properties, maghemite can be used withessc
canted slightly out of the plane, generating a wedler a variety of medical purposes: cell separatidryg
ferromagnetic moment along the [111] axis. In addito delivery in cancer therapy, magnetic induced hyyerhia,
the antiferromagnetism below 260 K the hematiteilith MRI contrast agent, imunomagnetic separation IMC as
weak ferromagnetism above 260 K. This low tempeeatuWell as other applications. The absorption spedtra
transition is called the Morin transition,T The Morin mMaghemite has been identified at 200 and 285 (nm),
temperature has been found to be strongly dependetiie  corresponding to 6.2 and 5.4 (eV) respectively. Spéc
size of the particles, generally decreasing withaitd Vvalue of maghemite band gap is 2.3 (eV) [6]. The
tending to disappear below a diameter of ~8 (nnm) fgphotodisolvation process of maghemite, constitutes
spherical particles [7] Under 8 (nm), the hematite POowerful limit in use of this material in
nanoparticle has superparamagnetic properties trget Photoelectrochemichal applications.
dimensions are strongly dependent of the synthesis
methods. Superparamagnetic hematites with 20 (adijis 2-1 Photochemistry and Fermi level
have been reported. _ o _ .

The hematite photoelectrochemicptoperties were An important concept in discussion of solid state
intensively studied in the last years, especiaflywiater Materials is the Fermi level. This concept is pnese very
splitting, photovoltaic effects, photocatalitic @dts. The Clear by Adrian W. Bott in [17] and we transcribeah
b|ggest Cha”enge is to produce Cheap semiconduigtith Fermi lavel is defined as the energy level at which the
a low band gap and large absorption capacity frotars Probability of occupation by an electron is %z; éxample,
Spectrum_ Hematite has an absorption Spectrums'ih)'gi for an instrinsic semiconductor the Fermi |eveIS|i!Et the
between 600 and 295(nm) [4]. Undopped iDzewas mid-point of the band gap. Doping changes theiligion
intensively studied [4] and the efficiency in waterof electrons within the solid, and hence changesR&rmi
electrolyze was 2%. In [4] an efficient couplingtween n level. For an-type semiconductor, the Fermi level lies just
and p-hematite is presented. Type p-hematite wesingti below the conduction band, whereas for patype
by spray-pirolise method. In literature, the magmesis semiconductor it lies just above the valence bavid.now
the most studied p-dopant for hematite, as welCasand Need to consider what happens at the (idealizad)fate
Ti which can be used for p-doping hematite obtajnidew between a semiconductor electrode and an elearolyt
dopants like Cu, Ca, Mg, Ni, Zr, Zn, are descrifiedhe solution. In order for the two phases to be in kopiim,
literature lately. Photocurremfeneration in nanostructured their electrochemical potential must be the sambe T
thin films was presented by many [5, 6, 9, 10]. The maifilectrochemical potential of the solution is detewed by
differences between magnetite and maghemite are tH® redox potential of the electrolyte solutiond &ine redox
presence of Fe Il in magnetite and the presenaeatidn potential of the semiconductor is determined by Rkemi
vacancies in maghemite [14]. The ionic radius of(Peis level. If the redox potential of the solution ar tFermi
larger than of Fe (lll) so that the Fe(ll)-O borsdlonger level do not lie at the same energy, a movemewhafge
and weaker than Fe(Il1)-O bond. Since the acidadig®n between the semiconductor and the solution is reduin
involves the breakdown of the Fe-O bond, the diggmi order to equilibrate the two phases. The excesgyeftaat
of magnetite is faster than the maghemite one [G4jma is nowlocated on the semiconductor does not lighat
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surface, as it would for a metallic electrode, butends
into the electrode for a significant distance ¥100°A).
This region is referred to as tlspace charge regigrand

promoted electron and the resulting hole typicaltgurs,
together with the production of heat. Howevert ibécurs
in the space charge region, the electric fieldhis tegion

has an associated electrical field. Hence, theestao  will cause the separation of the charge. For exanipl an
double layers to consider; the interfacialn-type semiconductor at positive potentials, thedbadges
(electrode/electrolyte) double layer, and the spatarge curve upwards, and hence the hole moves towards
double layer. For am-type semiconductor electrode atinterface, and the electron moves to the interibrthe
open circuit, the Fermi level is typically highdrah the semiconductor. The hole is a high energy speciasdan

the

redox potential of the electrolyte, and hence ebext will

extract an electron from a solution species; thathien-

be transferred from the electrode into the solutiortype semiconductor electrode acts as a photoarddbe

Therefore, there is a positive charge associatdt thie
space charge region, and this is reflected in awatgh

flatband potential, there is no current, eithethia dark or
upon irradiation, since there is no electric fieddseparate

bending of the band edges. Since the majority &argny generated charge carriers. At potentials negati the

carrier of the semiconductor has been removed ftum
region, this region is also referred to adepletionlayer.

flatband potential, an accumulation layer existsd &he
electrode can act as a cathode, both in the datkupon

For ap-type semiconductor, the Fermi layer is generallyrradiation (the electrode is referred to as a dzathode

lower than the redox potential, and hence electronst

under these conditions). At potentials positive tbg

transfer from the solution to the electrode to iatta flatband potential, a depletion layer exists, seréhcan be
equilibrium. This generates a negative charge éengfhace no oxidative current in the dark. However, upoadiation,
charge region, which causes a downward bendindnén ta photocurrent can be observed at potentials negafithe

band edges. Since the holes in the space chargm rag
removed by this process, this region is again detiep

layer. As for metallic electrodes, changing theepttl

applied to the electrode shifts the Fermi levele Tdand
edges in the interior of the semiconductor (i.eayfrom

the depletion region) also vary with the appliedepdial in

the same way as the Fermi level. However, the é®af

the band edges at the interface are not affectethbgges
in the applied potential. Therefore, the changethe

energies of the bandedges on going from the intefithe

semiconductor to the interface, and hence the radmi
and direction of band bending, varies with the &gopl
potential. There are three different situations le

considered:

a) At a certain potential, the Fermi energy lieghat
same energy as the solution redox potential. Tisane net
transfer of charge, and hence there is no banditgnthis
potential is therefore referred to as flatband potential.

b) Depletion regions arise at potentials positifehe

redox potential of the analyte, since some of thergy
required for the oxidation is provided by the raidia (via
the high energy hole). Using similar reasoningcah be
shown that p-type semiconductor electrodes are dark
anodes and photocathodes.

3. Photocatalytic and photoelectric process

A number of major disciplines have separately
developed as distinct fields of energy researchziuti
nanostructure materials: i. Heterogeneous photlysiga
ii. Photoelectrochemistry - including electrocheahic
photovoltaic cells; iii. Photochemistry in zeolitesnd
intercalated materials; iv. Photochemistry of tfiims and
membranes-including self assembled structures; and
Supramolecular photochemistry [17].

According to IUPAC [nternational Union of Pure and
Applied Chemistry)}compendium of chemical terminology,
photocatalysis is defined as a catalytic reactimrolving

flatband potential for am-type semiconductor and atjight absorption by a catalyst or by a substrat8].[1

potentials negative of the flatband potential fop-type
semiconductor.
c) At potentials negative of the flatband potenfi

Significant research efforts were made to searchnéw
oxide materials with smaller bandgaps to enhansilei
light absorption . F®; stands out with its nearly ideal

an n-type semiconductor, there is now an excess of ﬂb%mdgap of 2.2 (eV) and its high-photochemicaliktgtin

majority charge carrier (electrons) in this spadmrge
region, which is referred to as aoumulationregion. An

aqueous solutions. Faust et al. [19] examined titalslity
of F&0Os; as a photocatalyst by studying the kinetics and

accumulation region arises inmtype semiconductor at mechanisms of the photocatalytic oxidation of sulfu

potentials more positive than the flatband poténfidne
charge transfer abilities of a semiconductor ebeldr

dioxide in aqueous colloidal suspensions of 3-2&)(n
Fe0s. The results showed that the small hematite dsy/sta

depend on whether there is an accumulation layea orpossessed photocatalytic activity for the oxidatdsulfite

depletion layer. If there is an accumulation laytre
behavior of a semiconductor electrode is similathtt of a
metallic electrode, since there is an excess ohthgrity
of charge carrier available for charge transfercdéntrast,
if there is a depletion layer, then there are fdvarge
carriers available for charge transfer, and electransfer
reactions occur slowly, if at all. However, if thkectrode is
exposed to radiation of sufficient energy, elecsroan now
be promoted to the conduction band. If this processurs
in the interior of the semiconductor, recombinatafnthe

(S(1V)), which readily depleted when the colloidal
solutions containing 1 (mM) S(IV), and 0.1 (mM) tife
nano-FgO; particles were illuminated with light, of 320
(nm), in the presence of air. Kormann et al. [20§oa
examined the suitability of BE®; (3—20 nm) in size as
photocatalysts. They also compared the photocatalyt
activity of hematite to the activities of colloidand
suspensions of ZnO and TiONhile ZnO and TiQ@ were
found to be quite active photo-oxidation catalyiststhe
formation of hydrogen peroxide and in the degraxhatf
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chlorinated hydrocarbon molecules, only negligiblehe sum of the charge transfer rate and the elettote
photocatalytic activity was found for [¥&. Bahnemann recombination rate. Without recombination the quemt
[21] has also carried out several tests to comphee yield would take on the ideal value of 1 for the
efficiencies of several semiconductors as photbgsta photocatalytic process. Charge carrier trapping levou
In recent years, environmental cleanup and watsuppress recombination and increase the lifetimehef
splitting applications have been one of the modivac separated electron and hole. Surface and bulk tefec
areas in heterogeneous photocatalysién ideal naturally occur during the synthesis and they maijp h
photocatalyst should be stable, inexpensive, ngit-tand, suppress the recombination by trapping charge erarri
of course, highly photoactive [22]. Another primamnjteria The hole produced by irradiation reacts with waber
for the degradation of organic compounds is thatrddox surface-bound hydroxyl ion producing hydroxyl radic
potential of the WO/ OH couple (OH >°OH + €; E°=  Electron released by irradiation of photocatalystbines
-2.8V) lies within the bandgap of the semicondu¢f@].  with dissolved molecular oxygen, producing the sapiele
Several semiconductors have bandgap energies isnffic radical, Q". Hydrogen peroxide possibly added acts as an
for catalysing a wide range of chemical reactiohisus, oxidant, but also as an e scavenger instead obldess
understanding of the fundamental nature ofCgefor molecular oxygen. bD, dissociates to hydroxyl radical
photoelectric and photochemical properties is reamys and hydroxide ion even easier thagOg due to an extra
The properties are related to the atomic strugiwesented electron. The photocatalyst can be used for the
above. Only hematite (af®;) plays any role in the photodegradation of organic molecules denotes the
applications and is of interest here. Photocaislys conversion of organic compounds to £®,0, NG;, or
attributed to the electrical characteristics of héta. other oxides, halide ion, phosphagts. for environmental
Like in photoelectric process, photons need certaittmediation. Often degradation begins with partial
energy to penetrate the band gap to generate ¢lodra@i  oxidation, and mechanistic studies relevant to atiie
dislocation towards conduction level. After reconddion, photocatalytic degradation frequently focus onyeatages
the electrons can react with donors or accepttuatsid on involving photooxygenation, photooxidative cleavsger
the photocatalyst surface in two directions: other oxidative conversions. Environmental
a) The holes react with water or OH group fordecontamination by photocatalysis can be more dipgea
radical-hydroxyl production responsible for organidhan conventional chemical oxidation methods bezaus
substances degradation semiconductors are inexpensive, nontoxic, and dapalb
b) The electrons react with dissolved oxygen t@xtended use without substantial loss of photogtital
form superoxid ions with strongly effects. Muclom, the activity.
superoxid ions can react furthermore evolving into

hydroxyl ions. 4. New FeOs; architectures
An excellent description of this process is preserih

[24].Recombination of the photoexcited electronehphir 4.1 The core-shell, core-shell-shell and nanocoritg®s
needs to be retarded for an efficient charge tearmcess structures

to occur on the photocatalyst surface. The efficyeof the

photocatalytic process can be measured as a quagian It is often necessary to coat the nanopartcle serfa
which is defined as the number of defined eventsiotg  with an organic or inorganic shell, in order to texd them

per photon absorbed by the system or as the anfmaf)  from chemical degradation or agglomeration accgrdin

of reactant consumed or product formed per amotint the environments in which they will be used [26heT
photons (Einstein) absorbed [18]. The ability toaswe coating can also be performed in order to add new
the actual absorbed light is practically not felsiin functionalities to the magnetic core, such as Mhjial
heterogeneous systems due to scattering of lighthey stealth, optical properties, catalytic or adsorbiagacity.
semiconductor surface and the recombination. Uisisally The core-shell and core-shell-shell structures and
assumed that all the light is absorbed and theo®3p® nanocompositesstructures are particularly interesting
quoted as an apparent quantum yield. If severalymis architectures in photocatalysts. Charge separation
are formed from the photocatalytic reaction, thé® t mechanism in core-shell, involve the electrons
efficiency is sometimes measured as the yield of ghotogeneration in the first (shell) and their atiens in
particular product. The quantum yield for an idegdtem conduction level of the second (core) in n-p stices and

(p) can be given by the simple relationship [25]: vice versa in p-n structures. Development of these
semiconductor systems is very promising and has the

kCT potential to contribute significantly to the ared o
¢=m photocatalysis. By changing parameters, such as the

CT R thickness of the shell or the particle radius & tore, we

can improve the photocatalitic, optical and magneti
wherekcr is the charge transfer process rate knis the properties of the photocatalyst. It is the d oibitathe Fe
electron-hole recombination rate. (1) ions which is very important for photocatalys
Assuming that diffusion of the products occurs glyic applications. The carrier mobility in maghemite and
without the reverse reactioq,is proportional to the rate of magnetite are relatively low because of the naressnof
the charge transfer processes and inversely piopalttto the d bands. This has been explained by Wait if jho
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suggested that narrow bands arise from orbitalctwdio  previously coated with a Sg&hell in order to obtain core-
not appreciably overlap, therefore electrons oesi@o not shell-shell FgOs/SiO,/TiO, nanoparticles of few tens
move as freely, that is, they have lower mobilitiie band nanometers.
structure of hematite has been reported to invave An interesting study is presented in [50] The atgho
conduction band composed of empty Fe (lll) orbitdlse focused on spray pyrolytic synthesis of p®e
valence band edge is made up of mixture df Bebital and Magnesium has been the most studied p-type domant f
O? orbital [12]. The reported optical absorption & 2eV) FeO,. Also, calcium and titanium were used for p-type
is the result of weak transitions between d-d afbitThe doping in prior studies [10]. Other dopants thatl Wi
band gap which is important in photocatalytic aggtiions included in this present work will be manganesqpen,
has a value of 3 (eV), and involves a strong chargmbalt, nickel, tin, zirconium and zinc. In [50]pavel kind
transition between ® and the empty P& orbitals [12]. of loaded photocatalyst TUBIO./-Fe,0; (TSF), which can
Others have reported that the direct transitiomsnfio®  photodegrade effectively organic pollutants in  the
valence band orbital to the conduction band orlotadur dispersion system and can be recycled easily bagnatic
within the 3-4.7 (eV) range [13]. field, is reported. The photocatalyst is made ug-ef;
One of the best methods for photocatalytic procesore, a Si@ membrane, and a TiOshell. In this
improvement is the hematite deposition on the,Si®face photocatalyst, the Tigshell is the photocatalyst, the,BPg
microsphere, making a nanocomposite structure. Hney core is for separation by the magnetic field arel G
special because Sj@ranules have a low reactivity and amembrane between titania shell ang@ecore is used to
very good optical transmission. weaken the bad influence of the ,©¢ core on the
Numerous papers describe the modification gbhotocatalysis of the TiOshell. The photodegradation of
magnetic nanoparticles with an organic polymer28729] dyes on TSF under UV irradiation is also examined
or a silica shell [30,31,32]. In contrary, relativefew compared with that under visible irradiation. Arexth
works have been performed on magnetic nanoparticlederesting and very new study is presented by néle
coated with titanium dioxide (Tip) Cabuil and coworkers who preparared core-shellshel
[33,34,35,36,37,38,39,40,41,42]. Fe,0,/SiO,/TiO, nanoparticles of few tens nanometers
However, TiQ-based particles are largely used owingerformed by successively coating onto magnetic
to their widespread applications as pigment [48]light- nanoparticles a SiQayer and a Ti@layer, using sol-gel
assisted environmental cleanup (photocatalysis), [@din  methods. The thickness of the two layers and the
solar energy conversion [45]. Therefore, the addithf a aggregation state of the particles can be conttdile the
TiO, shell to a magnetic core at the nanometer scalje meaxperimental conditions used for the two coatinfjsese
lead to bifunctional nanoparticles which could kppl®ed composite nanoparticles may find application as metig
for example as magnetic photocatalyst. Papers tiagor photocatalysts, since they are characterized hy smeall
TiO, coating onto magnetite (k&;), maghemite (F©s), diameters which allow a good accessibility to th€©,T
or ferrite (MFgO,) where M is a divalent cation) coresshell.
[33,37,46,40], describe rather large or aggregpteticles.
When used as magnetic photocatalysts [33, 37,46, 4@ 4.2 Nanowires, nanorods, nanotubes, hollow fibers,
activities of these materials are generally lowisTivas snowflake-like, and ring-like
explained by an unfavorable electronic interactietween
the TiO, shell and the magnetic core, leading to an inereas Various shapes and dimensions of iron oxide
in electron-hole recombination [33]. To avoid thisnanomaterials [51] are experimentally availablechsas
problem, several authors [34,35,36,37,42] syntleelsiznanowires [52], nanorods [53], nanotubes [54], dwll
Fe,04/SiO/TiO, and BaFgD,/SiO/TIO, particles, in order fibers [55], snowflake-like [56], and ring-like [L1The
to isolate TiQ from the magnetic core by a passive silicgperformance of iron oxide is strictly influenced g
layer. Although activities of the magnetic photatgéts morphology, size and porosity. Very recently (2Q08)
were increased, they remain lower than that of thghort historic in this field is presented by Daredb and
commercial TiQ photocatalyst. This can be explained by @oworkers in [51]. Wu et al. have synthesized hémat
reduced accessibility to the catalytic sites sidagge nanorods with different BET surface (Brunauer, Enime
particles or aggregates having diameters of maxa 800 and Teller area) and proved that there are supseiosing
(nm) were obtained. The difficulty of obtaining yesmall properties for HCHO gas with larger surface areas
magnetic- TiQ core-shell nanopatrticles is probably due tats porous structure [57]. Qiang Liu et al. have
the fact that hydrolysis and condensation of th€©,Ti demonstrated that the iron oxide catalysts haveerdifit
precursors—usually titanium tetraalkoxides Ti(@R)is activities in CO disproportionation for different
very fast and difficult to control [47]. A possiihyl consists morphologies [68]. The quantumconfinement effecthaf
in preparing core-shell colloids by hydrolysis anda-FeO; nanorod array has been studied by the RIXS
condensation of Ti(OR)around seed nanoparticles in anResonant inelastic X-ray scattering) method irrevipus
ethanolic solution with a small amount of waterddad, research [59]. Hematite (af&&) nanocrystals with small
some works have described the preparation afze on the surface of monodispersed silica midresp
monodisperse spherical core-shell IO, nanoparticles exhibit a quantum size effect on surface photogelta
in these conditions [48,49]. Therefore, we propbeee to (SPV) and the relationship between the size and
extend the procedure using magnetic cores that gvhotogenerated charge separation has been stédipd [
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Therefore, it is of great interest to study the tpktectric the nanorods and the substrate via the analysithef
properties of iron oxide with different nanostruetsi for photovoltage spectra. They also discuss the quasinen
their promising application in photocatalysis oreffect in the a-F€; nanorod array by the comparison of
photoelectric conversion device [51]. Nanomatergatswn  the SPV spectra under different illuminating direas on

on substrates with the structure of ordered arssgmbly the system.

of one-dimensional (1D) material (including nanmod

nanowires and nanobelts) have large surface arebkigh 4.3 Nanocrystalline semiconductor thin films
surface-to-volume ratios. Possible quantum-config@m

effect could still remain for the composite quanisized Nanocrystalline semiconductor thin films prepared
nanocrystal in the array. Besides, the directiaieinnel from colloidal suspensions are of great intereathSthin
for the electron transport along the ordered naystals film electrodes are named ‘nanostructured elecsoda
makes the assembly of 1D nanomaterials very aitteaonh the literature, alfa-R©; electrode has been reported to be
photonics and electronics. For example, verticatignted thermodynamically stable towards photoanodic
Ti—-Fe—O nanotube array films have been fabricated fdecomposition over the entire pH range. Though -high
solar spectrum water photoelectrolysis, which showhotoconversion efficiencies were already shown for
enhanced photocurrent compared to the pure hentatite polycrystalline FgO; pellets [73] and single crystalline
Fe0;) nanoporous film [61]. Vertically aligned ZnO Fe,O; samples [74], thin films are generally preferred i
nanorod arrays as low-cost and high performance gesder to avoid the high resistivities encounterad for
sensors synthesized by hydrothermal method exhilikample, single crystals, and to reduce the cost fo
excellent gas sensing properties tosNBO and H [62]. fabrication [72]. Photocurrent quantum efficiensy anly
Co;04 nanowire arrays [63], SnOnanorod arrays [64], 0.8% at the maximum of the photocurrent spectrudi.[7
TiO, nanotube arrays [65], CdS nanowire arrays [664, arTrapping of electrons by oxygen-deficient iron sitew
Cu—ferrite nanorod arrays [67] etc. have also lpepared mobility of holes, recombination of electrons arudds, are
by different methods with attractive performances iresponsible for the poor photocurrent efficiencyrbbver,
electronic devices, heterojunction dye-sensitizeglars in the nanocrystalline alfa-F®; semiconductor thin
cells, photocatalysis, sensing devices and so mifokdn, film/electrolyte system, the mechanism of photodiced
vertically aligned arrays of a-f®; nanorods [53], charge separation and transportation are still anknand
nanowires [52] and nanobelts [68] have been alreadye topics are open to further studies. Comparebedoulk
synthesized by simple aqueous chemical route orsgéid  semiconductor electrode, the mechanism of photentirr
reaction process etc. Up to now, the adenanorod array generation in nanostructured thin film is quitefaiént. In
structure has found its potential value on photilgais a conventional photoelectrochemical cell employsimgle-
owing to its efficient harvesting of visible lighthortened crystal or polycrystalline materials, the charggasation
distance for the photogenerated holes to reach thws facilitated by the space charge layer at the
surfacel/interface before recombining with conductiand electrode/electrolyte interface [75]. The potentehdient
electrons [69], and enhancement of the band gap T3® of the space charge layer region promotes the fidw
oriented nanorod array structure has been demtedtta electrons and holes in the opposite direction. his t
own higher incident photon-to-current conversiomanostructured system, the electrolyte can peeettzs
efficiency than the film with spherical particlés3], which  whole colloidal porous film up to the surface oéthack
can be further improved by doping with Zn and stefa contact. The semiconductor/electrolyte junctionurscat
modification [70]. It has promising potential in eth each nanoparticles, much like a normal colloidatemy.
generation of K from direct photo-oxidation of water by Under illumination, the light absorption in any ividual
solar irradiation without external bias, which hext been colloidal particles will generate an electron—hpéer [76].
realized yet experimentally [59]. Besides, the gze If the kinetics of whole transfer to the electrelys much
nanorods have greater surface areas compared ® piaster than the recombination process, electronscozate
nanoparticles and that could produce more actaitss for a gradient in the electrochemical potential betwées
gas sensing, which has been demonstrated in dejetié particle and the back-contact. Very recently, an
HCHO in the ambient atmosphere [57]. Thereby the axceptionally high photocurrent of 2.7 (mA/&nat a bias
FeO; nanorod array is an active nanostructure withf 1.23(V) relative to the reversible hydrogen @lede
multiple functions. For the photoelectric activiof the (RHE) under simulated sunlight was reported foropesr
material, the behaviors of the photogenerated ésatthe films synthesized using atmospheric pressure chamic
photogenerated electron transfer at the surface awdpor deposition (APCVD) [75].While this breakthgbu
interface of the material) directly determine thaepresents amajor step forward, practical apptoatistill
performance of the system. Therefore, it could stthe  require an additional ~4 times improvement in
transfer behaviors of the photogenerated elecirotise a- photocurrent. In order to achieve this, more dethil
Fe,0; nanorod array on spectrum for better photoelectrigsights into the origin of the high photoresporse
applications. The SPV (surface photovoltage) tespimiis required. The key ingredients for the high perfanoea of

a well-suitable and more direct method to charamtethe the APCVD films seem to be (i) Si doping, which is
behavior of the photoinduced charges. In [71],abéhors  thought to induce a favorable morphology duringnfil
are explain the mechanisms of charge transfer at tgrowth [76], (ii) the presence of a thin Si@nterfacial
surface of the nanorod array and at the interfateden layer between the F®; and the transparent conducting
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substrate [75], and (iii) the addition of a cobeditalyst
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