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Time-resolved microwave conductivity (TRMC) a useful characterization tool for
charge carrier transfer in photocatalysis: a short review
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We provide a brief introduction about photocatalysis and the reaction mechanism for charge-carrier dynamics focusing in the situation and
application of Time Resolved Microwave Conductivity (TRMC) as a useful characterization technique of irradiated semiconductors.
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En el presente trabajo de revisise describen brevemente los fundamentos de f@iisiaty los mecanismos de reatgien la diamica de
los portadores de carga enéomlose en el estado y aplicaciones de la conductividad de microondas resuelta en el tiempo (TRMC) como una
técnicaltil de caracterizadin de semiconductores irradiados.

Descriptores: Semiconductores; conductividad de microondas; fotdisa.

PACS: 81.05.Hd ; 72.20.Jv ; 82.50.Hp

1. Introduction a complex reaction mechanism involving physi@b(mass
transfer, adsorption, etc;), chemical.g. surface reaction,
A new approach to design and control chemical processes ghjisoning, etc.) but also charge-carrier generation and trans-
the molecular level has opened new opportunities in the deyort, with or without light irradiation, which must be under-
velopment of new nanocatalysts [1-3], fuel and solar cellstood as a whole process with the possibility to determine
[4-6], nanocomposites with special optical, electrical, mag+he controlling step [21]. The starting points to understand
netic and mechanical properties [7-9] and nanoporous matgne fundamentals of charge-carrier transfer are the band mod-
rials [10-12], among others. This development has given ris@|s and transport processes which from a theoretical point of
to a new interaction between engineering and molecular scijiew have been already well established and are out of the

ences trying to understand the relationship between moleCuggpe of this review article [22]. However, it is worth noting
lar structure and properties [13,14]. The use of novel synthe-
sis methodsd.g. physico-chemical methods with the bottom-
up approach) as well as the application of conventional and
sophisticated characterization techniques for the bulk and the I o
surface of solids has been very useful in order to get new | 8
nanomaterials with specific applications [15-17]. Bandgap
As it is well known, chemical process design is based
in the concept of unit operations, which have been well de- l
scribed by the fundamentals of transport phenomena [14,18].
Consequently, there are three basic transfer processno-
mentum, heat and mass transfer) that can be used to explai °¢ Semiconductorphotocatalyst
all unit operations required by the conventional chemical in- 2 ¢™enbane
dustry [18]. However, as mentioned above, for the new and
flourishing processes and products industry involving nanos-
tructure compounds, another fundamental transfer proces: Reduction

o ) OverSC Ox
has completed the crossword which is caltdérge-carrier (OxidantAcceptor)

.transfe.r[lg]. Obviously, th's_ concept has bgen largely usedFIGURE 1. Schematic representation of photophysical and photo-
in the fields of electrochemistry, electrostatics and electronzhemical processes over a photon activated semiconductor particle.
ics. Nevertheless, thinking in the solution of many problemsp) photogeneration of charge-carriers; (q) surface recombination;
for new advanced technologies at the molecular level, it igr) recombination in the bulk; (s) diffusion of acceptor and reduc-
strongly necessary to consider the charge-carrier transfer praion on the surface of the SC; (t) oxidation of donor on the surface
cesses [20]. of the SC. Adapted with permission from Ref. 24. Copyright 2008

In particular, catalytic and photocatalytic systems includeElsevier.
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FIGURE 2. Statistics of TRMC data: (a) comparison between papers published in TRMC with those in TRMC/photocatalysis; (b) main
disciplines of study of TRMC. Source: Scopus 2011.

that in the electric conduction in solids or charge-carrierTRMC are described and finally a representative study cases
transfer, the number of carriers is linked to the generatiorusing TRMC linked with semiconductors used in photocatal-
processes, while the mobility is related to the transport proysis are discussed.

cesses. In a photocatalytic reaction, charge-carriers are gen-

erated upon light irradiation of a semiconductor, then, cange?2. Photocatalysis: a brief overview

trapped or recombined or they can take part in several redox ) ) )
reactions, as shown in Fig. 1 [23,24]. These are ultra faspemiconductor photocatalysis has been studied extensively

processes occurring on the femto, pico and nano time scale¥ince the decade of 70's focusing in the degradation of a

which are currently studied by time-resolved techniques sucréat number of pollutants [49,50], water splitting/Cf2-

as absorption spectroscopy, diffuse reflectance, electron spffiction [51,52], and organic syntheses [53,54]. However, a

resonance, microwave conductivity, among others [25-27]. wide range of opportunity for topics in research and develop-
According to the IUPAC definition, Time Resolved Mi- ment are now being studied mainly with the use of titanium

crowave Conductivity (TRMC) is a technique allowing the dioxide in all its .m0(_jalities [50]. For ex.ample,.a detail_e_d list
quantitative and qualitative detection of radiation-induced®f @reas of application of photocatalysis and its specific top-

charge separation by time-resolved measurement of thi€S which are now in research and development steps have

changes in microwave absorption resulting from the producf€cently reported [55]. Note that the photocatalytic degrada-

tion and decay of charged and dipolar molecular entities [27]tion of pollutants and the solar energy conversion are both of
This is a contactless and noninvasive in situ characterizatiof'€ Major relevance, however, the development of new photo-
technique for semiconductors and semiconductors devicegdtalytic materials and coatings are impacting as a new flour-
that offers the possibility to obtain information on charge-Shing construction industry [55]. _

carrier transfer [28-48]. TRMC has been used since the 70’s Although TiO, has been the most used semiconduc-

mainly in the characterization of semiconductors with ap-tof due to its inherent photoactivity, photochemical stabil-

plications in optoelectronics. Charge-carrier recombinatiorily: nontoxicity and cost-effective material, it has a serious
dynamics, effective mobility of the carriers formed, carrier disadvantage in comparison with other semiconductors that
lifetimes and trapping, among other information is obtainec@'® activated with visible light. A heterogeneous photocat-
for the application of this technique [28-48]. In spite of the &lytic reaction involves the combination of photochemistry
high amount of published works in fundamental or applied@nd catalysis, meaning that both light and semiconductor ma-
photocatalysis aspects, around 1500 articles per year, a fefgtial are inevitable to enhance the rate of kinetically slow
amounts of works devoted to the characterization of charge’®@ctions. For instance, semiconductors used for the photo-
carrier kinetics in semiconductors useful in photocatalysiscatalytic degradation of organic molecules are usually metal
have been reported, as shown in Fig. 2a. Note in Fig. 219XIdeS or metal sulfides that carry out a complete mineraliza-
that most papers have been oriented to the fields of materi#Pn Process:
science, chemistry and physics. .

The present work is divided in two parts; firstly, an Organic Pollutant-O m mineralized products (1)
overview of photocatalysis emphasizing the importance of
charge carrier transfer in the reaction mechanism is pre- This process takes into account the oxidation and reduc-
sented. Thereafter, the fundamentals and equipment difon potentials as well as the energy of the band gap of the
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20| lected semiconductors as well as the relevant redox couples.
- _KE Note that the position of valence and conduction bands of
Ao cis Cm -~ a semiconductor determines the reaction pathway. For in-
- | smo oo (,{;‘:;g) [y -i‘- stance, the photo-oxidation and photoreduction of water is
. T 7Y B BT 7Y hif— HHy possible thermodynamically with CdS (& 2.4 eV), how-
| 3 24 ’L "L ever, if we use Fg3 with an E;=2.3 eV, it is only possible
E 10 |32 oo to carry out the photo-oxidation reaction. It is worth noting
st 30 32 X ! that oxidation and reduction must occur simultaneously due
20 ‘} s to different couples that can be present and should maintain a
- ‘ photocatalytic cycle. Organic compounds and water are two
Sl S potential reductants, while oxygen and metal ion are two po-

tential oxidants in photocatalytic process [56]. Some illustra-
tive examples of redox reactions taking place during a true
photocatalytic reaction can be found in Ref. 57.

FIGURE 3. Valence and conduction band positions of semiconduc-
tors at pH=0. Adapted with permission from Ref. 58. Copyright
2004 American Chemical Society.

semiconductor. The photogenerated valence band hgjgs (n ~ Considering a photocatalytic reaction taking place in
are useful to create hydroxyl radicals (©Hand conduction ~agueous solution, three processes are involved in the sys-
band electrons (g) to reduce molecular oxygen to superox- tem: mass transfer, adsorption/interfacial reactions and ul-
ide. The energy of the band gap,{Hs the energy of light trafast processes inside the illuminated semiconductor, Fig 4.
needed to excite an electron to the conduction band and i§deed, a unified quantitative model for a specific photocat-
usually measured in the order of few electron-volts. Figure 4lytic reaction must include all competitive processes that oc-
depicts the valence and conduction band position of some s€ur from femto- to milliseconds. Focusing in the process oc-
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FIGURE 4. Elementary reactions in TiDphotocatalysis with corresponding timescales. Adapted with permission from Ref. 23. Copyright
2010 Elsevier.

Rev. Mex. Fis59(2013) 191-200



194 C. COLBEAU-JUSTIN AND M. A. VALENZUELA

curring inside the particlei.e. charge-carriers generation, holes. The TRMC signalX P(t)/ P or I(t)) obtained by this
trapping and recombination steps), these reactions take platechnique is called (microwave) photoconductivity, it allows
in the range of femto- to microseconds giving rise to a valu-to follow directly, on the 16° - 1073 s time scale, the de-
able trapping electrons and holes for the interfacial reactionsay of the number of electrons and of the holes after the laser
and of course for the undesirable recombination reactionpulse by recombination or trapping of the charge-carriers.
This part of the whole process is very useful for the interpre-
tation and understanding of mechanisms in photocatalysig.2. Equipment
On the other hand, to build a comprehensive kinetic model
(usually the classical Langmuir-Hinshelwood) a deep knowl-The principle of the measurements is to place the powder
edge of the charge-carriers generation and transport woulkbmple inside a wave-guide, to proceed to its illumination
help to clarify the relationship between the photodegradatioly a UV pulsed laser, and then to follow the temporal evo-
rate and the illumination intensity [60]. Several techniquedution of microwave power reflected by the sample. The in-
have been used to study the ultrafast processes in illuminatezident microwaves are generated by a Gunn diode in the Ka
semiconductors and a summary of the most important resultdand (28-38 GHz). The experiments are frequently carried
is reported in Ref. 23. out at 31.4 GHz. The reflected microwaves are detected by
Although many efforts have been devoted to study thea Schottky diode. The signal is amplified and displayed on a
charge transfer mechanisms in traditional photocatalgssis (  digitizer [33]
TiO, anatase or rutile phases), it is still difficult to discuss a  Pulsed light source is a Nd:YAG laser giving an IR radi-
more sophisticated photocatalytic systems made of thin filmation atA = 1064 nm with a 10 Hz frequency. Full width at
of nanotubes or nanowires that exhibit peculiar optical andhalf-maximum of one pulse is 10 ns. UV light is obtained by
electronic properties [22]. Therefore, the employment oftripling (355 nm) or quadrupling (266 nm) the IR radiation.
TRMC method together with other macroscopic techniqued he maximum light energy density received by the sample is
and the corresponding kinetic studies using advanced photd-3 mJ/cm for both wavelengths.
catalytic materials irradiated with visible light, offer the pos-
sibility for developing promising pollution remediation tech- 3.3. Study cases
nologies.
In order to get a better understanding of the correlation be-
tween structural, textural and electronic properties of;TiO
powders and their photocatalytic activities, the photocataly-
sis mechanism must be considered separately in two linked
parts (photo and catalysis). The first part (photo part) con-
cerns phenomena linked to light-materials interaction which

The TRMC [59-61] method is based on the measurement dncludes photons absorption, charge-carrier creation and dy-
the change of the microwave power reflected by a sample ind@mics, and also surface trapping. The second part (catalysis
duced by laser pulsed illumination of this sample. The rel-Ppart), concerns phenomena linked to surface radicals forma-
ative change, &P(t)/P) of the reflected microwave power is tion and surface reactivitye. the interaction between4®,
caused by a variatioho(t) of the sample conductivity in- Oz, organic pollutant and the oxide surface.

duced by the laser. For small perturbations of conductivity, ~For the photo part, the most effective structural parame-
a proportionality betweeP(t)/P andAc(t) has been estab- ter on photocatalysis is the crystalline quality [36]. Actually,

3. Time-Resolved Microwave Conductivity
(TRMC)

3.1. Fundamentals

lished: the oxidant radicals, which are the active species in photo-
AP(1) catalysis are formed when the charge-carriers created by ab-

5 = AAo(t) = Ae Z An;(t) i (2)  sorbed UV-photons are trapped in the surface. Thus, recom-
i bination and bulk trapping phenomena that decrease charge-

An;(t) is the number of excess charge-carrieit time¢, ~ carrier lifetimes and prevent their arrival to the surface, pe-

A is independent of time, but dependent on the microwavdion and bulk trapping are promoted by defects, doping ele-
frequency and on the conductivity of sample. ments, and impurities or amorphous domains. Consequently,

For the present work, the Eq. (2) can be reduced to mot© €nhance the charge-carrier lifetimes, the crystalline quality
bile electrons in the conduction band and holes in the vashould be as high as possible. Thus, for titania, the TRMC

lence band. Trapped species can be neglected because of tHBgasurements can be considered as indicator of the level of
small mobility. crystalline quality. High values dfinax and slow decay indi-

cate an important amount of charge-carriers created with long
AP(1) = AAo(t) = Ae (An(t)un + Ap(t)wy)  (3)  lifetimes, and reveal a high crystalline quality.
P For the catalysis part, the specific surface area is the most
An(t) is the number of excess electrops, is the mobility of  effective structural parameter. Indeed, photocatalysis is an in-
electrons Ap(t) and u;, are the corresponding properties of terfacial reaction. Thus, higher specific surface area induces
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TABLE |. TRMC studies on Ti@ and other photocatalysts.
Photocatalyst Type of study Comments Year [Ref.]
MoSe, MoS; Effect of Pt and halogens Pt/ Mogand halogens/ MoS 1990 [28]
and platinized or on the dynamics of dramatically shorten the lifetimes
halogenated samples excess charge carriers of excess charge carriers
Al;03, MgO, TiO, Mobility evaluation Influence of Pt 1991 [29]
powders and charge-carrier covering, isopropanol
dynamics obtained by and €r
electronic irradiation. doping
TiO4 Full understanding of the bulk Charge recombination is 1991 [30]
(Degussa P25) and surface electronic retarded in presence
processes taking place in of isopropanol due to
suspensions of Ti©® surface hole scavenging
TiO, (Degussa P25), Charge carrier recombination TRMC conductivity signals were 1994 [31]
Q-TiO,, Fe**-doped dynamics and photo-oxidation assigned to electrons remaining in
Q-TiO. of chloroform the semiconductor lattice after hole
transfer. The electron-transfer rates
were consistent with the
photoreactivity results
TiO, (Degussa P25), Effect of adsorbates Charge carrier dynamics results 1994 [32]
Q-TiO; (inorganic, organic) and light showed a different photoelectro-
intensity on charge-carrier chemical mechanisms of, TiO
dynamics and Q-Ti@
Nanocrystalline Influence of chemical An increase in the photogenerated 2003 [33]
porous treatments on the charge carrier concentration as well
TiOq films photoinduced charge as a decrease in the recombination
carrier kinetics process was detected by the
chemical treatments with Ti
isopropoxide or TiCJ
TiO4 Effect of doping and Doping favored charge carrier 2003 [34]
(rutile doped thermal treatments on recombination. Thermal treatments
with Cr and Nb charge-carrier of anatase at high temperatures
and anatase) lifetimes increased the lifetimes
TiO; prepared Effect of the preparation T@erogels treated at high 2004 [35]
by sol-gel (xero method on opto-electronic and temperatures showed the highest
and aero gels) photocatalytic properties lifetimes and photocatalytic
conversion of phenol
Nanocrystalline Effect of the preparation The highest lifetime and 2004 [36]
TiO4 prepared method on opto-electronic and photocatalytic conversion of phenol
by hydrothermal method photocatalytic properties was found with sample containing
15% rutile +85%anatase
TiO2 Determination of trap density, The mobility of electrons 2004 [37]

and dye-sensitized
nanocrystalline TiQ

decay kinetics and charge
separation efficiency under
UV and Vis light

within the Wi@trix are
independent of dye addition
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TABLE |. (Cont.)

Photocatalyst

Type of study

Observations

Year [Ref.]

TiO2 , porphyrin-TiG;,
Cu-porphyrin- TiG

Commercial TiQ
(Degussa P25,
Sachtleben UV100,
Millennium PC50) and
platinized forms

Dye-sensitized
nanocrystalline TiQ

TiO2 P25 powder
and films

TiO2 (P25 and sol-gel)
modified with Pt ions
and Pt clusters

CdS-coated mesoporous
TiOzand ZrG

TiO2 Hombikat
UVv100, Au/TiO;

nanocrystalline TiQ
films sensitized with
black dyes

TiO2 Hombikat
UV100 calcined from
200 to 800C

TiO2 Hombikat
UV100, Au/TiO,

TiO2 Millennium
PC series modified with
Pd nanopatrticles

Determination of the number
and lifetimes of the
photoinduced excess
charge carriers

Study of charge-carrier
dynamics related with
photocatalytic activity

Effect of the particle
size on the electron
injection efficiency

Effect of surface treatments
on opto-electronic properties

Effect of type of TiCand Pt

precursor on optoelectronic and

photocatalytic properties

Photoinduced charge
injection from CdS to TiQ
and ZrG,

Effect of Au deposition
on the opto-electronic
properties of TiQ

Quantitative study of solvent
effect on electron
injection efficiency

Determination
of opto-electronic
properties

Determination of opto-
electronic properties at
300 and 530 nm

Study of charge-carrier
dynamics related with
photocatalytic activity

The presence of macrocycles
increases the number and lifetime
of the charge carriers which
correlates with the
photocatalytic activity

With Pt samples; at short times
fewer charge carriers are formed
which recombine faster; at long

times, platinization had different
effects depending the type of TiO

Dye adsorbed on 20 nm Tiad
100% injection efficiency,
attributed to an increase in electron

mobility ( by occupation of traps)

Surface treatment by adsorption
of oxalic acid increases the decay.
TiO2 powders and films presented
the same behaviour

Under UV irradiation platinum acts
as a charge scavenger hindering
charge recombination.

There was no injection of electrons
from CdS to ZrQ. The quantum
yield for electron injection in
TiO2 was close to unity

High electron affinity of
Au lowers the lifetime
of mobile electrons

Acetonitrile had the highest
efficiency. Results were explained
in terms of interactions between the
black dye and the —CN
groups of the solvent

Samples with particle sizes
up to an average of 15 nm contain a
large concentration of trapping sites

Gold does not
induce visible light
activity of anatase

Pd does not induce visible
light activity, but increases
UV light activity

2005 [38]

2006 [39]

2007 [40]

2007 [41]

2008 [42]

2008 [43]

2009 [44]

2009 [45]

2010 [46]

2011 [47]

2012 [48]
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FIGURE 5. (a) TRMC signals on Ti@ powders - (b) Evolution of percentage of photodegradated phenol in time. Adapted with permission
from Ref. 35. Copyright 2004 Elsevier.

higher number of accessible active sites and consequentiyhe properties of these powders were compared to those of
better reactivity. Some works have used the TRMC method tather powders elaborated by classical sol-gel method (xero-
understand the relation between synthesis conditions, strugels). Comparatively to the other synthesis parameters (sol-
tural and microstructural parameters, and photoactivity. Tagel parameters, thermal treatment...), the drying procedure
ble | shows several studies reported from 1990 to 2012 wherseems to be the most influential on the final properties of
charge-carrier dynamics related with photocatalytic activityTiO, powders. Both, structural and photocatalytic properties
were followed by TRMC. Indeed, most studies are devoted t@re dramatically modified by the drying method.
titania (mainly, Evonik, ex-Degussa P25) but also advanced Thus, the crystallite diameter of xerogels is perceptibly
TiO- nanostructures modified by small amount of metal anchigher than that of aerogels, and the corresponding specific
composite semiconductors are included.

TRMC preliminary studies were focused to understand 1(90 min)
the charge transfer kinetics in terms of charge-carrier gener- 1004 94%
ation, charge-carrier trapping, charge carrier recombination, 91%
and electron and hole transfer. Moreover, recent studies are
aimed to know the relationship between the transfer and sep-
aration of the charge carriers on the enhancement of the pho @
tocatalytic efficiency. The effect of preparation method of the
semiconductor, the addition of noble metals and the study of -
plasmonic structures as well as graphene semiconductor in:
teraction are important ways to enhance the charge separatio
and to suppress the recombination.

The next section will be devoted to discuss our work in 20
the synthesis of Ti@) the characterization by TRMC and its
correlation with photocatalytic activity.

100%

[+)]
o
1

Conversion (%
3
1

S1 S2 S3 c1 c2 c3 N1 P25
3.4. Supercritical drying [35] Reference

Various TiO, powders have been synthesized by sol-gelFIGURE 6. Degree of degraded phenol after 90 min illumination.
method followed by drying in supercritical GQareogels). Adapted with permission from Ref. 36. Copyright 2004 Elsevier.
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TABLE Il. Phase composition and surface area of titania synthesized by hydrothermal method. Adapted from Ref. 36.

Reference Precursor, T, t Phase composition of synthesized samples BE /o (4-5%)

S1 TiIOSO.25C0°C, 6 h Anatase 100% 79
S2 TiOS(Oy,250°C, 10 min Anatase 100% 43
S3 TiOSOy,250°C, 6 h Anatase-85% Rutile-15% 78
C1 H2TiO(C204)2, 25C°C, 6 h Anatase 100% 25
Cc2 H2TiO(C204)2, 25¢°C, 10 min Anatase-95% Rutile-5% 43
C3 H2TiO(C204)2, 150°C, 6 h Rutile 100% 79

N1 TiIO(NOs)2, 250°C, 6 h Rutile-95% Anatase-5% 22

surface areas are very low. The catalysis aspect is thereforélO(NOs ), solutions. The photoactivity of the obtained pow-
clearly promoted by supercritical drying. Nevertheless, theders has been evaluated on phenol photodegradation (Fig. 6)
TRMC results show that the electronic properties depend oand interpreted in terms of structural (Table 1) and electronic
the nature of the gel. The photo aspect may be promoted groperties using TRMC (Fig. 7).

slightly damaged by s_upercr_ltlcal drying. _ S1, S2 and C1 are pure anatase samples. Concerning the
In the case of a nitric acid based gel (N-series), the surpnotg part, the TRMC evidences three parallel decays with
face areas of the aerogel (NAS50) and xerogel (NX550) aregiferent intensities. C1 shows the best crystalline quality,
respectively, 63 /g and 3 ni/g. Figure 5a shows that then S2 and follows S1. Concerning the catalysis part, the
NAS50 presents a higher and slower TRMC signal compare@pposite order is observed, S1 shows the best surface area,
to NX550 which evidences more charge-carriers with longefnen S2 and follows C1. The photocatalytic activity is the re-
lifetimes in the aerogel. The supercritical drying clearly pro-g it of these two combined parameters. S2 presents the best

motes both, photo and catalysis parts, explaining the imporqyerage” crystalline quality and specific surface, its activity
tant difference in the phenol photodegradation observed ofg higher than those of S1 and C1.

Fig. 5b As can be seen, 8.7 and 92.2%, of degradation after

75 min of illumination was obtained for NX550 and NA550. N1 and C3 are mostly rutile samples. In this case, the

épecific surface does not play any role. The photo part is the

In the case of a hydrochloric acid based gel (C-series), th i : S
. ._dominant effect. The rutile crystal structure implies a lower
TRMC shows a weak decrease of the electronic propertie . . : .
mobility of charge-carriers than in anatase structure. This

which is not enough to go against the improvement of photo- . )
catalytic properties by supercritical drying. explains the TRMC measurements showing that the charge-

carriers recombine during the pulse and are not available for
photocatalysis. The low value of activity observed with N1

3.5. Hydrothermal synthesis [36] sample is due to the small amount of anatase phase.

Nanocrystalline titania has been prepared by hydrother- C2 and S3 samples mostly contain anatase but have an
mal treatment of aqueous TIO$OH,TiO(C;04),, and  admixture of rutile (95/5 and 85/15 % anatase/rutile respec-
tively). As explained above, rutile itself is a low-active phase.
However, commercial TiQP25 (Evonik), considered as one

of the best photocatalyst, is also a mixture (75% anatase -
25% rutile) and good interparticle contacts are formed be-
tween anatase and rutile particles in water. The junction cre-
ated by the two semiconductors helps the charge-carrier sep-
aration. It means that the carriers created in the rutile part
do not rise up photoactivity like in the pure phase. The rutile
phase of P25 plays only the role of charge separator and pro-
vides sites for oxidation. As described above, this separation
of charge-carriers could take place for C2 and mainly for S3
samples.

The synthesized C2 powder morphology is constituted of
not hard-grained aggregates containing separated rutile and
: ; ; ; anatase nanoparticles. Probably, this kind of aggregation
0 50 100 150 200 250 does not allow creating the charge-carriers separation in C2
Time (ns) like in the case of P25. In addition, C2 contain orl%
FIGURE 7. TRMC signals on Ti@ powders. Adapted with per-  Of rutile. This fact is confirmed by TRMC experiment. The
mission from Ref. 36. Copyright 2004 Elsevier. number of charge-carriers created is not very large compared
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to pure anatase samples; the effect of the rutile phase is mewaater splitting and C@photoconversion (artificial photosyn-
sured on the decay but may not be really influent because ré¢hesis) remain elusive despite numerous research works. In
combination phenomena during the pulse are still observedjeneral, efficiency improvements for the photocatalytic reac-
Furthermore, its specific surface is average (43gn The tions are highly expected by the use of new advanced nanos-
activity of C2 is lower than that of C1, S2 or S1. tructured materials able to work with visible light.

In the case of S3 (15% rutile),this sample consists This review has highlighted the importance of charge-
of hard-grained aggregates of separated rutile and anatagarrier transfer process in a photocatalytic reaction and the
nanoparticles. It supposes that in S3 sample good contaciglevance to the global efficiency. Specially, charge-carrier
are formed between anatase and rutile particles similarly tgeneration, trapping and recombination, ultrafast processes
P25. This is confirmed by TRMC experiment. The num-that occur at very short times (femto-nano seconds) after ir-
ber of charge-carriers created is not very high but the effectadiation of semiconductors, have a marked influence on the
of rutile phase on the decay is quite essential. The creatgghotocatalytic efficiency. TRMC studies reported here have
charge carriers have a long lifetime. Almost no recombinafocused on studying the charge transfer kinetics on photo-
tion during the pulse is observed. Taking into account thecatalytic reactions using TiCand other semiconductors as a
high specific surface area of this sample (78g}, it is be-  tool to understand how it could be increased efficiency.
lievable that S3 is the best photocatalyst among the samples
obtained by hydrothermal method.
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