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1. Introduction

The photoactivation of Ti@ has received enormous
attention from scientists and engineers in the past decade.
This interest has been generated because of the confluence
of several extraordinary developments: (1) the major success
of the Grazel solar celk—2 employing TiQ as the active
semiconductor, in which Tighas been modified to enhance
its efficiency in producing electrical energy; (2) the use of
TiO, as a medium for environmental cleanup through
activation of the photo-oxidation of organic pollutants on
self-cleaning surfaces, work that has been stimulated by many
Japanese workers, leading to a revolution in Japan now
spreading westward through a wide variety of FHtased
technological innovationjn addition to much work from
Europe and the United States that has contributed to the
accelerating interest in Tigbased photochemistry; (3) the
development of hydrophilic surfaces activated by solar
energy®and (4) the recent discovery that Ti®ased self-
cleaning surfaces also exhibit antimicrobial activity useful
in the home and in the hospitél.

During the period encompassing these technological
developments, the pace of scientific research on the photo-
chemistry on TiQ surfaces has doubled and redoubled in
periods of about 5 years as may be seen from the survey
shown in Figure 1.

This review encompasses several scientific themes that
underpin our increasing understanding of Ti&% a photo-
active semiconducting material. The review builds upon an
earlier review titled “Photocatalysis on TiCsurfaces-
Principles, Mechanisms, and Selected Res@ltshich is
now 11 years old. In the current review, topics of particular
concern are (1) the role of both surface and bulk defects
and bulk impurities in influencing the photosensitivity of
TiOy; (2) the recombination of charge carriers in Ti@3)
the transfer of charge from photoexcited Fit®@ molecules
bound to the TiQ surface; (4) new insights into the
photoexcitation of TiQ afforded by detailed studies of the
photodesorption of chemisorbed;Gnd (5) the origin of
the photoinduced hydrophilicity of Ti These five topics
represent areas of our current research where an element of
coherence in understanding exists as a result of the work of
many others on similar basic issues. Primarily, experiments
involving the use of surface science methods are included
because it is through the tight control and careful measure-
ment of surface properties that insight into fundamentals
governing photochemistry on Ti&urfaces may be gained
with some certainty. Because of the large volume of papers
dealing with photochemistry on TiQas shown by Figure
1, itis not possible for this review to be fully comprehensive.
Some studies of more poorly defined powdered;B@faces
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Tracy's dissertation research focused on photochemical and photophysical Figure 1. Annual number of papers published in which “Lior
measurements of titanium dioxide single crystals using ultrahigh vacuum titanium dioxide” and “photo-" are mentioned, beginning in 1992
techniques. Research was completed in the areas of chemical doping of through November 2005. Literature search was done using ISI's
TiO, surfaces, photodecomposition of organic pollutants over TiO, surfaces, Web of Science (www.isiknowledge.com).

and kinetic investigations of the interaction of TiO, surfaces with UV light.
During her graduate career, Tracy has authored or co-authored more 2.1. Bulk Structure

than 14 peer-reviewed publications, including 2 review articles. Tracy is - . - :
currentlypemployed at Gpraftech InternationaIthd., a carbon and grap%ite T'ta”'“"? dioxide can exist in one of three bulk Crystalllne
materials science company headquartered in Cleveland, OH. forms: rutile, anatase, and brookite. Dielfotis reviewed

the basic structural characteristics of both anatase and rutile
materials; the brookite structure is not often used for
experimental investigations. In addition, Henrich and €ox
present a generalized discussion of the bulk structures of
many metal oxide crystals. Both the rutile and anatase crystal
structures are in distorted octahedron clas3kstutile, slight
distortion from orthorhombic structure occurs, where the unit
cell is stretched beyond a cubic shape. In anatase, the
distortion of the cubic lattice is more significant, and thus
the resulting symmetry is less orthorhombic. Figure 2 depicts
the distorted octahedral symmetries characteristic of rutile
(left) and anatase (right).
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are also reported, especially when there is a conceptual

connection to the surface science work done on single-crystal Rutile
substrates. Numerous surface studies of,TaOthe atomic

level of detall attest to the additional complexity of com-

pound semiconductor surfaces compared to metals or el-

emental semiconductors. Anatase

Figure 2. Bulk crystal structure of rutile (left) and anatase (right).
Titanium atoms are gray, and oxygen atoms are red.

Other comprehensive reviews dealing with the structure 2.2. Surface Structure of TiO 5(110)
of TiO, materials exist:!° A brief synopsis will be presented Most of the surface science studies of photochemistry on
here to facilitate a more complete understanding of the TiO, have been concerned with the rutile single-crystal
following sections in this review. surface. Anatase single crystals are very difficult to obtain,

2. Properties of TiO , Materials
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Figure 3. Surface structure of the stoichiometric B{@10)—(1 (@
x 1) surface depicting the two different types of surface titanium | o | '
and oxygen atoms present. 100 400 500 600 700 800
and only a few surface science investigations of anatase are Kinetic Energy (eV)

available. It is reported that anatase is more active photo-Figure 4. Low-energy ion scattering spectra followingO,

catalytically. Also, technological uses of TiOften employ ~ adsorption on three differently treated T{®10) surfaces: (a)

colloidal TiO, particles in thin films, and these preparations Stoichiometric surface, containing few defects; (b) slightly oxygen

may contain a high fraction of anatase particles. It remains d€ficient surface; (c) highly defective surface. Reprinted with

to be seen whether the large number of well-controlled permission from ref 20. Copyright 1992 AVS The Science and
) . arge n . ) Technology Society,

studies on rutile surfaces will provide key information useful

in technology when anatase surfaces are involved. Thepy defect sites (see section 5.1.1), causing an enhancement
surface structure of the rutile Ti110) surface has been iy chemical rates which depend on charge transfer from either
well characterized, as it is the most commonly investigated gjectrons or holes. It is known that adsorbed molecules are
titania crystal face. The surface consists of rows of bridging often bound to surface defects where charge transfer can
of bridging oxygen atoms are located directly on top of 6-fold  pata illustrating the use of low-energy He ion spectroscopy
in the same plane as 5-fold coordinated Ti atoms. The rows girected in a beam to the TiGurface. Momentum transfer
of 5- and 6-fold Ti atoms are separated by rows of in-plane occurs to individual atoms in the surface, and the law of
oxygen atoms. A model of the stoichiometric surface conservation of momentum is used to determine the mass
depicting all four types of surface atoms is shown in Figure of the surface atom participating in a collision, through
3. ) ) measurement of the kinetic energy of the reflected loa
_ The detailed structure of the Ti10) surface has been  griginating from the collision. The fully oxidized TiL10)
mvesngated .by ab initio theoretical methdddyy surface crystal (1x 1 LEED pattern) was made slightly defective
X-ray diffraction (SXRD);*and very recently by low-energy  py annealing the surface for 3 min in ultrahigh vacuum at
electron diffraction’> The surface O atoms and the surface 1000 K. Then 80, was adsorbed on the surface, localizing
Ti atoms are expected to be in distorted positions relative to g the defect sites and labeling them with the isotopic
the bulk The extent Of the Iattice I’elaxation measured by Oxygen. The LEIS measurements ShOW that the nondefective
SXRD and Ca|Cu|ated theoretica”y differS by about 0.3 A Surface Consisting Of known numbers Of Ti am atoms
(O) and 0.1 A (Ti). Recent LEED I/V measurements and exhibits kinetic energies characteristic 80 and Ti in
analysis involving adjustable self-consistent phase shifts gpectrum a. When the slightly defective surface is studied,
have ellmlnated_ this discrepancy and show that an O atoMcontaining80 on the defect sites, spectrum b is obtained,
outward relaxation of about 0.1 A occurs, accompanied by and from the area of th&O feature it was determined that
an outward Ti atom relaxation of about 0.25'A. ~0.07 ML of defects containing th&O label were present.
) L Spectrum ¢ was obtained when a highly defective surface,

2.2.1. Measuring Defects: TiO(110)=(1 x 1) sputtered with 500 eV Arions at a fluence of 2« 10

The photoactivity of the Tig{110) surface is critically  ions/cn?, was similarly studied. In parallel XPS studies, the
dependent on the presence of defects in the surface regiorslightly defective TiQ(110) surface was shown to exhibit a
of the crystal substrate. These defects, known to be oxygenweak feature due to small amounts of Tpresent when the
vacancies located in the bridging oxygen rows, can be createdsurface defects were produced by heating to 1008 K.
by thermal annealirfg®1” or by ion sputterin§® and have Further structural characterization of the defective JTiO
been previously quantified using He ion scattet?t§ surface, as well as the induced electronic changes associated
and scanning tunneling microscopst?? as well as by  with defect sites, is discussed thoroughly by Dielbld.
XPS}8202325 ypS24 EELS?® and EPR spectroscop§.2® It has been found that STM images of oxygen defects may
The presence of these defects changes the electronic structuree influenced by the dissociation of traces of water vapor
of the material. It is currently not known whether defect sites present in ultrahigh-vacuum systems, causing the defect to
influence the efficiency of the electronic excitation of TiO adsorb a hydroxyl group. This finding is completely con-
or the efficiency of charge transfer to adsorbates. It is likely sistent with other earlier studies of the interaction of oxygen
that electror-hole recombination processes are influenced vacancy defect sites to produce water dissociation and surface
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Figure 5. STM studies of partially hydroxylated TiQ110)

containing some nonhydroxylated oxygen vacancy defects: (@)
before voltage pulse; (b) after voltage pulse. The red and blue
crosses mark hydroxylated and nonhydroxylated defect sites,
respectively, and the circled site shows the conversion of a hydroxyl

Chemical Reviews, 2006, Vol. 106, No. 10 4431

subsequent thermal desorption of £ftbm the TiGy(110)
surface!®3° On the stoichiometric Tig§110) surface, C®
adsorbs at regular i sites on the surface of the crystal
(Eges = 48.5 kJ mot?). The coverage-dependent thermal
desorption spectra for Gadsorbed at these sites consists
of a single peak near 160 K. Upon annealing to temperatures
near 600 K, defect formation on the TiQ10)>(1 x 1)
surface begins to occur and these defective surfaces are often
called reduced surfaces. The presence of defects on the
partially reduced surface can be detected using @©a
probe molecule: C@preferentially adsorbs on defect sites
at low coverage® At higher coverage, when defects are
present, C@adsorbs on both defect siteBy{s = 54.0 kJ
mol~1) and on regular sites. The thermal desorption profile

group by an electron pulse to an O-filled site as the OH group is for CO, from TiO(110) consists of a two-peak pattern
decomposed. Scafe 15 nmx 15 nm. Reprinted with permission  characteristic of the quantity of defects present as the
from ref 32. Copyright 2006 Macmillan Publishers Ltd. annealing temperature is increased. A comparison of the

hydroxyl groupg®-3! Although both the defect and the thermal desorption spectra for Gdrom an oxidized
hydroxyl group are bright by STM, the hydroxyl group is 1102(110) surface to the same for a reduced Jk20)
brighter than the defe@&2This has caused a reinterpretation SUface is shown in Figure 6. This method serves as a simple
of earlier work to be necessary, in which the role of quantitative measure of the surface defect density on
hydroxyl groups was not recognized. A clear distinction 1102(110) single-crystalline substrates.
between the defect STM images and the hydroxylated defect Various quantitative studies of the coverage of defects
images has been correctly recognized by Thornton &t al., versus annealing temperature show that the defect coverage
who have additionally shown that the hydroxylated defects reaches a maximum of about 10% of a monolayer when the
may be converted to nonhydroxylated sites using electron TiO2(110) surface is heated t6900 K This value is
pulses from the STM tip. Figure 5a shows an STM image maintained even with additional heating due to the diffusion
of a TiO,(110) surface containing vacancy defects (the bright of titanium interstitial atoms from the surface region of the
points with the lowest brightness) mixed with other sites that crystal to regions deeper within the bulk of the 7R3
give the brightest images. The bright points with the lower This process establishes an equilibrium concentration of
brightness are true oxygen-vacancy defects, whereas thedxygen vacancies that is maintained even with extensive
brighter image points are hydroxyl groups, made from annealing at temperatures at or below 900 K as described
residual water dissociation on the vacancy defects. Theseby Hendersoi®3” There are various possible models that
two types of sites are marked with blue and red dots, could be postulated to explain the maintenance of a constant
respectively, in Figure 5b. A (3 V, 0.35 nA, 300 ms) pulse defect level on the surface of Ti110) after long heating.
from the STM tip was applied to a hydroxyl group circled Figure 7 shows two models schematically. In model 1, O
in Figure 5a, and it was observed that this treatment causedvacancies in the surface region diffuse into the bulk, being
it to convert to a nondefective dark site as may be seen byreplaced by @ anions from the bulk. In model 2, reduced
comparing the circled regions in panels a and b of Figure 5. Ti cation (TP") species diffuse into the bulk during long
This experiment demonstrates that water molecules dissociatédeating. Either model could produce a steady-state level of
at O-vacancy sites and that when the H atoms are removeddefects in the surface region. In the literature prior to the
from the formed—OH groups, the O atom remains behind, work of ref 36, the O-vacancy diffusion model has been
healing the vacancy defect site. preferred. Using static secondary mass spectroscopy (SSIMS),
The coverage of surface defects that are created by thermaln which surface ionization by 3 keV of Arions is carried
annealing can be analyzed through the adsorption andout at very low ion fluxes, bothTi* ions and**TiO™ ions
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Figure 7. Temperature-programmed static secondary ion mass spectroscopy study of the behaviefldi0)i€ it is heated in vacuum.

On the left, the upper traces show ions characteristic ®f Surface species and“Tispecies, illustrating the inward migration of®Ti
accompanied by the outward migration of TiThe bottom panel on the left shows the ratio of the ion signals during annealing. The panel
on the right shows two models for the removal ofTfrom the surface during annealing, and the data indicate that model 2 is obeyed.

Reprinted with permission from ref 36. Copyright 1999 Elsevier B.V.

Cross
TiO,(110)41 x 1) TiO,(110){1 x 2) section

Figure 8. STM images of the reduced Ty(10)—(1 x 1) surface (left) and the extensively reduced XI0)-(1 x 2) surface (right).
The (1 x 2) surface reconstruction forms after extensive annealing at temperatures near 1100 KxT2esrface exhibits both single-
link and cross-link features, shown schematically in the ball model on the right-hand side of the figure. Reprinted with permission from ref

41. Copyright 2003 Elsevier B.V.

were monitored as a function of the annealing temperature 2.2.2. Extensive Defect Formation: TiO,(110)-(1 x 2)
of a TiOx(110) surface, which had been heavily damaged i ] ]

by extensive At ion bombardment producing many defects, ~ With more extensive annealing abovel100 K, a (1x

such as shown previously in the LEIS measurements (Figure2) reconstruction of the Tig110) surface occurs. The
4b). The behaviors of th#Ti* signal and thé®TiO* signal conversion between the slightly defective surfacex(1)

are shown in the top panel of Figure 7. In the bottom panel, and the (1x 2) reconstruction is seen in Figure 8. Thex(1

the ratio*®TiO*/*éTi* is thought to be indicative of the inward ~ 2) surface consists of a cross-link structure as well as a single-
migration of reduced cations () during heating, support-  link structure. On the right side of Figure 8, a diagram of
ing model 2 in Figure 7. These *Tiions producé®Ti* ions the cross-link and single-link features is presented and has
in the SSIMS process. More detailed studies support this been described by Stone eff&lhe atomic nature of the (1
conclusion that Fi* migration into the bulk is responsible x 2) surface structure has been debated in the past. For a
for the steady-state concentration of surface vacancy defectgletailed overview of the (k 2) surface reconstruction and
produced on Ti@110) upon long heating. the models presented to describe this surface, the authors
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refer the reader to ref 9, which includes references to the 12 : 100

majority of research done on this surface. Since the publica-

tion of ref 9, the (1x 2) structures proposed by Pang et

al3® and by Onishi et al are both accepted models: based 8

on crystal preparation procedures, the description of the (1 _

x 2) structure by either one of the “added row” models may @

be appropriate. 4
The (1 x 2) reconstructed surface does display differing

behavior in the presence of UV light when compared to the

(1 x 1) surface, which is unaffected by UV irradiarn@e. 0 , 0 '

When exposed to high photon fluxes of UV light, extensive ~ 100 200 300 400 500 600 200 300 400 500 600 700

line defect formation was shown to occur on thex12) Wavelength (nm)

surface. No effect was seen under the same conditions forFigure 9. Optical properties of Ti@and nitrogen-doped TiO

the (1x 1) surface. This effect is also mentioned in section (A) calculated imaginary parts of the dielectric constant; (B)
6.3.1 measured optical absorption. Reprinted with permission from

Science(http://www.aaas.org), ref 43. Copyright 2001 American
Association for the Advancement of Science.
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3. Excitation of Charge Carriers (TiO )

The excitation of charge carriers (electron-hole pairs) for

TiO, materials occurs when the substrate material is expose :

. and experimental spectra are compared. It may be seen that
to photons of energy higher than the band gap for,Tihe . . A ; )
sections below address possible mechanisms for Iowering“gr.1t absorpﬂon_ at wavelengths abov&00 nm is charac

teristic of the nitrogen-doped materfél.

the threshold energy for substrate excitation, a topic that has . L )

received considerable research interest. Second, this section 1 N€ photocatalytic activity of the films was analyzed by
presents an overview of strategies that have been developed€asuring the decomposition rates for the photo-oxidation
for monitoring the presence of excited charge carriers using ©f Methylene blue as a function of photon energy in addition

either infrared (IR) spectroscopy or electron paramagnetic {0 the measurement of the photodecomposition of gaseous
resonance (EPE?) )spgctroscopf/).y P g acetaldehydé? All of the films showed enhanced photo-

catalytic activity in the visible light region. The films exhibit
; ot N 1s XPS features at 396, 400, and 402 eV hinding energies.

3.1. Lowering the Threshold Energy for Excitation The authors of this work claim that the nitrogen species

Due to the inherent relatively large band gap characteristic responsible for the overall band gap narrowing effect exhibits
of TiO, materials, a great deal of research has focused onthe 396 eV N 1s binding energy. Similar doped powders
lowering the threshold energy for excitation in order to utilize that did not show the 396 eV XPS feature also did not show
a larger fraction of visible light for conversion to photo- enhanced photocatalytic activity.
chemical energy. With its band gap near 3.1 eV, undoped Recently, a study was published that more clearly inves-
TiO; has a photothreshold that extends from the ultraviolet tigated the origin of the band gap narrowing by nitrogen
reg!on into the solar spectrum to ab(_)ut 400 nm. This active doping. In that worké* doping of the TiQ(110) crystal was
region of the solar spectrum comprised0% of its total. ~ done in a high-temperature flow reactor, where the crystal
By doping TiQ, with impurities, this threshold energy for  could be simultaneously heated and exposed tg ds$ at
photoactivation can be reduced, potentially increasing photo- high temperaturé After treatment, the crystal was subjected
activity under solar irradiation. to XPS analysis, where a pair of N(1s) features were

There has been a great deal of interest recently on the usgevealed, one at 396.5 eV (seen previously and assigned to
of both nonmetal and transition metal doping, as will be substitutionally bound N) and one at 399.6 eV, which has

below 500 nm. These results are illustrated in Figure 9, where
dcalculated optical properties of a nitrogen-doped ;[fitn

addressed below. been attributed to an \NH complex interstitially bound in
. . the TiQ, lattice#* The two-feature XPS spectrum observed
3.1.1. Nitrogen Doping for the NHg-treated samples is comparable to that presented

The idea of doping titanium dioxide materials with by Asahi et al® However, in Asahi’'s work, the authors claim
nitrogen and other anionic species was first presented bythat the N 1s XPS feature at 396.5 eV (attributed to
Asahi et al. in 20022 They reported theoretical results from ~ substitutionally bound N) is related to the photothreshold
the substitution of C, N, F, P, or S for oxygen atoms in the €nergy decrease observed, whereas the work in ref 44 finds
titania lattice. Results of density of states (DOS) calculations that the 399.6 eV N(1s) state due to-NH species is the
for anatase Ti@ suggest that substitutional type doping active dopant. A comparison of the XPS spectra from the
(interstitial type doping and a mixture of both substitutional doped material presented by As#énd of the NH-doped
and interstitial type were both found to be ineffective) using material presented by Diwald etdlis shown in Figure 10.
nitrogen is effective due to the mixing of nitrogen 2p states Recently the Diebold group has employed STM and XPS
with oxygen 2p states, thus causing a significant decreasemethods to investigate N doping in both rutile(110) and
in the width of the overall band gap. Similar calculated results anatase(101) oriented single crystals. N doping induces
were also obtained for S doping; however, S doping is not localized N 2p states within the band gap, just above the
commonly employed due to its large ionic radius. Asahi et top of the valence band, facilitating the production of oxygen
al. further investigated experimentally the use of nitrogen vacancies and Ti 3d states within the band gap at elevated
as a substitutional dopant through characterization of TiQ temperature$>
films. The doped material, made by sputtering Fidms A novel test, developed by Fleischauer et*aland
with No/Ar mixtures?® was found to consist of both anatase others!’“® was employed by Diwald et &t.to determine
and rutile grain structures and was shown to absorb light the photoactivity of the N-H-doped crystal as a function
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Figure 10. Comparison of the N (1s) XPS data presented (A) by

Asabhi et al*® and (B) by Diwald et af* Panel A is reprinted with NHa-d : ; ;

Lo - © b s-doped TiQ(110) single crystals. The points shown were
permission fromScience(http://www.aaas.org), ref 43. Copyright  measured using the photoreduction of Ag as measured by AFM
2001 American Association for the Advancement of Science. Panel 54 reported in ref 44. Reprinted with permission from ref 44.

B is reprinted with permission from ref 44. Copyright 2004 Copyright 2004 American Chemical Society.
American Chemical Society.

Photon Energy (eV)

Figure 12. Comparison of the photoactivation of undoped versus

. , may be seen that an0.6 eV decrease in the photothreshold
Ag Photoreduction on TiO,(110) is seen for the N-H-doped TiQ crystal compared to
hv=247eV undoped TiG.
N Prior to the work done where Nhivas used as a dopaftit,
Vidoped NH;-N-Doped doping of TiG(110) was also attempted by Diwald et*al.
using a high-energy ion gun (in UHV) to implant the
TiO,(110) using a NAr+ mixture® After 3.0 keV of Nb*
implantation, the crystal was annealed extensively, allowing
diffusion of implanted N atoms further into the bulk of the
crystal. The crystal photoactivity was then tested using the
photodesorption of adsorbed, @t various photon energies.
XPS, TEM, and SIMS were also used to examine the nature
and depth of the implanted nitrogen species. Results of this
work showed anincreasein the photothreshold energy,
opposite to that observed by others. The XPS data for the
ion-implanted surface show a single 396.5 eV N(1s) feature
attributed to substitutional nitrogen, assigned astNerefore
suggesting that substitutionally bound~ Nalone is not
responsible for the decrease in the photothreshold of
TiO,(110) as suggested by Asahi et&iWork done by Burda
et al® on nitrogen-doped Ti©@nanoparticles reports sub-
stitutionally bound nitrogen as the active dopant species, in
agreement with Asatt® This work, however, differs from
that of Asahi in that the measured N 1s XPS feature exhibits
e a binding energy near 400 eV, and no peak is measured at
c d or near 396 eV as found by AsaliiOther authors also report
Figure 11. AFM images of Ag clusters deposited on (a) undoped N 1s XPS features for nitrogen-doped titania at 400°&V,
and (b) NH-doped TiQ rutile single crystals after exposure o UV yet assignment of this species remains an issue. Burda et al.
g\ght. Reprinted with permission from ref 44. Copyright 2004 1o 1ts that the substitutional type nitrogen species respon-
merican Chemical Society. - - : .
sible for the observed increase in the measured photocatalytic
of photon energy. The results yielded a significant decreaseactivity in the visible region is due toNO type bonding as
of ~0.6 eV in the photothreshold energy needed for substratereported in ref 52. Thus, although Diwald et*dand Burda
excitation. This test involved the photoreduction of Aagq) et al® agree that a nitrogen species with an N 1s binding
ions to form Ad deposits on the Ti©crystal surface. The  energy near 400 eV is an active dopant, their assignments
surface, once exposed to UV, was then imaged using atomicof its chemical nature differ.
force microscopy (AFM), which was used to evaluate the  Hoffmann et af® have also extensively investigated the
density and size of Atclusters produced photolytically. A effect of nitrogen doping on titania materials. That work
representative comparison of the AFM images of the;NH  focused on investigating the photo-oxidation of organics over
doped and undoped crystals exposed to UV radiation at 2.47N-doped materials prepared using a method earlier reported
eV is shown in Figure 11. It should be noted that this effect by Burda and Gol& Hoffmann et aP® report results
of N---H doping has been studied for a photoreduction suggesting that organic molecules such as methylene blue,
reaction, not for a photo-oxidation reaction. A summary of commonly employed by others to monitor photo-oxidative
the results of these studies is shown in Figure 12, where it processes, may be uninformative as to the actual activity of

500nm ,
——r—
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The measured inter-band-gap density of states has been
postulated to reduce the rate of electrdwle pair generation,
which may readily occur without the presence of these
E state® A schematic diagram explaining this effect for
Ex Es E2 anatase and rutile is shown in Figure 13, where for rutile
TiO, the suppression of the top of the valence band is
observed for N doping. Similar calculations recently pre-
sented by other authéfsagree with the work presented by
Selloni et af®

The difference in the dopant states for substitutional versus
interstitial type impurities in anatase Ti@as investigated
both experimentally on Ti©@powders using electron para-
magnetic resonance spectroscopy (EPR) and XPS and
theoretically using DFT calculatiort.This worlké® reveals
a distinct N 1s XPS feature at 400 eV, but the authors note
that preparation methods and differing experimental condi-
tions can drastically affect the nature of the measured XPS
signals. In addition, the authors also point out the probability
that the observed XPS feature ascribed to N 1s transitions
the TiOy. It is likely that photo-oxidation of methylene blue ~May originate from the presence of any number of differing
and other dyes occurs through direct excitation and degradaitrogen species. Although the EPR characterization of the
tion by UV or visible illumination. These dyes are oxidized Nitrogen species in the anatase material considered in this
with or without the presence of Ti and may give false ~ Work is inconclusive, the theoretical findings show very
results when used to investigate photo-oxidation chemistry distinct differences in the calculated electronic structure for
on TiO,. substitutional versus interstitial type nitrogen. Both types of

Density functional theory calculations have addressed theimpurities are found to add localized states within the band
variances in the photoactivity measureméntsnsidering ~ 9ap. For substitutional type nitrogen, these states are located
both anatase and rutile type samples that have been substi0-14 eV above the valence band, and for interstitial type
tutionally doped with nitrogen. The conclusions of this work Nitrogen species (referred to as-), the localized states
are profound. For anatase samples, substitutional N dopingare calculated to lie 0.73 eV above the valence band. In
results in a decrease in the photon energy necessary to excit@.ddmon, these .Calculatlons.have also found that there |S. a
the material; for rutile Ti@ materials, the opposite effect is 1arge decrease in the formation energy for oxygen vacancies
observed and is attributed to the contraction of the valence@s a result of additional nitrogen atoms in the lattice.
band and the stabilization of the N 2p state, thus causing anTherefore, oxygen vacancies are most probably induced by
overall increase in the effective band gap in agreement with N doping of TiQ. This work, although quite useful in
the work of Diwald et af® For anatase Tig) substitutionally realizing the actual electronic nature of doped titania materi-
bound nitrogen atoms create localized occupied electronic@ls, does not address the actual observed change in the
states (N 2p in character) above the top of the O 2p valencePhotocatalytic activity as a result of impurity addition.
band. The creation of this occupied electronic state has also In summary, there is a great deal of literature existing on
been shown experimentalf§>” As a result, the mechanism  the topic of nitrogen doping of Tigmaterials, most of which
for photoexcitation of N-doped anatase is most probably agrees that the addition of nitrogen to the lattice of JiO
direct excitation of electrons from the N 2p state located results in increased photocatalytic activity at lower photon
within the band gap of the TiQinto the conduction band.  energies. Theoretical results have also clearly illustrated that

Ev _.T E3

[ i E:| 1 E+
w
Pure | N-doped

ANATASE RUTILE

Figure 13. Comparison of the calculated electronic structures for
N-doped anatase and rutile Ti@s described by Selloni et &l.
Reprinted with permission from ref 55. Copyright 2004 American
Physical Society.

Pua |N-dopad

Table 1.
author (ref) method/substrate dopant type result
Asabhi et al*® theoretical: density of states calculationsubstitutional; substitutional type dopant causes increase in

experimental: sputtering of
rutile/anatase Ti@films with No/Ar

mixed (substitutional
and interstitial);
interstitial

photocatalytic activity; authors correlate
finding to N Is binding energy at 396 eV,
interstitial or mixed dopant states are found
to be ineffective

Hoffmann etaP® experimental: NB-doped anatase Ti¥O not characterized

Burda et aP® experimental: chemical doping method substitutional
for TiO, nanoparticles
experimental:

Diwald et al#449 interstitial (high-

high-temperature gaseous doping with  temperature
NHs [also TiOy(110)] treatment)
sputtering of rutile TiQ(110) substitutional

(sputtering treatment)

Di Valentin et al®®> theoretical: anatase and rutile HO substitutional

Di Valentin®® theoretical and experimental: anatase

interstitial

substitutional and

doped Ti@aterial absorbs light up to 520 nm,
but fails to completely photo-oxidize HCOO

substitutional type dopant measured at 400 eV
due to N-O type bonds in the lattice

interstitial dopant (400 eV N 1s binding energy)

is active dopant, suppressing photothreshold;
substitutional dopant (396 eV N 1s binding
energy) increases photothreshold energy

substitutional dopant causes decrease in photothreshold
energy for anatase samples only; for rutile, an
increase in the photothreshold energy is observed
both dopant types create a discrete energy level within
the band gap, suggesting that either dopant may
cause a decrease in the photothreshold energy for
TiO, activation
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the addition of either substitutionally or interstitially bound
nitrogen species results in localized N 2p states that are
discrete levels above the valence band, in contrast to past
reports which suggested valence band broadening. Table 1
presents a compilation of the literature dealing with nitrogen
doping on TiG.

3.1.2. Carbon Doping

In addition to investigations of Ti@doping with nitrogen
as discussed above, carbon has recently received considerab
interest as a nonmetallic dopant in Li@aterials. Carbon
was first investigated as a substitutional type dopant i, TiO
by Khan et al8° who studied the band-gap energy through
measurement of the efficiency of water splitting similar to
the method first used by Honda and Fujishith@ihe material
studied in this work was chemically modified TiGynthe-
sized using flame pyrolysis of a Ti metal sample, an ill-
defined material compared to single-crystalline ZiOarbon
was incorporated during the pyrolysis process that was
carried out in the presence of combustion products,(&@@

60 ; O fi i -
g]%?) t.The)Eengltmgd-l}'Qf”(rjntw"és Chara;:terltz_led It\)/ly X-ray Figure 14. Partial geometry for various models for the doping of
iffraction ( ) and found to be mainly rutile. Measure- carbon into TiQ. See text for an explanation of the figures.

ments of the photocurrent at various applied voltages show Reprinted with permission from ref 65. Copyright 2005 American
increased activity for the carbon-doped films when compared Chemical Society.
to undoped materials that were fabricated using the same
method. A significantly reduced band gap of 2.32 eV is oxygen partial pressure. At low partial pressures of oxygen,
reported for the carbon-doped material, compared to 3.0 eV substitutional type doping of carbon atoms substituting for
for undoped rutile. The proposed mechanism for this action oxygen atoms is favored. In addition, the formation energy
is band-gap narrowin®. for oxygen vacancies decreases with the presence of the
Since the initial experimental investigation of carbon- carbon dopant. At high partial pressures of oxygen, both
doped TiQ, other authors have investigated carbon doping interstitial and substitutional (where carbon binds to titanium
in TiO2 both experimentalR¢ 64 and theoretically? 6> Sak- atoms) carbon dopants are present. For both anatase and
thivel and Kisch have shown that carbon incorporation into rutile, the presence of both types of carbon dopants causes
TiO, powders causes a-fold increase in activity for the  the formation of localized occupied band gap states that vary
degradation of 4-chlorophenol by UV light compared to in energy on the basis of the dopant type, the presence or
nitrogen-doped Ti@materials. The preparation method for absence of oxygen vacancies, and the background partial
the samples presented in ref 62, although similar to that pressure of oxygen. The presence of these states gives rise
presented by Khan et &P, results in carbon-containing to the decreased energy necessary for excitation of either
species, either elemental adventitious carbon or carbonatenaterial, as reported experimentally. Figure 14 shows the
species. This finding is in contrast to that presented by various site locations considered for C atom doping in.TiO
Khan8® who report the presence of substitutionally bound Figure 14a shows the substitutioheoC atom for an O atom
carbon. Tachikawa et &.investigated carbonate-species- (Cs-o site). In Figure 14b is shown C atom substitution at a
doped TiQ (anatase) and found that although UV-induced Ti site (Gs-1; site). Figure 14c shows C atom insertion in an
charge carriers are generated more readily for carbonatednterstitial site (¢ site). In Figure 14d is shown C atom
doped TiQ, no evidence for enhanced photo-oxidation insertion near an O vacancy (& V, site). The yellow
chemistry is measured. The authors attribute this finding to spheres represent O atoms, the small brown spheres Ti atoms,
a possible decrease in the mobility of the photogeneratedand the black spheres C atoffis.
holes, which participate in the photo-oxidation step. This may »
be directly related to significant trapping of charge carriers 3-1.3. Transition Metal Dopants
that occurs upon photoexcitation and is directly dependent Doping with transition metal ions including €t,V,58
on the incoming photon flux and the density of impurity sites Fe8970pp71 Cu2and others has been investigated. Doping
(which may act as trapping sites) in the surface or the bulk with these metal ions has shown both positive and negative
of the materiaf® effects on the photocatalytic activity of TiDa number of
The action of carbon type dopants in both anatase andauthors claim that although metal ion doping should decrease
rutile forms of TiQ, has been addressed theoretic&liyhe the photothreshold energy of TiCthe metal ion may also
authors investigated the effect of both substitutional and serve as a recombination center for electrons and holes, thus
interstitial type carbon dopants in the anatase and rutile formsdiminishing the overall activity of the photocataly3t.
of TiO,. The stability of the dopant species as a function of Karvinen et al* have theoretically investigated the role of
oxygen partial pressure was investigated. In addition, the transition metal dopants in both anatase and rutile,TiO
electronic structure of each material after the addition of models. For anatase Ti(the addition of T3, V3", Cr*,
either substitutional or interstitial type dopants was calcu- Mn®", and Fé&" caused significant band gap narrowing;
lated. For both rutile and anatase Tj@ is found that the however, for the rutile system, no effect was fouhd.
same general trends are realized for both substitutional andHoffmann et af>">have investigated a great number of metal
interstitial types of carbon dopants as a function of the ion dopants in TiQpowders with the specific aim to measure
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Figure 15. Characteristic EPR signature for photogenerated electrons and holes in fully oxidized anata§éh&ifght-hand schematic

shows the location of the conduction band electrons (detected by IR spectroscopy), electrons trapped at shallow trap sites (EPR detection),
and charge carrier holes present in the valence band (EPR detection). Reprinted with permission from ref 27. Copyright 2005 American
Chemical Society.

the photoactivities of the resulting material. A mixture of 90 K). At room temperature, the recombination process is
both positive and negative effects was reported. Choi &t al. much faster, and the photogenerated electrons and holes
have carried out an exhaustive study of the effects of ion recombine rapidly. Figure 15 illustrates the detection of
doping of quantum-sized Tithanopatrticles in the-24 nm photogenerated electrons and holes via either EPR or IR
size range, using coprecipitation of the dopant ion and the spectroscopy.

TiO, from a solution of titanium tetraisopropoxide solution

undergoing controlled hydrolysis. Doping with¥gMoS5*, 3.2.1. IR Spectroscopy as a Tool for Monitoring

R, O$t, RET, V4, and RR™ was carried out to 0:1 Conduction Band Electrons

0.5 atomic percent, and the photoreactivity toward chlori-
nated organic molecules was increased for both oxidationb
and reduction reactions. The quantum yields obtained during

photolysis with steady light intensity were quantitatively electrons via UV irradiation with photons greater than the

correlated with the measured transient charge carrier absorp ; :
. : A n nergy leav lectrons in near th n ion
tion signals. They report that the photoreactivity of the doped b;a d gap energy leaves electrons in states near the conductio

The energetic promotion of electrons from the valence
and to the conduction band in semiconductors can occur
in a number of ways. As discussed earlier, promotion of

R N nd where, at low temperature, they m tored for lon
TiO; increases as the dopant concentration is increased bu and where, at low temperature, they may be stored for long

that th it lex d d d A i eriods of time. For a powdered mixed oxide material
natthere exists a complex dependence on dopant concenliarriny, _gi0,) payanotov et & have observed the presence
tion, dopant energy state in the lattice, the d-electron

P tion. the distribut fd ts. the electron d of conduction band electrons produced upon thermal an-
configuration, the distribution of dopants, the electron donor nealing in a vacuum. The same is observed for pure,TiO
concentration, and the light intensity.

Much additional K has b d tal dooi f unmixed with SiQ.”” This effect is directly related to the
_Much additional work has been done on metal doping o thermally activated production of defects within the material
TiO,, but a detailed understanding from a surface science

; th t vet b hieved as the time and/or temperature of the annealing process
viewpont has not yet been achieved. increases. The shallow-trap defect site (probabfy)Tihen
. . o provides electrons to the conduction band by thermal
%2' Mobr_ntor_lng Charge Carrier Excitation and excitation from the defect state at the temperature of the
ecombination measurement (476 K), as shown schematically in Figure 16.

Berger et af’ reported the detection of mobile charge This process is sometimes referred to as “metallization”
carriers in TiQ powders by either electron paramagnetic of the semiconductor. Free carriers (electrons) promoted to
resonance spectroscopy or infrared spectroscopy. These toolthe conduction band behave approximately as delocalized
complement each other quite well for studies of this nature. electrons in an infinite-walled three-dimensional box. The
In this work, it was shown that under continuous UV high density of states provides a continuum of electronic
illumination, photogenerated electrons are either trapped atexcitations, resulting in an increase in the featureless
localized states within the band gap {Ticenters), where  background of the infrared spectrum as excitations over a
they are measured by EPR spectroscopy, or promoted to theavide energy range in the infrared region combine to produce
conduction band, where they are unable to be detected bythe broadband background absorption. This phenomenon is
EPR but are able to be easily measured by IR spectroscopycalled Drude absorption, as found in met&lén semicon-
Photoexcited hole species are able to be detected also usinguctors, detection of excitation to delocalized conduction
EPR and are measured as §pecies, which originate from  band electron states is done by infrared absorption spectros-
lattice G~ ions. Using these methods, the lifetime of the copy, and a broad structureless absorption increase is
photoexcited electrons and holes can be measured and isneasured, as shown in Figure 17. The description of these
found to be on the order of hours at low temperatdre=( delocalized electrons, their coupling to phonons, and the
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Figure 16. Schematic diagram depicting the thermally activated
charge injection of electrons from shallow trap sites into a
continuum of states in the conduction band of this wide-band gap
semiconductor. IR excitation in the CB is also indicated.
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Figure 18. Diffuse reflectance infrared Fourier transform spectra
of powdered Ti@following UV irradiation. Spectra-ae correspond

to various relaxation times ranging up to hundreds of minutes at
300 K. (Inset) The line shape of the broad background remains
constant as the decay of electrons in the conduction band occurs.
Reprinted with permission from ref 80. Copyright 2002 American
Chemical Society.

Reduced TiCJ2

N

Production
of Trapped
Electrons

independent of the degree of relaxation, shows that a single
state containing trapped electrons is responsible for the
observed background shift throughout the IR region. A value
of p= 1.5 is expected for electron momentum conservation
with acoustic phonons in a semiconductor according to ref
80. An infrared band near 3390 cfis assigned to an
electronic excitation and does not shift with D substitution
for H in surface hydroxyl group®.

Detection of photoproduced conduction band electrons by
IR spectroscopy was also earlier reported by Yamakata et
e al.?* who measured the excitation of powdered PtAiliO
1000 materials activated by short time scale laser pulses. Here, as

A A(2000 cm™) = 0.27

Oxidized TiO,

PR R T 1 PR "
2500 2000 1500

Wavenumber, cm’ in work presented by Berger et &l.the transient IR
Figure 17. IR absorbance spectra for oxidized and reducec,TiO absorbance over a wide range of wavenumbers (3000
Trapped electrons are measured by the increase in the backgroungm=1) is monitored before, during, and after the photo-
absorbance measured at 2000 &nReprinted with permission from  aycitation step. Yamakata et&lobserved a peak in the IR

ref 27. Copyright 2005 American Chemical Society. absorbance at time= 0 (onset of 10 ns laser pulse) and

measure decay kinetics for the concentration of conduction
formation of polarons as a result of lattice distortion are band electrons as measured by the IR background absorb-
topics beyond the scope of this review. Hoffmann and co- ance. The decay kinetics are highly fractal, which means that
workerg®8 have detected transient and persistent diffuse fits may only be made using a wide range of rate constants.
reflectance infrared signals due to the population of conduc- This is illustrated in Figure 19, where four time domains of
tion band electrons upon irradiation of Ti@owders with the decay are presented ranging from microseconds to
supra band gap light, where the baseline IR absorption for seconds. Fits were done using six decay constants.

TiO, rises immediately upon UV irradiaticit®In addition, The reported decay kinetics for photogenerated electrons
the observed response partially recovers in the dark and fully after excitation is shown to be first-order, which is in contrast
recovers upon the addition of oxygen. to results presented by these authors for work done on

The decay of the electron concentration in the conduction TiO,(110) at 110 K, where second-order recombination
band, produced by UV excitation, is shown in Figure 18. kinetics are inferred (see section 4.2 and ref 66). The
Here the broad background spectrum is observed in reflec-explanation presented by Yamakata et al. for first-order decay
tance spectra to decay over periods greater than hundred&inetics is the following: in colloidal Ti@particles, where
of minutes at 300 K. Spectrum a was produced by UV only low concentrations of electrethole pairs accumulate,
irradiation and was measured 13 min after UV excitation the kinetic rate law is first-order in nature, whereas when
was discontinued. Over time periods extending to 135 min higher concentrations of electrehole pairs are present, the
after irradiation, spectra-bd were measured. The final kinetic rate law is second-order in nat§feThis topic is
spectrum, Figure 18e, corresponds to full relaxation of the further addressed in section 4.2.
excited system. The inset shows a plot of B@(u)) versus Early work done on the detection of trapped electrons in
log(A/um), which is linear for all spectra-&d, indicating that the conduction band as measured by IR spectroscopy was
S(1) = A(P) for all stages of relaxation. The value of the reported by Baraton et &.The authors reported the use of
exponentiap = 1.73, indicative of a constant spectral shape TiO, powders as a sensor material for oxidizing or reducing
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Figure 19. Decay curves of the IR absorption at 2000 ¢énfor T+ e T
Pt/TiO, powder following laser pulse excitation at 355 nm with an
energy of 7 mJ. Reprinted with permission from ref 81. Copyright
2001 Elsevier B.V. 0 L ' = l L
0 2 4 6
agents. In the presence of an oxidizing agent, electrons are Concentration of Trapped Electrons [a.u.]

removed from the conduction band by the adsorbate, thL.JSFigure 20. Correlation between the concentration of trapped

decreasing the background I,R absorbance.l The OPPOSIt&|ecirons and trapped holes as observed by EPR spectroscopy of
effect was measured for reducing agents that inject electronsphotoexcited Ti@. At high UV light intensity, trapped electrons
into the conduction band, thus increasing the backgroundare excited into the conduction band (EPR silent). As a result, the
IR absorbancé® This work demonstrates the use of metal concentration of trapped electrons becomes unequal to the con-

oxide materials for gas sensors using IR spectroscopy as &entration of trapped holes and a break in the linear correlation
detection tool. occurs. Reprinted with permission from ref 27. Copyright 2005

American Chemical Society.
3.2.2. Electron Paramagnetic Resonance Spectroscopy . i
(EPR) electrons after annealing the Ti@ 950 K when compared

to the concentration of photogenerated trapped electrons

EPR is widely employed for the detection of photoexcited observed for oxidized Ti@ Little to no signal is observed

charge carriers in metal oxide materials. Early work on the for O~ holes in thermally reduced TiOWhen the reduced
use of EPR for the study of UV-induced effects on TiO material is further exposed to sub-band-gap UV irradiation,
powders has been studied extensively and reported in reviewa photobleaching effect occurs, where all of the characteristic
format®#°> Work done by Howe and GtzeF® reports on  electron and hole EPR signatures are eliminated. This effect
the trapping of photogenerated electrons and holes in thecan be explained by the ionization of trapped electrons
bulk and surface region of hydrated anatase,p@lycrys- located in inter-band-gap staté&s.
talline material at very low temperatures (4.2 K). Electrons

are trapped at low temperatures at localizet!" Bites (to inati ;
produce Ti") within the bulk of the material, and holes are 4. Recombination of Excited Electrons and Holes

trapped as lattice oxide ions ({ below the surface. As _ _ o
mentioned above and reported by Berger éf #he photo- é‘itléSShOCkley Read—Hall Recombination at Trap
generated electrons and holes exhibit a lifetime of hours at
90 K. A direct linear correlation between the concentration  The concentration of charge carriers upon UV excitation
of photogenerated electrons {Tispecies) and holes (O  in any semiconductor is reduced by the inherent recombina-
species) measured by EPR spectroscopy on polycrystallinetion process that may occur, leading to the destruction of
anatase Ti@ exists and is depicted in Figure 20. The active electrorrhole pairs. For TiQ this action can be
deviation from linearity suggests that at high UV light explained by the ShockleyRead-Hall model for non-
intensities a fraction of photogenerated electrons are trans-radiative recombination, which describes the capture of
ferred to the EPR-silent conduction band (due to the finite mobile electrons and/or holes at trap sites within the
concentration of Tt electron-trap defect sites), where they semiconducto$’-#8 Once trapped, the electron (or hole) is
can be measured using IR spectroscopy as discussed ifhen annihilated via recombination with holes from the
section 3.2.1. valence band (or electrons from the conduction band). The
For reduced samples, where oxygen vacancies are createdctive sites for electron or hole trapping may vary and are
in the bulk of the material, the EPR signal is identical to usually described as defect states within the crystal due to
that of trapped (Ti*) photogenerated electrons that are interstitial atoms, defect states, or grain boundaries and the
created in the presence of UV irradiation:3Tsignals are like. In the Shockley-Read-Hall mechanism, as schemati-
clearly measured in each case. However, for reduced, TiO cally depicted in Figure 21, four transition processes may
the EPR signal intensity is enhanced by a factor of 25, occur: (1) electron capture; (2) electron emission; (3) hole
suggesting a greater concentration of thermally producedcapture; or (4) hole emission. This model assumes that the
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Shockley-Read-Hall Recombination: Possible Transition Processes

3) Hole Capture 3) Hole Emission

Figure 21. Schematic diagram showing the four electronic transition processes that may occur for the charge carrier recombination as
described by ref 88. Reprinted with permission from ref 88. Copyright 1952 American Physical Society.

semiconductor is non-degenerate and that the density of trapi8Q,, Initial Photodesorption Yield — TiO,(110)
sites is relatively small compared to the majority carrier

density present in the material. For a F{0OL0) single crystal 14 T T a

the concentration of hole-trapping sites was estimated by

Thompson et & to be on the order of 2.5 10* cm™3, 2 §

which is equivalent to an atomic fraction 0f3107° of the - |hv=3.4+/-0.05eV 1

bulk atomic sites in the crystal. or [T=110K . 1
o A ]

4.2. Kinetics of Recombination

The kinetic processes by which photochemistry on;TiO
is governed have been investigated using a simple surface <
photochemical reaction, namely, the photon-induced desorp- =
tion of molecular oxygen from Tigd110)¢ It is known that =
oxygen molecules are adsorbed at oxygen-vacancy defect 2b
site$°°% in the surface and that they become negatively

mps x 10

4k

charged as @ specie$? % This will be discussed in greater of wwww
detail in section 5.1. To study the excitation of photogener- 0.0 50x10°  1.0x10"  15x10°  2.0x10’
ated charge carriers, the effect of the incident light intensity Flux " (photons"cm'sec™?)

on the rate of photodesorption of, @as investigated. This ) ] i . )

work builds on that of other authors who have reported a ﬁ'gurizl?- Yield of ?htgtodﬁsgzlbmg axygen Ifgr Increasing ph%t.on

correlation between reaction rate or photo-oxidation rate to |- A lin€ar corretation between the yield ol photodesorbing

the square root of the incident li htrzntens?ﬁyloo Those oxygen and the square root of the photon flux proves that the
q . 9 : 4 recombination process is second order. Reprinted with permission

experiments are less refined than the work presented in reffrom ref 66. Copyright 2005 American Chemical Society.

66 that involves carefully controlled studies of a simple

photoprocess that occurs in ultrahigh vacuum on a planarphotodesorption will be, according to the steady-state ap-

single crystal of TiQ with known surface structuteand proximation

known surface defect densifyand in the absence of solvents

and surface-bound chromophores. In addition, the photon flux B B

and photon energy are well-known. Thus, quantification of —d[O, (a))/dt = k,[O, (a)]

the rate of a well-defined photoprocess compared to the

photon flux received by the planar single crystal surface can N :

be accurately made in this model system involving a . where the recombination process (step 3) is second-order

TiO2(110) single crystal. A kinetic model was developed and in the hole concentralt/izon, [h], leading to a desorption rate

is presented below and in ref 66: containing the factoFy,”. This assumes that at steady state
conditions, [€] ~ [h*] = constant. The linear correlation
between the yield of photodesorbing oxygen and the square
root of the incident light intensity is shown in Figure 22.
. Further discussion of Figure 22 will follow later.
, : S . .
h* 4+ T— T (hole capture by a hole trap) ~ (2) Much work on photochemical oxidation reactions in
solution has been carried out. Here, additional complexities
having to do with solvent effects, pH effects, etc., are found,
and in some conditions, reactions are studied where diffusion

K, of the reactant to the immersed TiQarticle surface is rate

h* + 0, (a)— O,g)! 4) determining. Recent work by Cornu et*&:'2has shown
that the dynamics measured in the fast time regime (pico-

After hole trap filling by reaction 2 and assuming a fast seconds, and somewhat above) is irrelevant to surface
equilibrium is established between thele pair formation photochemistry and that slower kinetic processes determine
(step 1) and the recombination (step 3), the rate of(& the reaction kinetic&?* For the photo-oxidation of formate

k.12
k—: Fz2 (5)

kKiFh,
hv + TiO,——~¢e +h' (1)

_ ks N .
e + h" — heat (on recombination sites) 3)
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ions in aqueous solution, the rate is found to be proportional
to F2.%! for a particular range of light intensi&y* By using
interrupted illumination methods, different photo-oxidation
kinetic regimes have been studied. This work has been
continued in a later study of the photo-oxidation of methyl
orange, where the influence of pH has been studied. It has Conduction Band
been found that the chemical intermediates persist longer 0 15 lgﬁ lm Ia [ J
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than a few milliseconds, suggesting that fast laser-driven
photoprocesses are not involved in the chemical kinetics of
TiO,-mediated surface photochemical proces8es.
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4.3. Evidence for Trap Filling —Photodesorption of |
0, Necs =2

-~
Shallow Traps

From eq 5, the instantaneous rate of photodesorption is
measured for the initial pulse height'8D, that desorbs from
the TiO,(110) surface as supra band gap light is exposed t
the crystal face. The initial photodesorption pulse is terme
the initial yield of photodesorbing oxygei®,. Figure 22
shows the dependence ¥f, on the magnitude of:2.
Two linear branches with differing slopes, A and B, are
measured. Branch A corresponds to a photodesorption
process of low efficiency, where significant hole trapping
results in a lower probability for photogenerated holes to
reach the surface. In branch B, the large concentration of '3
photogenerated holes saturates the hole-trapping centers, an
in this region of highFy,, there is an increase in the number
of holes that are able to reach the surface. As shown in Figure
23, about each trapping site (T) there is a spatial range in
which photogenerated holes produced in this region will, on
average, reach the T site and become trapped. Photogenerate
holes not trapped at T sites will reach the surface, where the
holes can produce LOphotodesorption with a probability

governed by the factori? and ki/ks]“2 in the series of

experiments at constant {d@)]. Trap filling has been observed in semiconducting silicon
Most studies of the photoche_mu:al filling of trap states ¢ pstrate€419%and has also been suggested for rutile single
have concerned electron trapping. When an electron trapcrystalsloepolycrystalline TiQ electroded®and ZnO nano-
becomes filled, the Fermi level crosses the energy level of particlesi®’ The ‘saturation of deep trap levels results in
the trap and the trap becomes inactivated for further electronennanced carrier mobility and carrier lifetime. SchwarzB8rg
capture. This trap saturation effect can enhance the lifetimesings results similar to those presented in Figure 22; however,
of photogenerated charge carriers and can improve thee authors investigate charge carrier mobility via transient
quantum yield of carriers at higher light intensiti€sThese  phstocurrent measurements. An inflection point in the
ideas may also apply to hole trapping in Bi@s demon-  measured photocurrent due to the saturation of deep trap

Qo
Electron Energy (eV)

Figure 24. Energy levels measured for3Tiinterstitial species in
a TiO; rutile single crystal. Adapted from ref 106.

strated in Figure 22. levels was reported thet&® Nelson et al reports that
Bulk Hole Trap Sites within TiO, multiple trapping events may occur at a broad energetic
distribution of trap states located within the band gap region.
Fh This broad exponential energy distribution of trap states is
v

responsible for the large range of measured recombination
times!°8 Ghosh et al. also report a large number of possible
trapping sites for electrons or holes at differing energy levels
throughout the band gaff Figure 24 (modified from ref

106) shows an early diagram of a number of shallow electron
traps detected by various spectroscopies. At least eight
electron traps at energies in a region up to 0.87 eV below

t the conduction band edge are reported in single crystals of
rutile. These are assigned to*Tinterstitial sites associated

hv . . .

} with oxygen vacancies in the bulk. The electrons from these

trap sites can be observed by various methods following
thermal excitation into the conduction band.

Hole trap centers (T)
and average range of

photogenerated holes which 4.4, Electron and Hole Scavengers on TiO ,
will be trapped. Surfaces

Figure 23. Schematic diagram showing the active range of sites . .
for hole trapping. Reprinted with permission from ref 66. Copyright ~ The recombination rate of excited electrons and holes
2005 American Chemical Society. directly affects the reaction rate for any photochemical

TiO;
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| Using IR absorption spectroscopy, Panayotov &t ahd

y el otherg®1% have observed the loss of thermally excited
conduction band electrons to adsorbegforming Q.. For
photoproduced holes, commonly employed scavenger mol-
ecules include methanéf}1%114 propanol!® ethanolt!?

| glycerol 6 and surface hydroxyl groug’

2023

5. Charge Transfer to Adsorbed Species

Interfacial charge transfer between photoactivated semi-
conductor surfaces and adsorbate molecules is centrally
a important to the understanding of photochemical processes.
The following section will address the interactions between
adsorbed oxygen and Tin addition, section 5.2 addresses
the role of the adsorbate electrophilicity on the efficiency
\ of charge transfer. Although studies of charge transfer effects
l in the presence of water have important relevance to
technologies that operate in aqueous phase, few surface
IV | science studies involving well-characterized single crystals
' [ |' operating as photocatalytic substrates under water are avail-
_ A able. The work reported in section 6.3.3 is an exception to
/ (11 this generalization, and work reported in section 6.3.1 also
ettt deals with the interaction of water with the Ti{@10) surface.

(| 5.1. Oxygen Chemisorbed on TiO , Surfaces

e | ( The interaction between adsorbed &hd TiQ surfaces
g '_:' 5 ;l has been extensively studied on polycrystalline as well as
Iy single-crystalline substrates both theoreticdi¥118 and
’ l' experimentall\®°211°This section of this review addresses
' only very recent studies that report on the charge transfer
‘ |' processes that occur between the photoexcited Jubstrate
f material and the adsorbed, Gpecies.
(| It is well-known that neutral @molecules adsorb as,0
|! on TiO, surface®¥ where electrons are available in the
y conduction band or from localized °Ti sites as measured
_ o by EPR spectroscopy® Electrons are promoted to the
'(:;?L%%ZZ%VEJ’E'? :ﬁg‘i‘gi‘.ﬁggﬁ o ;‘tjggs)v’%deomzra‘ésgﬁﬁ?eg” conduction band or to localized *Tisites when the sample
with perrFr:ission from ref 92. C%?)yright 199% J.G. Bal‘?zer, AG, 'S red_uced (ox_ygen vacancies are pre_sent) or when the sample
Science Publishers. is activated with UV light above the Tigband gap. Electron
transfer from the conduction band to adsorbedc@n be

process that occurs on the substrate. The rate of recombinaMonitored using IR spectroscopywhere the decrease in
tion is affected by a number of factors including charge the background IR absorbance is attributed to the loss of

trapping (discussed above), the chemisorption or physisorp-conduction band electrons to form the surfage @isorbate.

tion of target molecules, and the incident light intensity 5.1.1. Fractal Kinetics for Charge Transport to

among others. Often, a sacrificial electron or hole scavenger ~poicobad Oxvaen during Photodesorntion
is used to decrease the recombination rate and, in turn, to Y9 9 p

increase the lifetime of the other charge carrier. This The charge transfer kinetics for photogenerated hole
technique is commonly employed for photochemical systems transfer from the surface region of a £{@10) single crystal
involving metal oxide semiconductors such as ZiO to an adsorbed Omolecule have been studied both experi-
Perhaps the most referenced electron scavenger used tonentally®91121122 and  theoreticall*® using the photo-
prolong the lifetime of photogenerated holes is adsorbed desorption of adsorbed,@s a probe of this process. Direct
molecular oxygen, which readily accepts an electron to optical absorption of the £-TiO, adsorbate surface com-
become the superoxide ion as discussed by AAfagure plex was investigated theoretical¥? Direct desorption of
25 shows examples of the detection of the superoxitle O the G~ adsorbate species is found with a maximum in
adsorbed species on (a) Tiffowder and (b) Ti@supported photon energy near 3.7 eV (Figure 26). These calculations
on WO; powder. The spectra in Figure 25 were obtained are compared with experimental d&tahowing that excita-
after a partially reduced Tifsurface was exposed to@) tion and oxygen desorption occur over a broader range of
at room temperature. Spectrum a shows a majoe€bnance  photon energies. Thus, it is postulated that direct photo-
at g, = 2.023, with less abundant species exhibiting excitation is accompanied by hole-mediated desorption of
resonances a, = 2.027 and 2.020. These three resonances O, where the photoproduced hole abstracts an electron from
are the result of the absorption of, @t different types of  the adsorbed superoxide ion, leading to molecular O
Ti*+ sites on the Ti@surface. Spectrum b was obtained for desorption-!8
TiO./WO; and exhibits a superoxide ion resonance,at As discussed in section 4.2, the rate forphotodesorption
2.019. depends linearly on the square root of the incident light
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Figure 26. Comparison of theoretical cross section fop O Relative O, Coverage[eoz]

photodesorption from Tigd110) as a function of photon energy. . 12 .
The dotted curve is from ref 90 and the solid line curve is from the Figure 28. Plot of ky(ki/ks)'' for the photodesorption of oxygen

calculation of the direct photodesorption of,Qwith arbitrary from TiO; as a function of the remaining.@overage. Reprinted
scaling. Reprinted with permission from ref 118. Copyright 2003 with permission from ref 123. Copyright 2006 American Chemical
The American Institute of Physics. Society.
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Figure 27. Oxygen photodesorption experiment for @ TiO,(110). In(time, (s))

Significant desorption is still measured even after 200 s. Reprinted _. ) . S .
with permission from ref 123. Copyright 2006 American Chemical Figure 29. Scaling plot that describes the fractal kinetic behavior
Society. for O, desorption from TiQ(110). The scaling factol, for this

fit suggests that electron transport across the,(lifd) surface may
intensity® The G photodesorption process is affected by be one-dimensional. Reprinted with permission from ref 123.
charge carrier trapping and the subsequent saturation of trap§©Pyright 2006 American Chemical Society.
as describe® The mechanism for the photodesorption of
adsorbed @ from TiO,(110) is based on the activation of
the adsorbed © by a photogenerated hole that results in
the neutralization of the oxygen molecule and, finally, the
desorption of the neutral speci®8The detailed reason for
O, photodesorption when charge transfer occurs is currently

as a fractal kinetic process, as discussed below and in ref
123.

When one considers the rate of the photodesorption,of O
from TiO,(110) according to the equations presented in
section 4.2, the following expression can be derived:

unknown. When continuous UV irradiation is employed as d[6,] K\172
the excitation source, the;@hotodesorption from Tig110) -y [0, @] Fir (6)
can be observed over a time s