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Rutile particles doped by Cr and Sb with Sb/Cr ratios greater than unity were active for photocatalytic O
evolution from an aqueous silver nitrate solution under visible light irradiation. Two vibrational bands appeared
in Raman scattering resonant to the electronic absorption and were assigned to symmetric breathing modes
of the CrQ octahedron and neighboring T§@ctahedra, on the assumption that Cr dopant atoms exactly
replaced Ti cations in rutile. Electrons excited with 355-nm and 532-nm light pulses showed absorption of
mid-IR light, which was traced as a function of the time delay in a microsecond domain. By optimizing the
Sb/Cr ratio, electrorthole recombination was retarded compared with that in non-doped rutile. Chromium
dopants when accompanied with antimony dopants are proposed to trap the charge carriers without much
enhancement of the recombination. The optimized Sh/Cr ratios were common for both the visible light-
induced Q production and the retarded recombination, suggesting that the charge carriers of the retarded
recombination are used to produce. O

1. Introduction amount of SB". This concept of cation charge compensation

The photocatalytic water splitting reaction provides a large May be applied to sensitize wide band gap photocatalysts for
amount of hydrogen fuel free from GQelease when driven ~ Water splitting and also degrada_ttlo_n of_or_ganlc compour_1ds. The
by solar light. A number of inorganic compounds synthesized proposed _scheme of photoexc_ltatlon is |Ilustrateq in Figure 1.
thus far exhibit high activity in ultraviolet (UV) light iradiation# ~ Electrons in the occupied orbitals of Trare excited to the
Intense efforts are currently being made to develop catalysts conduction band of Ti@by absorbing visible light.

for efficient H production with visible light. Although the N previous work, we proposed the ability of time-resolved
stoichiometric production of fHand Q has been demonstrated, infrared (IR) absorption to observe photoexcited electron
more efficient catalysts are required to make the processdynamicsi*!> Mid-IR light is absorbed by electrons in the
practical. conduction band or energetically shallow trap st&fe® Studies

Foreign-element doping provides a donor or acceptor level Of electron dynamics for different Tixatalysts”*?including
in the band gap to sensitize a UV-driven catalyst to visible light. P257%* sulfur-doped TiQ** and dye-sensitized Ti& have
For example, Ti@ absorbs visible light when doped with ~been conducted, and infrared-based detection of electrons is
transition metal§. Trivalent chromium cation dopant has been Possible on catalysts other than FiGs evidenced with &
examined along this scheme of sensitizafiol. However, the ~ T&B2012** and La-doped NaTa¥° In the present study, TiO
photocatalytic production of Hand G has not yet been  doped with Cr and Sb is characterized by IR absorption and
achieved with Cr-doped Ti©DChromium cations in the-6 state Raman spectroscopy, with particular interest paid to the dynam-
and oxygen anion vacancies are usually produced in the doped¢s of the excited electrons.
TiO, to maintain the balance of the positive and negative ionic _ )
charges. Photoexcited electrons and holes efficiently recombine2- Experimental Section
at these impurities and defects. , Chromium and antimony were doped to rutile Figarticles
Two of the present authdrisrecently repprted photqcatqunc by calcining mixtures of rutile, GOs, and SkO; at 1420 K
Oz production from an aqueous AgN®olution over rutile TiQ for 10 h in air!3 The amount of Cr atoms in the starting materials
doped with _Crand Shb under visible light |rrad|at|oq. The atom a5 fixed at 2.3 mol % relative to Ti atoms. The Sb/Cr atom
numt?e.r ratio, Sp/Cr, should be greater thgn unity to activate rati was tuned to 0, 0.5, 1.0, 1.5, 2.5, and 3.5. Tidped
Fhe V|§|ble light-induced @produpﬂon. The ionic state of Sb \ith 3.45 mol % Sb alone was prepared for comparison. Each
is 5+ in the doped catalysts. Neither®Cmor oxygen vacancy — of the calcined catalysts (0.3 g) was irradiated with a filtered
is required to stabilize Gt in the presence of an equivalent 3g0 W Xe lamp (Perkin-Elmer, CERMAX PE-300BF) in an

*To whom correspondence should be addressed. E-mail: oni@ 2quUeouUs AgN@ solution (0.05 mol L?). The incident light

kobe-u.ac.jp. ‘ o wavelength was 420 nm or longer. The rate of @oduction
; Department of Chemistry, Kobe University. was determined using a gas chromatograph.
* Japan Science and Technology Agency. .. .
§ Molecular Photoscience Research Center, Kobe University. The UV-visible absorption of the catalyst powder was
'Tokyo University of Science. observed by a spectrometer (JASCO, V-570) equipped with an
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Figure 1. Proposed electronic states of Ti@oped with chromium 300 400 500 600 700 800
and antimony. wavelength / nm

Figure 2. Diffuse reflection spectra of the catalysts. Spectra of,JiO
integration sphere. The size, shape, and Sb content of theTiO.:Cr, TiOx:Sh/Cr= 0.5, 1.0, 1.5, 2.0, 2.5, and 3.5 are shown with
calcined catalyst particles were determined using scanningsolid lines. Spectrum of Ti@Sb is shown with a broken line.
electron microscopes (JEOL, JSM-5610LVS and JSM-6700F)
with an energy dispersive X-ray spectrometer (EDS). The
calcined catalysts were fixed on a Ggbtate and placed in a
gas cell for IR and Raman studies. Steady-state IR absorption
was observed with an FT-IR spectrometer (JASCO, FT/IR 610)
at a resolution of 4 cmt. The steady-state Raman spectrum
was observed with two excitation wavelengths. To be resonant
to the visible light absorption of the doped catalysts, aBd
laser source (Kinmon, IK4401R-D) was used to prepare 442
nm wavelength CW light of 35 mW. Raman scattered light was 0 0510 15 20 25 35
collected at 135by a pair of fused quartz lenses, f-matched to Sb/Cr ratio
a 65 cm spectrograph (Spex, Triplemate 1877) equipped with Figure 3. Rate of Q production on TiQ:Sb/Cr with different Sb/Cr
a holographic grating (2400 grooves mi and a liquid- ratios.
nitrogen-cooled CCD detector (Princeton Instruments, LN/CCD B ) )
1100PB). To be out of resonance, a FT-Raman spectrometer‘dem'f'e‘ji a major band centered at 500 nm and a minor ba_md
(Perkin-Elmer, System2000) was used with excitation wave- centered at 7BQ nm. The;e features reproduced our previous
length of 1064 nm. In the time-resolved IR absorption study, a results. By adding an_equwalent amount of_ Sb, the oxidation
Q-switched Nd:YAG laser source (LOTIS, LS-2139) was State of Cr dopants is controlled to be trivalent. When an
operated at 100 Hz repetition rate. The fundamental output of €quivalent number of Cr and Sb are doped, the two dopants
10 ns time width was frequency doubled (tripled) to produce are expected to be &rand SB*. Excess Sh dopants, if any,
pump pulses of 532 (355) nm wavelength. The catalyst on the disproportionate to St and SB* as in TiG::Sh. The major
plate was irradiated with pump pulses of 1.3 mJ. The diameter absorption band arises from the transition from the occupied
of the pump beam was 6 mm. Continuous-wave IR light from d-states of C¥" to the conduction band of TiCas illustrated
a ceramic source was focused on the catalyst, and the transmitted? Figure 1. The é-d transition of the Ci" dopants presents
portion was dispersed with a grating monochromator with a focal the minor absorption barid.
length of 25 cm (JASCO, CT25). An MCT detector received  TiO,:Cr and TiG:Sh/Cr= 0.5 exhibited absorption over the
the monochromatized light. The MCT signal voltage was entire wavelength range examined. The oxidation state of Cr
amplified with an AC-coupled amplifier (NF circuit, NF 5307  was heterogeneous in the absence of Sb codopant. Oxygen
or Stanford Research System, SR560). By accumulating 4000vacancies should have been created to maintain charge neutral-
responses, an absorbance change as small"&sa® traced ity. Electronic transitions at these undesired sites gave the broad
as a function of the time delay from the pump pulse. The cell absorption band.
was filled with argon gas of 10 Torr to minimize the temperature g 5 Photocatalytic @ Production. The rate of @ production

jum_p .Of the C"f“a'ySt caused by pump irra_ldiatiqn. Thermal g6 by the visible light, the wavelength of which was longer
emission of IR light was observed when irradiated in a vacuum. -\ 420 nm, is shown in Figure 3. On TGr and TiG:Sb/
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o

rate of O, production / pmol h™!

Cr = 0.5, no oxygen was produced. A finite amount of O
appeared on Ti®@Sh/Cr=1.0. A sharp increase infproduction

3.1. Electronic States of the Sensitized CatalystEigure 2 for TiO2:Sb/Cr = 1.0 and 1.5 was followed by a gradual
shows the diffuse reflectance spectra of non-doped TI@D,), decrease for Ti@Sbh/Cr= 2.0—3.5. The photocatalytic activity
Sb-doped TiQ (TiO2:Sb), Cr-doped Ti@ (TiO2:Cr), and Cr- and Sb/Cr-ratio dependence of the current set of catalysts
and-Sb-doped Ti@(TiO2Sb/Cr= 0.5, 1.0, 1.5, 2.0, 2.5 and  reproduced our previous resutsTiO,:Sb/Cr= 1.0 was less
3.5) catalysts. Ti@and TiQ:Sh were transparent to visible light  active than TiQ:Sb/Cr= 1.5, probably because the Sb/Cr ratio
of 420 nm or longer wavelengths. TiGb contains SY and shifted from unity and the ionic charge of the two dopants was
S+ dopant atoms according to our XPS stdéyror TiO;: only partially compensated. Some antimony in the starting
Sb/Cr catalysts with Sb/Cx 1.0, two absorption bands were material could be lost in the high-temperature calcination,

3. Results and Discussion
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Figure 4. Scanning electron micrographs of BiO2:Sh, TiG:Sh/Cr= 1.5, 2.5, and 3.5 catalysts.

suggesting a small amount of excess Cr poisons the photocata- Let us draw a picture of the visible light-absorption centers
lytic reaction. on the basis of the Raman band frequencies.,TOcontains
Alternatively, the Q production rate was scarcely affected Cr¥" and CF*, whereas Ti@Sb/Cr includes Cr and SB*,
by Sb/Cr ratios over 1.5. Excess Sb dopants can be autocom-according to the XPS result8. Cr,O; of the corundum
pensated by creating an equivalent amount 6f %imd Si5+.13 structure?® Cs,CrO, with CrO, tetrahedr&? and CsCr,O; with
Vaporization of excess Sb is another possible reason for the O connected tetrahed®ahave no Raman band in the range of
production insensitive to Sb/Cr. When Ti@oped with 10 and 800-600 cn1l. However, Raman bands of CxQwhich is of
30 mol % Sb alone was calcined, 3.6 and 4.5 atom% Sb wasrutile structure, are at 68Mfg), 570 (A1g), 460 Eg), and 150
detected by EDS. Figure 4 shows scanning electron micrographs(B;g) cm™1.3% The frequency of theByy band is close to
of TiO,, TiO:Sh, TiG:Sb/Cr= 1.0, 2.0, and 3.5. The size of 700 cntl. When a Cr@ octahedron is substituted for a T§O
catalyst particles was in the range of 2 um. in rutile, the B,y mode of the Cr@ may appear at 700 cr.
3.3. Raman Scattering Resonant to the Electronic Excita-  The band observed at 700 ciis hence assigned to thgyg
tion. Dopant atoms affect vibrations of the Ti@ttice. Raman mode of the Cr@octahedron in TiQ
scattering resonant to the dopant-induced absorption provides The assignment of the 810 ciband is not straightforward.
the frequency of affected vibrations. Figure 5a shows the RamanCrO, has no Raman active mode around 800 tri/e propose
spectra of nine catalysts excited with 442-nm light. Two major that theB,q mode of the Cr@octahedron couples with the rutile

bands appeared for the non-doped & 610 and 440 cmt lattice mode of common symmetry, tBgy mode of 830 cm?.
and were assigned to rutile lattice vibrations Aqg and Eg The coupling mixes the characters of g modes of the Cr@
symmetry. The rutile lattice of thé?4/mnm space group octahedron and Tigoctahedra and gives the resonance Raman
possesses four Raman-active modes at &3g),(610 Ay, intensity to the band that is mainly due to tBg, TiOs mode.

450 (Eg), and 140 Byg) cm .26 On the visible light-sensitized ~ The Raman band at 810 cican be assigned to ti&y mode
catalysts, two small bands were additionally identified at 810 of TiOg octahedra affected by the neighboring @d@tahedron.
and 700 cm®. The intensity of these additional bands was This interpretation reasonably explains the appearance of 810
sensitive to the dopant concentrations. For Cr-containing cm~* and 700 cm? bands in pairs.
catalysts, these bands strengthened with increasing Sb/Cr ratio The observed comparable intensity of the 810 and 700tcm
to saturate at Sb/Ge 1.5 and above. This positive relation with  bands suggests efficient coupling of the Fi&@nd CrQ modes.
the Sb/Cr ratio allows us to assign the additional bands to the When the Cr dopant atom is in an interstitial site, which is
TiO;, lattice affected by Cr dopants. The fraction of €r over inequivalent to Ti sites, the coupling of the vibrational modes
highly oxidized states increased with the Sb/Cr ratio, as cannot be efficient. This consideration strongly suggests that
evidenced by XPS specttalt is difficult to assign the additional ~ Cr dopant atoms exactly replaced Ti cations in the rutile lattice.
bands to vibrations of antimony oxide because they were absent The CrQ octahedra of Cr@and TiG; octahedra of TiQ
for TiO2:Sh. ShO; presents &B,4 mode at 712 cmt, while breathe in theByy mode with the metatoxygen distances
Sh,O, containing SB™ and SB* presents five Raman bands at  stretched in phase, as illustrated in Figure 6. The 442-nm light
831, 759, 722, 658, and 616 chr’ causes an electron transition from the occupied state oftGr
Raman spectra shown in panel b were obtained with excitationthe conduction band of Ti£according to the scheme of Figure
by 1064-nm light. The 810 and 700 cfhbands were absent 1. The ionic radii of the Cr and Ti cations are accordingly
for the whole set of the catalysts, whereas the major bandsaffected to induce the symmetric breathing of octahedra. The
appeared at 610 and 440 ctinWhen an electronic transition ~ Raman scattering due to the symmetric breathing modes is likely
is resonant to the incident photon energy, the probability of to be enhanced by resonance with the electronic transition in a
Raman scattering is remarkably enhanced. The electronicFranck-Condon mannet In fact, theB,q Raman band of non-
transition of the sensitized catalysts is resonant to 442-nm light doped rutile undergoes resonance enhancement with 325-nm
and non-resonant to 1064-nm light. Hence, vibrational modes excitation®2 enabling electron transition to the conduction band.
localized around visible light-absorbing centers exhibit the two To efficiently enhance the symmetric breathing mode of £rO
Raman bands at 810 and 700 ©m the electronic excited state associated with the resonance
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Figure 5. Raman spectra of nine catalysts. Excitation wavelength: (a)
442 nm and (b) 1064 nm. Curves: 1, BiQ, TiO.Cr, 3, TiOxSb/Cr

= 0.5; 4, TiQ:Sb/Cr= 1.0; 5, TiG:Sbh/Cr= 1.5; 6, TiG:Sb/Cr=

2.0; 7, TiQ:Sb/Cr= 2.5; 8, TiG:Sb/Cr= 3.5; 9, TiG:Sb. Vertical
scale of each spectrum is normalized in terms of 610 cband
intensity. Magnifications in the 966630 cnT? range are presented in
the right panels.

Figure 6. Raman-activdB;g mode of lattice vibration in rutile. Metal
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Figure 7. Infrared transmittance spectra of (a) kiénd (b) TiQ:Sb/
Cr = 1.5 observed in the dark.

In the preceding paragraphs, the resonance enhancement of
the Raman scattering was assumed to interpret the observed
spectra. Another character of Raman scattering resonant to an
electronic transition is the restricted depth of sampling. The
incident light is absorbed by the material efficiently and cannot
penetrate into the bulk. If Cr dopant atoms were segregated to
the surface of the catalysts, the additional bands at 810 and 700
cm~! would appear without the resonance enhancement. This
was not the case, however. When Cr dopant atoms were
segregated to the surface, the other Cr-induced modes should
appear in the spectrum. There was no signature otheode
at 570 cnt!. The observed spectra shown in Figure 5a are thus
interpreted with the resonance enhancement.

3.4. Steady-State IR Absorption in the Dark.The steady-
state IR transmittance spectra of pi@nd TiQ:Sb/Cr= 1.5
are shown in Figure 7. Transmittance monotonously decreased
with increasing wavenumber. The low transmission at the high
wavenumbers is ascribed to light scattering by micrometer-sized
particles. Doping Cr or Sb did not affect the scattering and
absorption of IR light. The other doped catalysts presented
similar spectra.

3.5. IR Absorption Induced by Electronic Excitation.
Transient absorption of IR light was induced by pump light
pulses. Panel a of Figure 8 shows the IR absorption spectrum
of TiO2:Sb/Cr= 1.0 caused by the 355-nm irradiation. The
transient spectrum at different time delays presented a struc-
tureless feature that monotonously increased with decreasing
wavenumber. The absolute absorbance reduced with the time
delay. The absorption spectra of Li@radiated with 355-nm
pulses, and Ti@Sb/Cr= 1.0 irradiated with 532-nm pulses,
are shown in panels b and c, respectively. The 532-nm light
pulse irradiation was not examined on the undoped catalyst
because no absorption was found in its diffuse reflectance
spectrum of Figure 2. A 532-nm light irradiation was examined
on P25 catalyst and exhibited no response in transient IR
absorptior??

cations and oxygen anions are represented by dark and white spheres, The spectra shown in-&c resemble each other and were

respectively. Displacements of oxygen anions are shown by arrows.

assigned to absorption by photoexcited electrons. Broken lines
indicate fitting toAabs= Av—6 with v as a wavenumber. Free

enhancement should be symmetric around the Cr center. Thiselectrons excited in the conduction band are trapped in mid-
can be the case when each Cr dopant is surrounded by eighiyap states within picosecon#sA finite fraction of the trapped
TiOg octahedra and the electron transferred from the Cr center electrons are thermally excited to the conduction band. Conduc-

is delocalized over eight neighboring Ti cations. This provides
negative evidence of paired dopants, such as-@rSb,
embedded in rutile.

tion-band electrons give absorption characterized by a monoto-
nous spectrum formulated by~1® when the momentum
required for the intraband transition is provided by acoustic
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Figure 8. Transient IR absorption spectra of (a) TiSb/Cr= 1.0 and (b) TiQ induced by 355-nm light pulses. Five spectra were observed at
time delays of 0, 0.5, 1, 2, and 5 ms. Broken lines represent fittingsatis= Av~6. Spectra in ¢ were observed on EiGb/Cr= 1.0 irradiated
with 532-nm light pulses.

wavenumber / cm™’

decayed in first-order kinetics with a time constant of 440

as shown in panel a. Because the catalyst was placed in an argon
atmosphere, the electron decay is ascribed to recombination in
the bulk, not to photocatalytic reactions at the surface.

On TiO,:Cr and TiQ:Sb/Cr= 0.5, the transient absorption
was not observed. Instead, thermal radiation of IR light was
detected when irradiated with the 355-nm light pulses. Eleetron
hole recombination was completed to convert the incident UV
photons into heat within the time resolution of our spectrometer,
TiO,:Sb/Cr=3.5 50 ns. Centers of efficient recombination are present in the two
0.01 : - catalysts doped with excess Cr, and the absence of photocatalytic
0 400 800 O, production on the two catalysts is consistent with the efficient

time delay / ps recombination.

The IR absorption was observed for BiSb/Cr= 1.0 and
TiO,:Sb/Cr=1.0-2.0 TiO2:Sb/Cr= 2.0. The efficiency of recombination was reduced
/ by tuning the Sb/Cr ratio. The threshold ratio of IR absorption,
Sb/Cr= 1.0, suggests that one Sb atom per Cr is required to
suppress the recombination probability. At this threshold ratio,
the photocatalytic activity for ©@production appeared as shown
in Figure 3.

Oxygen vacancies and dopants themselves are possible centers
of recombination. The oxidation state of the dopants was found
to be CE* and SB' in TiO2:Sbh/Cr= 1.012 There is no need to

T create oxygen vacancies in Ti@vhen an equivalent number
0 400 800 of Cr¥* and SB' are doped. The two dopant cations are
time delay / us substituted for two Fit cations, as evidenced in the resonance
Figure 9. Infrared absorbance at 1100 chas a function of time delay. Raman results. The sum of cation charges is conserved, and
TiO,, TiO2:Sb and TiQ:Sb/Cr=. 1.0-3.5 catalysts were irradiated with the periodic lattice is maintained. The ionic radii of3€Cr
(2) 355-nm and (b) 532-nm light pulses. (0.062 nm) and SB (0.060 nm) are close to that ofTi(0.061
phonons# Actually, a transient absorption spectrum iof-5 nm) 38 The rutile lattice of the doped catalysts indeed remained

was observed for P25 irradiated with 355-nm pufdesnother ~ With @ shift of X-ray diffraction peaks by 0"lor less'® In the
mechanism of IR absorption is the optical transition of the current study, we have proven that e'fC““".‘“"e recomblnano_n
trapped electrons to the conduction band. The energy of the!S Scarcely enhanced on Trand SB" cations doped in this
absorbed photon is larger than the ionization energy of the traps™aNMner:
in this scheme. Although the observed: 6 deviated from the The other important feature of electron dynamics is the
expected numbersy we still assign the monotonous absorptionreduced recombination rate. The time constant of the first-order
to the excited electrons. Photoexcited ZnO exhibited an absorp-decay increased from 446 for TiO, to 1100us for TiO,:Sb/
tion Spectrum O'ﬂ/_4'5, and the h|gher than expected order was Cr = 1.0. The reduced recombination rate was unexpected.
ascribed to the non-parabolic band of Z#\ possible reason Doping heterogeneous elements enhances the recombination rate
for the deviation is scattering of high-wavenumber IR light by in TiOz-based catalysts, even when the doped materials are
our catalysts. Light scattering of catalyst particles dominated Sensitized to visible light. This is because dopant atoms always
the steady-state transmittance spectra (Figure 7). Light scatteringgisturb the periodic potential of the TiQattice. Electrons and
ability is enhanced by photoexcited electrons that are more holes are trapped and then recombined on the dopants. This
mobile than the ground-state electrons. accepted scheme of doping is challenged by the current results
3.6. Recombination Dynamics Traced by Transient IR~ of Cr®* dopants compensated with b The compensated
Absorption. Electrons excited by pump light pulses recombined dopants affect the periodic potential of the lattice only to trap
with holes. The number of electrons not yet recombined was €lectrons and holes, while the recombination is scarcely
traced by the electron-induced monotonous absorption of IR catalyzed. This trap and release process makes the charge
light. Figure 9 shows the absorbance observed at 1100 am carriers less mobile, thereby reducing the recombination rate.
a function of the time delay up to 90@s. When TiQ was The recombination kinetics of Tg&XBb/Cr= 2.0 and TiQ:
irradiated with 355-nm light, the IR absorption appeared and Sb reproduced those of Ti®b/Cr= 1.0. The excess Sb

=

Ti0,:Sb/Cr=1.0-2.0, TiO,:Sb

0.1}

TiOng!Cr:E}

normalized absorbance

T
=

L g TiOz:Sb/Cr=2.t'y

TiO,:Sb/Cr=3.5

normalized absorbance

0.01
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recombination
center

equivalent number of Sh, C5* cations and oxygen vacancies
are removed. The Ti@lattice is perturbed just enough to trap

\ the charge carriers. The rate of recombination is reduced
AR OC’D% DD compared V\_/ith th_e _n_on-doped_ T_j(because of the less m_obil_e
o oOo o charge carriers visiting the original number of recombination
= = O o o centers. When Ti@Cr is doped with too much Sb, the lattice
[ [ is deformed to produce a moderate number of recombination

Nondoped TiO, TiO,:Cr, TiO,:Sb/Cr=0.5 centers. The rate of recombination is accordingly enhanced.
In addition to the recombination centers in the bulk, which
were illustrated in the panels, centers at the catalyst surface

contribute partially. Antimony is more volatile than chromium,
and the surface of the calcined catalysts can be Cr-rich. When
Cr dopants are incompletely compensated at the surface, dopant-
induced recombination centers are produced. Photoexcited
carriers migrating from the bulk are recombined at the surface
with incompletely compensated dopants. This is a possible
reason for the restricted (production observed for Ti£&Bb/
Cr=1.0.

Charge compensation of the cationic dopants is essential in
this scheme of sensitization. Electrons and holes are trapped
dopants were disproportionate to®Stand Si*.2 When SB* on compensated dopants without much enhancing recombina-
and SB* dopants are compensated in the rutile lattice, electrons tion. It is an open question how the compensated dopants do
and holes are merely trapped and released as ig.$HCr= this. Theoretical simulations show promise to make clear the
1.0. full nature of the dopant-derived states describing energetic and

By doping more Sh, the recombination rate was increased. spatial distributions. Successful applications of simulations have
The first-order time constant decreased to g3Gor TiO,:Sh/ already been demonstrated on nitrogen-dépeaid carbon-
Cr= 2.5 and 17Q:s for TiO,:Sb/Cr= 3.5. Antimony trivalent doped? TiO..
cations of 0.076 nm radi&&are definitely larger than the other Doping Cr and Sb even with the optimum ratio did not
cations, Tt*, Cr¥*, and SB". The TiC, lattice is deformed when  enhance the ©production when compared with the undoped
substituted by the large Shcations. Recombination centers  TiO,. With a steady-state UV light irradiation (wavelength
are created in  Ti@Sb/Cr 3.5 containing 300 nm) the production rate was 3ol h™ on TiO, 45
2.3 mol % Cr with 5.8 mol % Sb in the starting material. The ymol h™! on TiO,:Sb/Cr= 2.4, and none on Ti©Cr13 The
absolute absorbance at the time defag was smaller by half  rate of the surface reaction is related to a number of reasons.
on TiOz:Sh/Cr= 3.0 than on the other catalysts. This relation- The number of excited charge carriers in the catalyst bulk, which
ship suggests that the recombination probability in a nanosecondwas traced in our IR absorption, the carrier transport from the
domain is positively related to the probability in the microsecond bulk to the surface, and the reaction probability at the surface
domain, as was found with differently prepared pristine sTiO  can contribute equally to the steady-state reaction rate. The
catalystst® reduced rate of recombination does not necessarily provide an

The recombination kinetics were insensitive to the pump light enhanced reaction rate. The trap-and-release transport proposed
wavelengths. Decay curves observed with 532-nm pulses areon TiO,:Sb/Cr possibly reduces the UV-derived rate of O
presented in panel b of Figure 9. With 355-nm irradiation, production. The presence of Sb codopants enhanced the O
electrons are excited to the conduction band with holes in the production remarkably compared with Ti@r. This is the
valence band. With 532-nm irradiation, electrons are still excited subject of the present study.
to the conduction band and holes are created in the-@rived It is important to experimentally determine the lateral
occupied states in the band gap. The recombination kinetics weredistribution of the compensated dopants in the rutile lattice. The
insensitive to what states the holes were created in. This isappropriate number ratio of the two dopants may guarantee
probably because holes created in the valence band transferredompensation with random distribution. On the other hang; Cr

potential
bumps

TiO,:Sb/Cr=1.0-2.0, TiO,:Sb

Figure 10. Interpretation of different recombination rates for non-
doped TiQ, TiO2:Cr, TiO2:Sb, and TiQ:Sb/Cr photocatalysts. Note
that the illustrations represent trapping and recombination in the bulk,
not on the surface.

TiO,:Sb/Cr=2.5-3.5

to the CP"-derived states. The occupied states of*Care
proposed to give the donor band in BiSb/Cr catalysts on the
basis of photoluminescence resdft$loles migrate in the donor

and SB* paired in a definite local arrangement may be
substituted for Ti* pairs. When the latter is the case, the paired
dopants are recognized as an inorganic chromophore embedded

band until recombined. Electrons in the conduction band are in TiO,. The resonance enhancement of Bag Raman bands
thought to be more mobile than the holes in the valence and suggests good symmetry around each Cr dopant atom. This
donor bands. Thus, the recombination rate is determined by theprovides negative evidence of the paired-C—Sb dopants.

frequency of holes visiting recombination centers.

The four panels of Figure 10 illustrate our interpretation of
the observed dynamics in the catalyst bulk. The non-doped TiO
calcined at 1420 K provides a highly periodic lattice including

a limited number of recombination centers. When a photoexcited

hole arrives at a center, it recombines with one of the mobile

A more direct determination of the local structure may be
possible with extended X-ray absorption fine structure.
4. Conclusions

(1) Rutile particles doped with Cr and Sb were active for
photocatalytic @ production from an AgN@solution. A Sb/

electrons. Excess Cr dopants cause additional recombinationCr ratio of more than unity was required to drive the photo-

centers, oxygen vacancies, andCeations. The population of

the recombination centers should be in the order of dopant

concentration, 1@ per Ti atom. This number is high and the
recombination is completed within 50 ns in LiGr and TiQ:
Sb/Cr= 0.5. When C¥" dopants are compensated with the

catalytic reaction under visiblél (> 420 nm) light irradiation.

(2) On the sensitized catalysts, two vibrational modes of 700
and 810 cm?! appeared in Raman scattering resonant to the
electronic absorption. They are assigned to coupled, symmetric
breathing modes of each CgOctahedron and neighboring T§O
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octahedra. The vibrational coupling suggests Cr dopant atoms (14) Yamakata, A.; Ishibashi, T.; Onishi, Bl.Mol. Catal. A2003 199,

exactly replaced Ti cations in the rutile lattice. The ability of 85

(15) Yamakata, A.; Ishibashi, T.; Takeshita, K.; Onishi,Tiép. Catal.

resonance Raman scattering to know the local structure of o05 35 211,

sensitized light absorption centers is demonstrated.

(16) Szczepankiewicz, S. H.; Moss, J. A.; Hoffmann, M.RPhys.

(3) Electrons excited with 355-nm and 532-nm light pulses Chem. B2002 106, 2922.

presented a monotonous absorption of mid-IR light. Electron

hole recombination in rutile was retarded by doping with Sb/

Cr = 1-2. We propose that electrons and holes are merely
trapped on the dopants without much enhancing recombination.13
The recombination was enhanced significantly with excess Cr
dopants and enhanced moderately with excess Sb dopants.

(17) Chen, T.; Zhaochi, Z.; Wu, G.; Shi, J.; Ma, G.; Ying, P.; Li,IC.
Phys. Chem. @007 111, 8005.
(18) Thompson, T. L.; Yates, J. T. Chem. Re. 2006 106, 4428.
(19) Yamakata, A.; Ishibashi, T.; Onishi, &hem. Phys2007 339,
3.
(20) Yamakata, A.; Ishibashi, T.; Onishi, H. Phys. Chem. R001
105, 7258.

(21) Yamakata, A.; Ishibashi, T.; Onishi, i&hem. Phys. Let2001,

(4) The optimized Sh/Cr ratios were common for visible light- 333 271.

induced Q production and for retarded recombination. This

(22) Takeshita, K.; Yamakata, A.; Ishibashi, T.; Onishi, H.; Nishijima,
K.; Ohno, T.J. Photochem. Photobiol., 2006 177, 269.

suggests that the charge carriers of the retarded recombination ’(23) Takeshita, K.; Sasaki, Y.: Kobashi, M.; Tanaka, Y.; Maeda, S.;

drive the surface reaction.
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